— Universitat
Miinster

Kern- und Teilchenphysik

Conventional Charmonia and Search for
Tetraquark, Hybrid and Baryonium States
at BESIII

Inaugural-Dissertation
zur Erlangung des Doktorgrades
der Naturwissenschaften im Fachbereich Physik
der Mathematisch-Naturwissenschaftlichen Fakultat

der Universitat Munster

vorgelegt von
FREDERIK WEIDNER
aus MUNSTER

Munster 2025



0009-0004-9159-9051



Dekan:
Erster Gutachter:

Zweiter Gutachter:

Tag der miindlichen Prifung:

Tag der Promotion:

Prof. Dr. Rudolf Bratschitsch
Prof. Dr. Alfons Khoukaz
Prof. Dr. Anton Andronic






Abstract

Using the world’s largest 1)(2S) data sample with (2712.44-14.3) x 10% (2S) events and six
data samples in the energy range between (4599.53 £ 0.74) MeV and (4698.82 +0.37) MeV
with a total integrated luminosity of (4392.4+24.1) pb~!, the reactions v(2S) — yn/m
and eTe” — 1, K*K were analyzed.

In the first analysis the 7’ meson was reconstructed in the two decay modes ' — nrtax™
with n — vy and ¥ — ~y7"7~. In both channels significant enhancements were
found at the invariant masses of the X (1835), 7. and Xc12- Using one-dimensional
fits to the n’7 ™7~ spectrum, the corresponding branching ratios were determined to be
Br(n, — n'mTn7) = (1.67 £ 0.14) x 1072, Br(x,, — n'7*7~) = (1.64 £0.12) x 1073 and
Br(x,, — n'mtr™) = (2.95+£0.29) x 10~%. They are compatible with existing values and
are up to a factor of six more precise. For the X (1835), the product branching ratio was
determined to be Br((2S) — v X (1835)) - Br(X (1835) — n/mt7~) = (2.89 £ 0.64) x 107°.
This is the first observation of this state in 1(2S) decays, and its production ratio between
J /1 and ¢(2S) decays was found to be consistent with that of the X (pp). For the x
no significant signal was observed consistent with C'P conservation and the upper limit
was measured as Br(x,, — n'mt77) < 1.46 x 1075 at a confidence level of 90 %, an
improvement of more than one order of magnitude. For the x_, decay, a partial wave
analysis was performed and the data was described successfully. No significant signal was
found for the 7, (1600) and an upper limit on the product branching ratio was determined
of Br(x, — m,(1600)*7F) - Br(m,(1600)* — n'r*) < 3.26 x 1075.

In the ete™ — 1, K*K analysis, the 7, was reconstructed in 13 decay channels representing
(37.24+2.7) % of its total width. The K* was reconstructed in its dominant decay K* — K,
considering the charged and uncharged K*. The appearing 7° and 1 resonances were
reconstructed in their decay into two photons, and the Kg was reconstructed in its
decay into 7t7~. A combined fit to all final states resulted in no significant signal for
the 1, meson. Upper limits for the Born cross section were calculated with the best
one determined at /s = (4681.92 + 0.30) MeV with oy, (ete™ — 7 K*K) < 11.5pb
at a confidence level of 90%. No significant signal for a contribution from the Z_
was found and the upper limit on the ratio of the decay widths for ZL — nK *t and
ZE - (DED* + D* D) was calculated to be 3.3 at a confidence level of 90 %.






Zusammenfassung

Unter Verwendung des groBten v(2S) Datensatz, bestehend aus (2712.4+14.3) x 10° Ereig-
nissen, sowie sechs Datensédtzen mit Schwerpunktsenergien zwischen (4599.53 & 0.74) MeV
und (4698.82 4 0.37) MeV mit einer integrierten Luminositét von (4392.4 + 24.1) pb~1,
wurden die Reaktionen ¢ (2S) — yn/7Tn~ und ete™ — 1, K*K analysiert.

In der ersten der beiden Analysen wurde das " Meson in den beiden Zerfillen ' — nrta™
mit 7 — vy und ' — y7 7~ rekonstruiert. In beiden Kanilen wurden signifikante Signale
im Bereich der Massen der X (1835), , und der x,; , Mesonen gefunden. Mit eindimensio-
nalen Fits an das Spektrum des n’7 7~ Systems wurden die Zerfallsverhéltnisse bestimmt:
Br(n, — n'mtm™) = (1.67 £ 0.14) x 1072, Br(x,, — 7777 ") = (1.64 £0.12) x 1073
und Br(x,, — n'7Tr7) = (2.95 £ 0.29) x 10~*. Diese Werte sind mit Literaturwerten
kompatibel und um einen Faktor von bis zu sechs genauer. Fiir das X (1835) Meson ergibt
sich ein Wert von Br(¢(2S) — vX (1835)) - Br(X (1835) — o/ 7~) = (2.89+£0.64) x 107°.
Hierbei handelt es sich um die erste Beobachtung dieses Teilchens in Zerféllen des 1(2S)-
Mesons und das ermittelte Verhéltnis der Produktionsstérken in J/v¢ und (2S) Zerfillen
stimmt mit dem Wert fiir das X (pp) iiberein. Fiir das x,, Meson wurde kein signifikantes
Signal beobachtet, was mit der Erhaltung der C'P-Quantenzahlen begriindet werden kann.
Hierfiir wurde eine obere Grenze von Br(y,, — n/m77~) < 1.46 x 1075 bestimmt, was
einer Verbesserung um mehr als eine Groenordnung entspricht. Fiir das x ., Meson wurde
eine Partialwellenanalyse durchgefiihrt und die Daten damit erfolgreich beschrieben. Dabei
wurde kein signifikantes Signal fiir das 7, (1600) gefunden und fiir das Produkt der Zerfalls-
verhiltnisse ergab sich Br(x ., — m;(1600)*7T) - Br(m, (1600)* — n'7*) < 3.26 x 1075.
In der ete™ — 1, K*K Analyse wurde das 7, meson in 13 verschiedenen Zerfallskanélen
rekonstruiert, was (37.2£2.7) % seiner gesamten Zerfélle entspricht. Das K* Meson wurde
in seinem dominanten Zerfall K* — Km nachgewiesen, wobei sowohl das geladene als
auch das ungeladene K* beriicksichtigt wurden. Auftretende 7% und 7 Mesonen wurden in
ihren Zerfillen in zwei Photonen nachgewiesen und das K¢ wurde rekonstruiert im Zerfall
nach 777~ . Ein kombinierter Fit an alle 7, -Zerfille ergab kein signifikantes Signal und es
wurden obere Grenzen fiir den Born-Wirkungsquerschnitt bestimmt. Die beste Grenze von
Opom(€Te™ = 1, K*K) < 11.5pb ergab sich fir /s = (4681.92 &+ 0.30) MeV. Es wurde
auflerdem kein signifikanter Beitrag des Z_, gefunden und es wurde eine obere Grenze
fiir das Verhiltnis der Zerfallsbreiten fiir ZX — 5, K** und Z£ — (DED*0 + D:*DY)

bestimmt, wobei sich eine Grenze von 3.3 ergab.
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1. Introduction

Stands at the sea, wonders at wondering:

I, a universe of atoms, an atom in the universe.

Richard Feynman [1]

When Richard Feynman wrote his famous poem in 1955 [1], he was thinking about the
fact that, compared to the largest and smallest objects in the universe, we as humans
live at length scales that are right in the middle of the cosmic length scales: from the
size of our solar system of 10 m [2}[3] to the size of a proton of 1075 m [4]. While the
largest objects in our universe are described by astrophysics, the smallest objects are
described by particle physics. In both fields, there are important open questions that
science seeks to answer. One such question, relevant to both of these fields, is: What is
the matter that surrounds us made of? While astrophysics tries to answer this question
through indirect observations of the consequences of different matter on the largest scales,
particle physics uses direct observations by trying to create different kinds of matter in
the laboratory. This thesis uses the direct approach by studying the properties of certain
kinds of particles.

Most of today’s knowledge of particle physics is condensed in the Standard Model (SM)
of particle physics [5,/6], which describes three of the four known interactions. Together
with general relativity [7], it describes almost all known phenomena. However, indirect
observations have shown that there must be physics beyond the SM, since, for example,
the gravitational curves of galaxies [8] or the observation of neutrino oscillations [9}13]
cannot be explained within the SM. To explain these phenomena, additional models have
been proposed, often including additional symmetries and particles [14}/15], which should
be measurable in an experiment. However, to date there is no direct measurement of
physics beyond the SM.

One of the key factors in the search for new physics is a perfect understanding of the
Standard Model itself, since we want to measure tiny differences from the predictions of
the SM. However, there are still many of open questions within the SM itself, perhaps the
most prominent ones concerning the strong interaction, which is describes by Quantum
Chromodynamics. As the name suggests, this interaction is strong in the sense, that its

coupling strength is about two orders of magnitude larger than for all other interactions [5].



1. Introduction

Even more striking is the observation that the coupling strength strongly depends on the
energy of a reaction and it seems to diverge towards low energies [16}(17]. This observation
poses a challenge for the theoretical calculation of physical observables in this energy
range. In most cases, theoretical calculations involve an expansion of the observables in
terms of the coupling constant of the theory, which works well for the electromagnetic
and weak interaction. However, as the strong coupling diverges towards low energies,
the higher terms in the expansion do not become smaller and the calculation does not
converge. This is the reason why additional models are needed to calculate low energy
phenomena in the strong interaction.

One such model is the Quark Model [18[|19], which describes the binding of quarks and
gluons into observable hadrons. The Quark Model was developed to describe an increasing
number of observed particles and is based on the observation that quarks, which we
know to be the fundamental particles forming the ordinary matter, can only occur in
bound systems. This phenomenon, called confinement, cannot be rigorously explained
mathematically from the Lagrangian of the strong interaction |17]. However, it has major
implications for the possibility of observing quarks in bound systems, called hadrons.
In the Quark Model, hadrons are composed of valence quarks, which determine their
properties. Each quark carries a property called color charge, and the valence quarks must
be combined so that their total color charge is white. This can most easily be achieved
by combining three quarks with the colors red, green, and blue or by combining a quark
and an antiquark with a color and its anticolor. The resulting particles are called baryons
and mesons, respectively, and make up most of our surrounding matter. However, only
considering color neutrality opens up the possibility for additional combinations of quarks
to form hadrons, such as tetraquarks or hexaquarks [18]. In addition, the gluon, which is
the mediating particle of the strong interaction, itself carries color charge and can occur
as a valence particle inside a hadron. This way, additional combinations are possible, such
as a glueball, which is a hadron composed only of gluons, or hybrids, which are hadrons
made up of valence quarks and gluons.

The search for these exotic hadrons is a large area within hadron spectroscopy and is
the main motivation for this thesis. Over the last twenty years, an increasing number of
particles have been reported that are candidates for exotic hadrons [6,20]. Due to the
aforementioned problems of theoretical physics to describe these low energy phenomena,
and due to the experimental challenges to measure them, the classification as exotic is
in most cases still an open question. To improve our understanding of these particles,
it is necessary to determine their properties with improves precision, which will help us
answer to the question: what are these observed particles made of? Solving this question
could provide clues towards one of the most important open questions in QCD: why and
how are quarks confined into hadrons.

The main tools for this task are particle accelerators and the corresponding detectors that



are built to detect the produced particles. One such accelerator is the Beijing Electron
Positron Collider IT (BEPCII), including the Beijing Spectrometer III (BESIII) [21] particle
detector. BEPCII operates in the energy range from 2 GeV to 5 GeV [22], providing access
to many of these exotic candidates. On the one hand, directly in the charmonium region
between 3 GeV /c? and 4.5 GeV /c? and, on the other hand, in the decay of these charmonia,
which gives access to the light hadrons in the mass region up to 2.5 GeV/c2. These two
different regions will be explored in this thesis.

The first part of this thesis focuses on the reaction ¥(2S) — vn/7*7~. On the one
hand side, this reaction allows the production of known conventional mesons, known as
charmonia, which are the 7, and the X, 5. While these mesons are fairly well understood,
their decays are only poorly known [6], and their decays into n’m* 7~ will be studied in
this thesis. On the other hand, the reaction 1)(2S) — yn/m ™7~ gives access to two exotic
candidates, which are the 7, (1600) [23] and the X (1835) [24,25]. While the latter can be
seen as a peak in the invariant mass of the n’7T 7~ system, the former requires a more
complicated tool, known as a partial wave analysis [26]. By measuring their branching
ratios and comparing them to theoretical predictions, the question of their inner structure
is clarified.

The second part of this thesis concerns the analysis of the reaction ee™ — 1, K* K, which
involves the search for the exotic candidate Z_, [27] in the subsystem 7, K*. This analysis
involves the investigation of a large number of different 7, decays in order to improve the
statistical significance of the studies performed. By determining the branching ratio of
the Z__ in this decay mode, the inner structure of the Z_, can be analyzed, giving hints
towards the question: is the Z_, meson a molecule of two mesons or a compact tetraquark
state? This analysis was done together with Sascha Lennartz in his Master’s thesis [2§]
under my supervision.

This thesis is structured in such a way that the first chapter, after this introduction,
presents the theoretical concepts that are necessary to understand the analyses that have
been performed, as well as the current state of research. The next chapter deals with the
experimental setup, which was used to collect the experimental data, as well as some of
the software needed for the analyses. After that, the first general event selection criteria
are described, which important for the two following analyses. The general event selection
is followed by the first analysis chapter on the reaction ¥ (2S) — yn'm" 7~ describing
first the more specialized event selection criteria to reduce background. Second, the
determination of the physically relevant observables is presented, including a thorough
analysis of the systematic uncertainties. Then,the second analysis on ete™ — n K*K is
explained, again consisting of some specialized event selection criteria followed by the
extraction of cross sections for the reactions of interest. The last chapter contains a
summary of the obtained results in the context of the current state of research as well as

an outlook on possible follow-up studies.






2. Theory

In the first part of this thesis, the theoretical concepts that are necessary to understand
the motivation of the conducted analyses, as well as the analysis methods, are presented.
First, the Standard Model (SM) of particle physics is introduced, which is the cornerstone
of all research in the field of particle physics. Then, Quantum Chromodynamics (QCD),
which is a part of the SM, is discussed in more detail, which is necessary to understand the
binding of quarks and gluons to hadrons in the so-called quark model. Special emphasis
is placed on the charmonium system and exotic hadrons, as the investigation of these

states is the main focus of the conducted analyses.

2.1. The Standard Model of Particle Physics

As a Quantum Field Theory (QFT), the Standard Model of particle physics describes
three of the four known interactions of our universe and all the elementary particles that
have been found [6,[29]. It includes the weak, electromagnetic and strong interactions,
each with a corresponding gauge theory. Gravity, the fourth known interaction, is not
incorporated because it can be neglected for basically all particle physics phenomena.
Moreover, there is still no mathematical theory yet that rigorously describes gravity in
conjunction with the other three forces [30]. One goal of (theoretical) particle physics is
to find a Theory of Everything that includes all of the four forces. A possible example of
such a theory could be supersymmetric string theory or, more generally, M-theory [14,/15].
The particles included in the SM, shown in Figure can be divided into the fermionic
part, which includes the quarks and leptons, each with a spin of 1/2, and the bosonic part,
which consists of the gauge bosons with spin 1 and the scalar Higgs boson. The quarks
and leptons are organized into three generations of increasing mass. For the quarks, these

are consisting of the up (u), down (d), charm (c), strange (s), top (¢) and bottom (b)

6 () 6

Each of the up-type quarks u, ¢, t has an electric charge of +2/3, while the down-type

quarks:

quarks d, s, b have a charge of —1/3.
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The lepton generations include the electron e, the muon i and the tau 7 with an electric

charge of —1 and the electrically neutral neutrinos v,, v, and v_:

o) ()€ =

For each of these particles there exists a corresponding anti-particle with the same
properties, only the charge-like quantum numberﬁE] are reversed, e.g. the anti-up quark
has an electric charge of —2/3. Since the neutrinos are electrically neutral, they could be
their own anti-particles, but whether this is the case is still an open question in modern
particle physics [6].

To describe the interactions between particles, the SM includes the symmetry group
SU(3), x SU(2);, x U(1)y, which describes the color charge, the weak isospin and the weak
hypercharge, all of which get mediated by gauge bosons. From group theory it follows
that there are eight gauge bosons belonging to SU(3)., namely the gluons g, three gauge
bosons belonging to SU(2);, the W% bosons, and the B® boson belonging to U(1)y.
Under unification of the electromagnetic and weak interactions, the W° and B° bosons
mix to form the physically observable Z% boson and the photon 7.

The final component of the SM is the Higgs boson H, which, gives the gauge bosons their
mass, through the Higgs mechanism [32-34]. Additionally, the mass of the fermions in the
SM can be explained in terms of Yukawa couplings of the fermions to the Higgs boson [35].
However, this process cannot generate the mass of the neutrinos, which remain massless
in the SM. Through measurements of neutrino oscillations [10-13| it was determined that
neutrinos have a non-vanishing mass, which requires physics beyond the Standard Model.
In the next chapter the theory of Quantum Chromodynamics which describes the strong

interaction will be explained in more detail.

2.2. Quantum Chromodynamics

QCD is the part of the SM that describes the interaction between quarks and gluons
16,3739]. It is a non-abelian gauge theory, which means that its symmetry group SU(3),.
is non-commutative, giving rise to the self-interaction of gluons. The charge described
by QCD is the color charge, which is either (anti-)red, (anti-)green or (anti-)blue for
(anti-)quarks, and which is a combination of a color and an anti-color for gluons. To

understand the properties of systems which are bound by the strong interaction the

!Charge-like quantum numbers are quantum numbers that correspond to conserved currents, which,
according to Noether’s theorem [31], are the consequences of continuous symmetries.
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three generations of matter interactions / forces
(fermions) (bosons)
I I [l
mass [~ 2.16 MeV/c? ||~ 1.27GeV/c? ||~172.6GeV/c? ||0 ~ 125.2 GeV/c?
charge | +2/3 +2/ +2/3 0 0
spin | 1/2 1/ 1 0 H
up charm top gluon Higgs
V) (Comev/e (= 93sMev/ )(=218Gev/2 ([0
x =1k =1/ -1 0
/ /
D: 1/2 1/2 1/2 1
<
=
e} down strange | bottom || photon
'~ 0.511 MeV/c? | [~ 105.7MeV/c? | [~ 1.777 GeV/c? | [~ 80.37 GeV/c? N
il il il +1
1/ 1/ 1/ 1 2
Q.
w0z
electron muon tau W boson | ~ ©
W) © J J J m wn
= [<08ev/c? < 0.19MeV/c? |[<18.2Mev/c® | [~ 91.19 GeV/c 8
Olo 0 0 w
I_ 1/ 1/2 1/ 1 @) )
o =
< Q
LLI| electron muon tau Z boson w
- | neutrino | neutrino || neutrino | Q>

Figure 2.1.: The particle content of the SM. It includes the quarks (blue), the leptons (green),
the gauge bosons (red) and the Higgs boson (yellow). For each particle the mass, charge and spin
are given according to the PDG @ Figure taken from with changed font and updated masses.

Lagrangian density of the theory plays an important role. For QCD it can be written

as 6]

7 ; A A
Laon = I Vga (170,04 — 90"MGAS = m,0,) ) 4FWF oo (2.3)
q

where the first part describes the quark fields wq,a of mass m, and their interaction with
the gluon fields Ag. These contributions are summed over the quark flavors ¢ and the
second part includes the contribution from the gluonic field tensor Flﬁ, The indices
a,be{l,...,N_ .} and A,B,C € {1,... ,N2 — 1} are color indices, where N, = 3 is the
number of colors of quarks @ The strength of the interaction is determined by the
coupling g, which, together with the quark masses m,, is the only parameter of QCD @
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The matrices tg;) are the generators of SU(3), while v# and OH are the Dirac matrices and

covariant derivative, respectively. The gluonic field tensor is given by [6]
A A A C
F/j,l/ = a'u,Al/ - ay‘Au - gszBCAEAV ’ (24)

which includes the structure constants f, -~ of SU(3) defined by the commutators of the

generators by
A 4B ; c
{tam tab} = ifapctab- (2.5)

In addition to the Lagrangian in Equation (2.3), a C'P violating term can be included

without violating gauge symmetry [40]:

Lop = 9%Fﬁﬁf“ﬂ”. (2.6)

Here 60 is a C'P violating phase and FAmw — %5“"""}? ;2, is the dual of the gluon field, with
the totally antisymmetric tensor . However, experimental measurements [41}/42] show
that the phase is small with |#| < 10710 indicating that the strong interaction seems to
conserve C'P, also known as the strong C'P problem [40].

As mentioned above, the strength of the interaction is governed by the QCD coupling,

_ %
4 *

not constant, but depends on the renormalization scale uy. This dependence is expressed

which is often written as o After renormalization it follows that the coupling is

in terms of a renormalization group equation as [64|17]

d
u%{ 9 _ Blagy) = —az Z al B, (2.7)
n=0

dp;

Here 3, are the (n 4+ 1)-loop coefficients of the so-called -function. For a given process,
the strength of the coupling can be determined by setting u%{ = (@2, where Q is the
momentum transfer. By considering only the lowest term in Equation (2.7)), one obtains

an analytical solution for o (u%) of

: (2.8)

with the 1-loop coefficient

11C’A—4nfTR 33—2nf
0~ 127 T 12n

(2.9)

and the QCD scale parameter A, which has to be determined experimentally. C4, = 3
and T, = 1/2 are color factors associated with the emission of a gluon by another gluon
and the splitting of a gluon into two quarks, respectively, and n 7 is the number of quark

flavors. To obtain an approximate solution for oy for higher orders, Equation ({2.7) can
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be solved iteratively.

Using Equation (or Equation ) with ,LLI%.L = ()%, one can see that o, becomes
small for processes with large momentum transfer, giving rise to a phenomenon called
asymptotic freedom [43,44]. For small momentum transfer, however, o, becomes large,
making the strong interaction non-perturbative in this regime. As Q2 approaches A2,
the coupling diverges, which is called the Landau pole, and a different definition of the
coupling is required [17].

This divergence for small momentum transfer was thought to be the reason for another
important feature of QCD, namely confinement [45]. Confinement describes the
phenomenon that only color-neutral states can be observed in nature. Color-neutrality
can be achieved by combining a color with its corresponding anti-color, or by combining
all three (anti-)colors. Such states, bound by the strong interaction, are called hadrons.
However, there is no mathematically rigorous proof that a divergent coupling leads to
confinement. Rather, it has been shown that there are theories that exhibit confinement

without divergent coupling [17].

2.2.1. The Quark Model

In the Quark Model, hadrons are composed of constituent quarks and gluons, which
determine their quantum numbers [18}|19]. Additionally, it includes see quarks and gluons,
which appear as virtual particles in the hadrons and contribute to their mass, spin,
momentum and magnetic moment [46].

Depending on whether the hadron is a boson or a fermion, it is either called a baryon or a
meson. Considering only the so-called conventional hadrons, (anti-)baryons are built from
three (anti-)quarks and mesons are composed of a quark and an anti-quark. Considering
only the three lightest quarks, baryons and mesons will be explained in more detail in
Section and Section [2.2.3] respectively. In addition, the constituent quark model
also predicts hadrons consisting of more than three (anti-)quarks and also constituent
gluons [18], these hadrons are called exotic and will be introduced in Section m
Since hadrons are constructed by combining (anti-)quarks and gluons, their quantum
numbers play an important role in the classification of baryons and mesons [6]. Quarks
have an intrinsic spin of 1/2 and a baryon number of B = 1/3, both of which are additive
quantum numbers. Additionally, quarks carry additive quantum numbers, called flavors,
which are the third component of the isospin I3E|7 strangeness S, charm C, bottomness B
and topness T, which are presented in Table Each quark carries only its corresponding
flavor and the sign of the quantum number is defined to be the same as the sign of its
electric charge, all other flavor quantum numbers are zero. For anti-quarks the sign of

the flavor quantum number is reversed. Although the topness T is defined as the flavor

2As the up and down quark have similar masses they can be described by an approximate SU(2) symmetry
group called isospin.
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quantum number of the top quark, it does not play a role for building up hadrons, since
the top quark decays before it can hadronize [6].

Another important quantum number is the eigenvalue P of the parity operator P (often
just called parity) which describes the behavior of the particle’s wave function under
inversion of the spatial coordinates. For quarks the parity, which is a multiplicative
quantum number, is defined as P = +1 and consequently for anti-quarks as P = —1.
When constructing the spectra of baryons and mesons, it is useful to start with the three
lightest quarks (u, d and s) that have similar masses, as these can be described by an
approximate SU(3)y flavor symmetry [47,48]. This formalism can be extended to include
the heavier quarks, but e.g. a SU(4)p symmetry would be strongly broken, since the ¢
quark is much heavier than the three light quarks [6]. To construct so-called multiplets,
which correspond to combinations of quarks and anti-quarks, mathematical tools of group
theory can be used. In this framework, the three quark flavors are written as the triplet 3
and the anti-quarks as 3, while e.g. a diquark would be written as 3 ® 3.

In the next sections, the spectrum of baryons, which make up most of the conventional

matter, and mesons will be discussed based on SU(3).

2.2.2. Baryons

Baryons are bound states of three quarks and thus have a baryon number of B = 1. In the
Standard Model, the baryon number is an accidental symmetry of the Lagrangian [49],
meaning that it is conserved in the strong interaction but it can be violated in certain
weak interactions [50]. However, this violation is expected to play a role only at high
temperatures and has never been measured in an experiment. These high temperatures
were present in the early phases of the universe, so this effect could play a role in explaining
the observed baryon asymmetry [51].

Using the notation presented in Section and considering only the three lightest

quarks the baryon multiplets can be constructed, e.g., using Young diagrams [6,/52] as

Table 2.1.: Quantum numbers of the quarks.

U d c S t b
electric charge ¢ | +2/3 -1/3 +2/3 -1/3 +2/3 —1/3
isospin I +1/2 —-1/2 0 0 0 0
charm C 0 0 +1 0 0 0
strangeness S 0 0 0 -1 0 0
topness T’ 0 0 0 0 +1 0
bottomness B 0 0 0 0 0 -1

10



2.2. Quantum Chromodynamics

Here the 8,; are baryon octets with mixed-symmetry flavor wave functions. Including
the corresponding mixed-symmetry spin wave functions leads to the observed J¥ = 1/27F
baryon octet @] 104 corresponds to the baryon decuplet with .J P = 3/2% and a symmetric
flavor wave function. Here, J is the total angular momentum, which is the vector sum
of the baryon spin s and the orbital angular momentum [ between the quarks. The
ground state multiplets have an orbital momentum of [ = 0 and therefore a total angular
momentum of 1/2 or 3/2, respectively. 1, is an antisymmetric flavor singlet, which is
only realized for excited multiplets due to the Pauli exclusion principle @ The inclusion

of baryons with non-zero orbital momentum results in multiplets with all combinations of

L35
202720

depicted in Figure They include the proton and neutron, which are responsible for

quantum numbers J = and P = 4+1. The ground state octet and decuplet are
building up the ordinary matter. They also include the 2~ baryon, which was predicted
when the quark model was developed and was later found to have exactly the
predicted quantum numbers and a mass compatible with the theoretical prediction [53],

which was seen as a strong validation of the quark model.

Figure 2.2.: Ground state baryon octet with J = %4_ (left) and decuplet with J¥ = %+ (right),

sorted according to their isospin I3 and strangeness S. Additionally, the quark content of the
baryons is shown.

2.2.3. Mesons

Conventional mesons are particles composed of a quark and an anti-quark and consequently
have a baryon number of B = 0, meaning that they can be produced and annihilated

individually. Since quarks and anti-quarks have opposite parities, the parity of a meson is

11
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defined by the action of the parity operator on the spatial wave function, resulting in a

factor of (—1)! [6]. Including the intrinsic parity of the quarks, the parity of a meson is
P = (-1 (2.11)

In addition, mesons that are their own anti-particles are eigenstates of the charge
conjugation operator C that transforms a particle into its anti-particle. For a quark-anti-
quark system, this correspond to applying the parity operator with an additional factor
coming from the spin s of the system. The eigenvalue C' (often called C-parity) therefore
results in [6]

C = (-1)"s. (2.12)

Here s is zero for anti-parallel spins of the quark and anti-quark and one for parallel
spins. The total angular momentum J for mesons follows from the conservation of angular
momentum as

[l—s| <J<|l+s]| (2.13)

The combination of Equations (2.11)) to (2.13) results in quantum number combinations

that are forbidden for conventional mesons:
JPC =077, even™ odd~T. (2.14)

If a hadron with such quantum numbers were observed in an experiment, it would have
to be an exotic hadron (see Section [2.2.5]).
The coupling of a quark and an anti-quark leads to the formation of multiplets. Considering

only the three lightest quarks, the multiplets can be constructed as [6/52]
33=8a1. (2.15)

The octet and the singlet are often combined into nonets, which can then be constructed
for each of the allowed quantum numbers. Each nonet consists of a triplet with isospin
I =1, two isodoublets with I = 1/2 and two isosinglets with I = 0. In Figure an
overview of the lowest lying nonets is depicted. Experimental observations show that
the mass of the particles in a nonet increases with growing angular momentum [ as well
as with radial excitation n of the wave function. In addition, the population of nonets
becomes more sparse at higher excitations, which can be explained by the experimental
difficulties in creating and identifying these states. Furthermore, the classification of the
experimentally observed states into conventional meson nonets is complicated by the
expected appearance of tetraquark multiplets and glueballs (see Section with the

same quantum numbers and similar masses.

12
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Ul (1020) | =0
0 1 2 3

Orbital excitation ()/

Figure 2.3.: Overview of the conventional meson nonets built from the three lightest quarks
plotted with respect to their angular momentum [ on the abscissa and their mass on the ordinate.
Also shown are their quantum numbers in the notation JF¢(n?*+11;). Here, J is the total angular
momentum, P and C are the eigenvalues of the Pand C parity operators, n is the radial excitation,
s is the spin and [ is the angular momentum of the nonet. Each nonet contains (from top to
bottom) three states with isospin ¢ = 1, two doublets with ¢ = 1/2 and two isosinglets with ¢ = 0.
Established states are marked in blue and states that are not yet classified as established or whose
assignment to a nonet is still ambiguous are marked in white. Figure taken from [6], modified.
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Pseudoscalar Mesons

The lightest meson nonet is the ground state pseudoscalar nonet with JF¢ = 0=+,
presented in Figure It contains the pions as an isospin triplet (7*,7°), the kaons in
two isospin doublets (K°, K+ and K—, K°), and the two isoscalars n and . Here, the
quark content of the particles at the edges of the multiplet can be easily identified as

|77) = |du)y, |7T) = |ud), (2.16)
|K%) =1|d5), |KT)=|us), (2.17)
|K™) = |su)y, |K% =|sd), (2.18)

while the three particles in the center are linear combinations of ui, dd and s5. They can

be constructed as orthonormal wave functions:

1 N _
70) = NG (lua) — |dd)) , (2.19)
1 _ - _
Ing) = % (|uu) + |dd) — 2 |ss>) , (2.20)
In,) = ;3 (jua) + ldd) + 153)) (2.21)

Here, the isovector |u) — |dd) combination is the physically observable 7° meson, while

the singlet 7, and the octet 7 mix to form the 1 and " meson according to:

<ln>> _ (Cf)sH —sin9> _ <1n8>> ' (2.22)
n") sinf  cosf 1n1)

For the pseudoscalar mesons, the mixing angle 9p has been measured to be in the range
of —10° to —20° [54-58], resulting in the approximations |) ~ |ng) and |1’) = |n,), which
explains the higher mass of the 7’ compared to the 7.

Vector Mesons

Vector mesons form the first excited multiplet (shown in Figure with quantum
numbers JP¢ = 17—, Here, the excitation comes from the spin, which is parallel for
vector mesons in contrast to the anti-parallel spins of the pseudoscalar mesons. The quark
content of the vector mesons can be identified analogously to the pseudoscalar mesons
(m <> p, K < K*) as

p7) =lda), [pT) =l|ud), (2.23)
|K*0) =1|ds), |K*")=|u5), (2.24)
|K*7) = |su), |K*) =|sd). (2.25)

14



2.2. Quantum Chromodynamics

The observable isoscalars w and ¢ are again mixtures of the singlet and octet state. Here
the mixing angle was determined to be 6, = 36.5° ﬂEﬂ, which is quite close to the ideal

mixing angle of 6, = 35.3° at which the |uu) + |dd) and |s5) components decouple. The

quark content of the states with I; = 0 can therefore be identified as

) = 5 () = 14). (2:20)

i) + |dd) ) (2.27)

1
w) ~ =5 (
|p) =~ |ss). (2.28)

K~ RO I?*O

Figure 2.4.: Nonets of the pseudoscalar mesons with J©¢ = 0=+ (left) and vector mesons with
JPC = 17~ (right), sorted according to their isospin I3 and strangeness S. Additionally, the
quark content of the mesons is shown. The ui, dd and s§ components mix to form the physically
observable states 7°/p%, n/w and 1’ /.

The Neutral Kaon System

As mentioned in Section [2.2] the strong interaction seems to conserve C'P symmetry,
while the weak interaction has been observed to violate it, e.g. in the decays of the neutral

pseudoscalar kaons . The parity of the kaons is negative, which gives
P |K% = - |K% and P |K% = — |K9). (2.29)
Applying the C' parity on the kaon states results in

C|K% =n,|K% and C|K° =n,|K°), (2.30)
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2. Theory

with the constraint 77% = 1, which gets satisfied by 1, = e'?. By choosing the convention
¢ = 0 this results in

CP|K% = —|K°% and CP|K° =—|K", (2.31)

which allows the construction of C'P eigenstates as

1

_ 1 0 0 _ 0 0
K1) = 5 (IK0) = 1K) and [Ky) = =5 (1K) + 1K) (2:32)
with the C'P transformation properties
CP|K,)=|K,) and CPI|K,)=—|K,). (2.33)

Under the assumption of C'P conservation, the K, decays into an even number of pions,
while the K, decays into an odd number of pions with an angular momentum of [ = 0.
The experimentally observable mass eigenstates are the short-lived K¢ and the long-lived
K, and were thought to be the same states as K| and K,. However, after the observation
of the decay K; — 7m [59], it was deduced that the K¢ and K; contain small admixtures
of the opposite C'P eigenstates. This phenomenon is called indirect C'P violation or C'P

violation via mixing. The mass eigenstates are constructed as

1 . )
VIERP VCICEaTD) (L+K%) —(1-aIK"), (2:34)

- 2(11+|€|2) (14 ) |K®) + (1= ) [K®)), (2.35)
with the indirect C' P violation parameter ¢ = (2.228 4-0.011) x 1073 [6]. In addition,
direct C'P violation has also been measured, e.g. via the decay K, — 77 [60,/61]. Its
strength was determined to be three orders of magnitude smaller than the indirect C'P
violation [6].

C P violation was measured not only in the kaon sector, but also in the decays of mesons
containing one of the heavier quarks ¢ and b, such as the D [62], B [63,(64] and B, [65]
mesons. Additionally, C'P violation is possible in the lepton sector due to the non-vanishing
masses of the neutrinos, but so far only evidence for this effect has been seen [66].

The next section focuses on charmonia, which are mesons composed of a charm and an

anti-charm quark.

2.2.4. The Charmonium System

So far, only the three lightest quarks have been considered in the construction of hadron
multiplets. As mentioned in Section this is motivated by the approximate SU(3)x

symmetry, which would be strongly broken if extended to include heavier quarks [6].
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2.2. Quantum Chromodynamics

Nevertheless, the quark model allows the construction of the quark wavefunction of
such states. These are on the one hand side the D and B mesons, which consist of an
(anti-)charm or (anti-)bottom quark and a lighter (anti-)quark, respectively. On the other
hand, the so-called charmonia and bottomonia are systems composed of a charm and an
anti-charm quark or a bottom and an anti-bottom quark, respectively.

The constituent mass of the charm quark is significantly larger than that of the lighter

quarks and also much smaller than that of the bottom quark [67]:

Me 32 and " ~3.1 (2.36)
m

»
o

This leads to the fact that the mixing with the light isoscalars and the bottomonium
system can be neglected, when constructing the charmonium spectrum. In addition,
the relatively high constituent mass of the charm quark m, ~ 1.5GeV /c? [67,68] causes
the quarks inside the charmonium to have non-relativistic momenta. An commonly
used potential to describe such systems is the sum of the Cornell potential [69] and a
spin-dependent part

‘/(:E(r) = VCornell(r) + ‘/Spin(r)' (237)

The Cornell potential Vo .,() contains on the one hand side a color Coulomb term
describing the one-gluon exchange, which is inspired by the Coulomb potential of the
hydrogen atom. On the other hand, an additional linear term ensures the confinement of
the quarks [17,70]. The total potential has the form

VCornell(r) = _CF% + br. (238)

Here Cf, = 4/3 is the color factor for the emission of a gluon from a quark, oy is the
strong coupling constant, b is the QCD string tension [17] and r is the radius of the

charmonium system. The spin-dependent part V_ . (r) is responsible for the fine and

spin
hyperfine splitting of the states. It includes the interaction between the quark spin and the
angular momentum L - § (with § = gc + 56)7 a tensor interaction between the magnetic

moments of the quarks T and a spin-spin contact interaction S x 5% [68] via

1 20 b\ - - Ada 2.0 22~ =
\% = — s - —|)L-S ST s oS LS. 2.39
(r) m?2 [( r3 2r> + r3 + 9w € ¢ Tepr ( )

c

with the mass of the charm quark m_ and a range parameter of the contact interaction o.

In total, this model includes four parameters (o, b, m,, o) that must be determined by
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fitting to the charmonium spectrum. A fit to the established states 1(nS) [n = 1,2, 3,4],
Y(nD) [n=1,2], n.(nS) [n =1,2] and x,,;(1P) [J = 0,1, 2] yields values of [6§]

a, = 0.5461, b = 0.1425 GeV?, (2.40)
m, = 1.4794GeV/c*, o = 1.0946 GeV. (2.41)

Using this fit, the masses of the higher excited charmonium states can be predicted.
An extension of this model is the Godfrey-Isgur model [71], which includes relativistic
corrections and is applicable not only to the charmonium system but also to lighter
quarkonium systems. For the charmonium system it gives comparable results for the
light S- and P-wave states, but for the highest excited states the difference goes up to
~ 100 MeV /c? [68].

An overview of the predicted and experimentally measured charmonium states sorted
by their JP¢ quantum numbers and mass is given in Figure . As can be seen,
the calculations of the non-relativistic quark model are in good agreement with all
experimentally observed states below the DD threshold and the J©¢ = 17~ states above
the threshold. For the other quantum numbers, the experimentally established states get
scarce.

Figure also includes states that have been found in the charmonium region, but
which show properties that differ from those expected for conventional charmonia. These
states are being discussed as candidates for exotic hadrons, which will be presented in
Section [2.2.5]

2.2.5. Exotic Hadrons

Exotic hadrons are hadrons which have a quark content of more than three (anti-)quarks
or which have gluons as constituents. These are, e.g., tetraquarks (gqqq), hexaquarks
(¢g9qqq or qqqqqq), hybrids (qgg) or glueballs (gg). For all of these theoretically predicted
states, there are candidates with the corresponding properties, but the assignments are
often controversial. This can be partly explained by the fact that conventional and exotic
hadrons can mix, making it difficult to disentangle the inner structure of an observed
state [6].

In the following, the exotic hadrons that play a role in this thesis will be discussed in

more detail.

3Here and in the following the naming scheme for hadrons from the PARTICLE DATA GRrROUP (PDG) from
2022 will be used [72]|. In 2024 the PDG introduced a new naming scheme [6], which changed the names
of e.g. the Z;(3900) and Z.5(4000) states to Tez1(3900) and Tezs1(4000), respectively.
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4.8
sol-
P
: ((4360) -
-Xcz( 2) .
%) =il (“230) | 7 (4200) —_—— — — — |Us (1éG3) m(DsDy)
T E= oy D)

o e — —| MmOy
RS | — — — — ey | ™PD)
> ' 2P B 2py)| — — — —| m(OD)
0 >)((CO((2°PO)) w — g @oy]| ™D
e e U, (£D,)| [ '

&

3

3.4
3.2 —
observed charmonium
3 NR quark model
o* 1 19 o+ 1 2% 27 3
JPC

Figure 2.5.: The charmonium(-like) spectrum with the J”¢ quantum numbers on the abscissa
and the mass on the ordinate. The states predicted by the non-relativistic Quark Model are shown
in gray [68], the observed charmonium states are shown in yellow, and states that are exotic
candidates are presented in blue. For the quark model states, the name of the particle is followed
by its spectroscopic quantum numbers n25T; and for the exotic candidates it is followed by its
approximate mass. Additionally, the thresholds for the production of a pair of D mesons are
indicated by the dashed lines. The values for the masses and quantum numbers, as well as the
classification into conventional/exotic mesons, are taken from @ Created with an adapted script
originally by N. Hiisken (private communications, 2019).

Tetraquarks

Tetraquarks consist of two quarks and two anti-quarks. These could form either a compact
state consisting of a diquark and an anti-diquark ([gq][gq]) or a molecule of two mesons
(lga)[qq)) [6l[73l[74]. Additionally, in the heavy quark regime, hadroquarkonia could play a
role, where the heavy quarks form a quarkonium which is surrounded by a cloud of light
quarks ((QQ]lqq]) [61[75.[76].

Candidates for tetraquarks have been found in the light quark sector, where the lightest
compact tetraquark multiplet is predicted to be a scalar nonet. Possible candidates for
the members of this nonet are the a,(980), K5(700), f,(500), and f,(980) [70].

In the heavy quark sector, promising candidates for tetraquarks are the charged Z, states,
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which decay into a charmonium and a charged light meson and should therefore have
a quark content of céqg. The ZF(3900) was first observed by BESIII in 2013 [77] in
the decay ZF(3900) — J/yn* and later confirmed by BELLEE| in the same decay [78§].
Assuming the Z,(3900) to be an isospin triplet, the neutral Z2(3900) was predicted and
later found with a compatible mass and width [79,80]. It was also observed in its dominant
decay ZF9(3900) — (DD*)*0 [81}[82].

A theoretical model that has been used to predict the existence of the Z,(3900) is
the INITIAL SINGLE PION EMisSION (ISPE) mechanism [83], where the Z,(3900) is
produced via pion emission in the decay of the charmonium-like state 1(4260). The
ISPE mechanism was later extended to the INITIAL SINGLE CHIRAL PARTICLE EMISSION
(ISChE) mechanism, which allows the emission of any chiral particle, such as a kaon [84].
Using the ISChE mechanism, the decay of the charmonium(-like) states 1/(4415), 1 (4660)
and 1/)(4790)E| into the J/v and two kaons has been studied. As can be seen in Figure
this decay could proceed through a triangle loop consisting of D®*)? and Dg*H mesons. The
amplitude for these diagrams is calculated using an effective Lagrangian approach [87-H90],
by neglecting the interference with various intermediate states [84]. This calculation
results in enhancements in the J/1 K system at the production thresholds for D*D s +DD;
and D*D. These enhancements are candidates for structures with hidden charm and
open strangeness [84].

This prediction is in good agreement with the states Z C5(3985)j[ found by BESIII in the
reaction ete” — K*Z;, — K*(D;D* + D:~DV) [27] and Z,,(4000)* seen by LHCH|
in Bt — ZL¢ — J/WwKT¢ [91]. These states have comparable masses but significantly
different widths, and it is still unclear whether they are the same state |6]. In addition
to the observed decays into Dg:)) mesons and J/Y K, the authors in [92] use QCD sum
rules [93,94] to predict the decay mode Z,, — 1 K*, assuming the Z_, to be a compact
tetraquark state, with a comparable partial decay width as the decay Z., — J/¢K and a
total width of the Z_, of (24.9 +12.6) MeV. This value is in agreement with the width
determined by BESIII of (12.875% 4 3.0) MeV [27], but is significantly smaller than the
width obtained by LHCb of (131 4+ 15 4+ 26) MeV [91]. In addition to the charged states
that were found, BESIII also found evidence for a neutral state Z,__(3985)" in the processes
ete™ — K3DD*™ and ee™ — K2D*T D~ [95], which is considered to be the isospin
partner of the Z__(3985)*.

In order to test the prediction in [92] and thus to investigate the assumption of a compact

tetraquark, the reaction ete™ — Z, K — 1, K*K is analyzed in Chapter @

‘Experiment at the KEKB particle accelerator at the HIGH ENERGY ACCELERATOR RESEARCH
ORGANISATION.

®The (4790) was identified by [85] as the 5S charmonium in data of the reaction e™e™ — ATA; taken
by the BELLE Collaboration [86].

5The LARGE HADRON COLLIDER BEAUTY experiment at the LARGE HADRON COLLIDER at CERN.
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(4660)

Figure 2.6.: Diagrams showing the ISChE mechanism for the decay of the charmonium-like state

1(4660) into J/¢ K+t K~ at the hadron level (left) and the quark level (right) according to [83,84].

The process includes a triangle loop consisting of D™*)° and Dg*)+ mesons.

Hexaquarks

Hexaquarks are states made up of a combination of six quarks and anti-quarks and can
baryon number of B = 0 with a quark content of qqqgqq. These are then called dibaryon
and baryonium, respectively.

The only established dibaryon is the deuteron, which is the nucleus of the deuterium atom,
an isotope of hydrogen. Other than the deuteron, other dibaryons are not established, as
they are often seen only in single experiments. An example of such a state is the d*(2380)
which was seen in double-pionic fusion processes of the type pn — drm [96-98] or in
quasi-free neutron-proton scattering dp — np + Pspectator [99] at WASA—AT—COSYE

A possible candidate for a baryonium is the state X (1835) which was found by BESIII
in the decay J/v — yX(1835) — yn'mTm~ [24,[25] with a mass exactly at the threshold
for the production of a proton and an anti-proton. It is therefore considered to be a
molecular state consisting of a proton and an anti-proton. Later it was also found in
decays to other light mesons such as J/¢ — y3(7T7~) [100], J/¢» — ynKIKY [101] and
J/ — vv¢ |102]. In addition, the threshold enhancement X (pp) seen by BESIII and
CLEOE| in J/v — ypp and (2S) — ypp |103-105], which can be explained by a state
at the pp threshold, is considered to be the same state, although it has a significantly
smaller width. This difference in width could be explained by interference effects in the
light meson decays [105] or by final state interactions in the pp decay |106-108].

Since the X (pp) has been seen in both J/¢ and ¥(2S) decays, assuming it is the same
state as the X (1835), then the X (1835) should also be observable in 1(2S) decays. So
far, the X (1835) has only been observed in .J/v¢ decays, which motivated the search for

"The WIDE ANGLE SHOWER APPARATUS at the COOLER SYNCHROTRON at FORSCHUNGSZENTRUM JULICH.
8Experiment at the CORNELL ELECTRON STORAGE RING (CESR) at Cornell University.
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this state as an intermediate resonance in the process ¥(2S) — vX (1835) — yn'mT 7~ in
this thesis, which is described in Section [5.5

Hybrids

Hybrids are mesons that contain an additional constituent gluon that can contribute
to the quantum numbers of the meson. Therefore, it is possible for a hybrid meson to
have quantum numbers forbidden for conventional hadrons, as listed in Equation .
The hybrid meson ground state nonet with the exotic quantum numbers J¢ = 177 is
predicted by flux tube models to be in the mass range 1.7 GeV /c? to 1.9 GeV /c? [109,110],
while lattice calculations yield a mass of (2.0 4 0.2) GeV/c? [111,/112]. Experimental
candidates for states in this nonet are the 7 (1600) and 7, (1855).

The isovector m,(1600) was observed by COMPASSﬂ in the decays to pr [113}[114] and
n'm [115] and by E85ﬂ in decays to n'm 23], f,(1285)7 |116], wrm and b,(1235)7 [117],
where the particles were produced by a pion beam colliding with a hadronic target.
It was also observed by CRYSTAL BARRELE in pp annihilations to 77y, 7%n and
K+ K~x0 [118]. The PDG lists a mass of the 7,(1600) of (164571%) MeV /c? and a width
of (370739)MeV 6], which is only slightly lighter than the predictions from lattice QCD
and flux tube models. An enhancement at ~ 1400 MeV /c?, the supposed 7, (1400), which
was seen by COMPASS in 77p — nm [115] can also be explained by the 7, (1600), where
the peak is shifted by kinematic effects [119).

The isoscalar 7, (1855) was observed by BESIII in the reaction J/v — ~vn, (1885) — ynn’
with a mass of (18554 97%) MeV/c? and a width of (1884 1873) MeV [120]. The resulting
mass difference between the isovector 7, (1600) and the isoscalar 1, (1855) of ~ 200 MeV /c?
is in good agreement with lattice QCD calculations [121].

So far, the mentioned isovector hybrid candidate 7, (1600) has been observed in pp and
mp reactions, as well as in the charmonium decay x,., — 7' "7~ [122], while the isoscalar
n,(1855) has only been observed in the decay of the charmonium .J/ [120]. To get access
to the quantum numbers of the 7, (1600), the decays of the Xe1,2 into three pseudoscalar
mesons can be used. This is done in this thesis in the decay X, — 7, (1600)E7F — n'm 7™,
which is presented in Section @ Here, the x_, has been chosen over the x_, because of
the simpler decay amplitude (see Section .

9The COMMON MUON PROTON APPARATUS FOR STRUCTURE AND SPECTROSCOPY at the SUPER PROTON
SYNCHROTRON (SPS) at CERN.

"Fxperiment at the ALTERNATING GRADIENT SYNCHROTRON (AGS) at BROOKHAVEN NATIONAL
LABORATORY (BNL).

Spectrometer at the Low ENERGY ANTIPROTON RING (LEAR) at CERN.
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2.3. Nonrelativistic QCD

2.3. Nonrelativistic QCD

As mentioned in Section 2.2, QCD becomes non-perturbative for small momentum transfer,
making it necessary to use refined models to calculate physical properties in this energy
regime. One such model is non-relativistic QCD (NRQCD), which is an effective field
theory. It is applicable to calculations of decay and production rates of charmonia and
bottomonia, since for these the relative velocity between the quarks f = v/c is a small

expansion parameter [123]. In NRQCD the QCD Lagrangian is written explicitly as

Here, L, is the QCD Lagrangian from Equation |D for the three lightest quarks
q = (u,d, s) and the gluonic field tensor. The second term describes the dynamics of a

heavy quark with mass m, and Dirac spinor

U= (i) and U= @D , (2.43)

where ¥ and x are the 2-spinors describing the heavy quark and the anti-quark, respectively.
Du = QH - igstCAE is the covariant derivative resulting in the coupling of the heavy quark
to the gluon.

2.3.1. NRQCD Lagrangian

By a unitary transformation it can be shown that the quark and anti-quark fields
approximately decouple, which allows to write down the most general effective Lagrangian
[123]

. D? , D?
[’NRQCD = Elight + ¢T (ZDO + 27)”0Q> P+ XT (ZDO — 2mQ> X + oL (2.44)
with ; ,
D*=D-D=Y D;D =3 (0, —igt AT (& —igt®AT).  (2.45)
j=1 j=1

This Lagrangian satisfies the SU(3), gauge symmetry of full QCD and is invariant under
charge conjugation and parity. Since it is a non-relativistic theory the Lorentz-invariance
of full QCD reduces to a rotational symmetry. An additional symmetry comes from the
conservation of the number of heavy quarks and anti-quarks, namely the heavy-quark
phase symmetry, which implies that L’NRQCD is invariant under a transformation of the
form [123]:

Y — e and yx — Py, (2.46)
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Setting the correction term 6L in Equation to zero leads to the minimal form of
NRQCD, which includes only the two parameters mg, and g [123]. In this case, the
theory gets an additional symmetry, called the heavy-quark spin symmetry, which means
that charmonia that are spin partners, such as J/1¢ and 7,, are degenerate. In minimal
NRQCD, the energy levels in the heavy quarkonium are accurate up to an order of
mQﬁ4 [123]. To include the spin splittings and improve the accuracy of the energy levels
to mQBG, correction terms dL # 0 must be added to Equation . The first of these
terms are the v2-improvement terms, which add four additional parameters (€15 €9, C54,¢4)
to the theory |123].

By rescaling of the fields and the space-time coordinates and by choosing a physical gauge,
an expansion of the Lagrangian in terms of powers of § can be written down. Here, the

Coulomb gauge with
VA=Y 04 =0 (2.47)

is chosen, where A is the vector component of the gluon field A. The first component of

the Lagrangian which is of order 3° is then [123]

V2 V2
Ly = Ly, + 07 <i80 — g, A, + ) v+ X <i80 — g A, — ) Y (2.48)
ght 2mQ 2mQ

and the terms of order 5! are [123]

Cy4
2m

£y =yt (ig AV)  +

¥t (6.V x A) 79 + cc., (2.49)
Q

Q

where & are Pauli-matrices. As can be seen, £, does not include any coupling of the
heavy quarks to the vector component of the gluon field, which is responsible for the
creation and annihilation of gluons. These couplings only appear at order 8 due to the
terms included in £;.

In order to determine the values of the parameters me, g and ¢;_,, a matching between
NRQCD and full QCD has to be performed. For this, two different methods are used: non-
perturbative and perturbative matching. For non-perturbative matching, the calculated
values according to Equation are compared either to lattice NRQCD calculations
[124] or directly to experimentally determined masses [123]. However, this is only
feasible for a small number of parameters and is done for the two parameters of minimal
NRQCD [123]. The additional parameters are matched via perturbative matching, which
relies on the asymptotic freedom of QCD. For perturbative matching the Lagrangians
for full QCD (Equation (2.3))) and NRQCD (Equation (2.44)) are used to calculate the

same scattering amplitudes for momenta k < mgc in the perturbative regime. Both of
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2.3. Nonrelativistic QCD

the amplitudes are then expanded in powers of k/ m, and the parameters of NRQCD are
adjusted so that the amplitudes match to the desired order [123].

2.3.2. Fock State Expansion

To use NRQCD to calculate the production and decay amplitudes of charmonia, the

charmonium state |H) must be expanded in terms of Fock stateﬁ as

H) =40221QQ) + 3 v2%1QQg),., + v 1QQqd) ., ,

Ol
+ 999 1QQ9g) . + VO 1QQqag) r, +oees (250)

assuming that the dominant Fock state |QQ) consists of a heavy quark anti-quark pair with

25+1L

defined quantum numbers 7 in a color-singlet state [123]. Higher Fock states include

additional gluons, e.g. |QQg>J7M, or light quark anti-quark pairs, e.g. |Qqu>a7/\,w.
These higher states have spin configurations o = (S}, S,,...) as well as angular quantum
numbers A = (L, Ly, ...) and ¢ = (J;, J,...). In addition, the particles in the Fock state
can have different color configurations v = (C;,C,, ... ), which are either a singlet or an
octet. Since the first excited states |QQg) s, have a defined color configuration, with
the QQ being in a color-octet state, they are not summed over 7.

The amplitudes wa Auy CAN be calculated using the Lagrangian £, in Equation ,

since the higher terms are suppressed by orders of 5. It can be shown, that the first term
in Equation ([2.49))
1 L
PN N
Ly = szp (zgSAV) " (2.51)

corresponds to so-called electric transitions that satisfy the selection rules AL = £1 and
AS = 0 for the QQ pair [123]. The second term

=% ot (a9« A g
Ly = Qme (6,V x A) 50 (2.52)

corresponds to magnetic transitions with AL = 0 and AS = +1 [123]. Both transitions
change a color-singlet to a color-octet and a color-octet to either a singlet or an octet.
Each Fock state in Equation can be reached by NV electric and either one or zero
magnetic transitions and the probability of finding it in the charmonium scales with 3%V
and V3 respectively [123].

12Fock states are quantum states with a defined number of particles and defined creation and annihilation
operators |125].
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With this, the Fock state expansion of the x,; charmonia can be written down explicitly

as

‘ch> = wo ‘CE; 3Pj> +¢1 ‘CEQ§381> + ¢2 ‘CEg; 3D1> + ¢3 ‘659;3D2>
+1, ‘cég; 3D3> + 1y ’cég; 1P1> +0O(B?). (2.53)

The probabilities can be calculated as an integral over the whole phase space of the
particles of the square of the amplitudes, giving P, ~ 32 for i € (1,2,3,4) and Py~ B3
and higher Fock states with probabilities of order 5* or smaller [123].

2.3.3. NRQCD Factorization for P-Wave Charmonia

As mentioned before, the NRQCD Lagrangian in Equation has a heavy-quark phase
symmetry, which results in the conservation of the number of ¢ and ¢ quarks. Therefore,
the annihilation process cc — gg — LH, where LH is any light hadron final state, is
forbidden and cannot be described in NRQCD. However, by adding additional terms [126]

E4—fermion = Z fmnomn (254)

to the Lagrangian, the total decay width into light hadrons can be calculated using the
optical theorem [123}/127]. These additional terms include four-fermion operators O,

with coefficients f, = that conserve the number of ¢ and ¢ quarks and have the form
o, =vK, XK, . (2.55)

Such an operator leads to process QQ — QQ where the initial QQ pair, with color
and angular quantum numbers determined by K, , is annihilated and a QQ pair, with
color and angular quantum numbers determined by K, is created. K, 6 and K are
products of different components, which can include spin matrices &, color matrices

e

ap> and a polynomial in components of the covariant derivatives D and [DO, D'} [123].

The coefficients f, =~ can be calculated by perturbative matching as a power series in
ag (m,) |123,12§].

The optical theorem [127] can now be used to calculate the total decay width into light
hadrons I'(H) from the imaginary part of the scattering amplitude for QQ — QQ. This
results in the NRQCD factorization formula [123]

D(H) = 3G, (H]O,,, [H) (2.56)
2M

H mn

where Cis given by C, = 2Imf,  and My is the mass of the charmonium. Each of
the summands in Equation 1) consists of a product of the QQ annihilation effects
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2.3. Nonrelativistic QCD

encoded in C,, and the matrix element (H |0, |H), which gives the probability of finding
the QQ pair in a state that can be annihilated by O, 1126]. While the coefficients
C,.,, can be calculated perturbatively [128], the matrix elements must be determined by
non-perturbative methods such as lattice NRQCD [129].

To determine the decay width for the P-wave charmonia _;, the lowest order matrix
elements in 3 mus be identified. For the x,. one of these is the color-singlet matrix
element [123]

1 iP5 =
(0) = o <xco ol —2D0> xx! (—2D0) {8 ‘ ch>
1 15 R
- m42<><co v! (‘2”0) X’X> <X’XT (‘2D(’> ‘”‘XCO>
¢ X
1 Ny 2
~ o 0]x —§DO' Y Xeo )| > (2.57)
where the derivative D is defined by
x Dy = x' Dy — DxTep. (2.58)

The approximation in Equation is given by the vacuum-saturation approximation,
which inserts a complete set of states | X) into the matrix element and then keeps only
the vacuum term |0). This approximation is justified, since the next higher contribution
comes from Fock states with two or more gluons, which are suppressed at order 3% [126].
The second matrix element that appears at the same order in § as (O;) is the color-octet

matrix element

1

= 92
mC

{Og)

(Xeo | 0150 350 | X)) (2.59)

for which the vacuum-saturation approximation is not applicable, as the vacuum is a
color-singlet. Since the y c1,2 are related to the x,, via the heavy-quark spin symmetry,
their corresponding matrix elements are proportional to (O;) and (Og) [123].

As mentioned before the f, =~ and therefore the C, = can be extracted using perturbative
matching [126] and in total the decay widths for the x,; up to order a2 are calculated
according to Equation as [123.|130]

I'(x, — LH) = gﬂag(mc) (0,) + maZ(m,) (Og), (2.60)
T'(x,, — LH) = maZ(m,) (Og) , (2.61)
D = LH) = o ma2(m,) (O)) + mad(m,) (Oy). (2.62)

As can be seen, for orders up to a2, the decay width of the x .0 and X, depends on the

color-singlet and color-octet terms in the same order in 3, even though the first excited
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Fock states have probabilities of order 3? (see Equation (2.53)). This can be explained
by the fact, that the annihilation of the dominant ‘cé; 3p J> Fock state is suppressed by
(2 due to its angular momentum, compared to the ‘cég; 3S1> state. At this order in o,
the x,, decay width does not depend on the color-singlet term, which can be explained
by the generalized Landau-Yang theorem [123]. The Landau-Yang theorem [131}132]
states, that a massive spin-1 particle cannot annihilate into two massless bosons, which is
however only true for QED. In QCD the annihilation into two gluons is allowed, but only
at higher orders of ay [133,[134].

The appearance of the color-octet terms in Equations to makes it clear that
dynamical gluons inside the P-wave charmonia play an important role for their properties.
This implies that the simple potential ansatz depending only on the quarks, as presented
in Section needs to be extended |135].

Using lattice QCD, the matrix elements for a charm quark mass of m_ = 1.5GeV/c? are
determined to be [129)

(Og)yae = 2:0370 53 MeV. (2.64)

(O))1. = 15.847358 MeV, (2.63)

These can be compared to phenomenologically determined values calculated according
to [135]

01— 45 Thug = LH) ~ T(x,) — LH)
Lphen = 167 a2(m,)

1T(x,, — LH)
<08>phen = ; aé(m )

= (14.9 +5.5) MeV, (2.65)

= (2.8 % 1.1) MeV, (2.66)

with the values for the I'(x,.; — LH) taken from the PDG [6], under the assumption, that
the x.; decay only into light hadrons or via x,; — 7J/v. As can be seen, these values
are in good agreement, but the extracted width for the x , of

T(x, — LH) . = (4.45 & 1.64) MeV (2.67)

phen

differs by about 3¢ from the value given by the PDG |[6]
I'(x. — LH)ppe = (10.5 £ 0.6) MeV. (2.68)

This difference indicates that the theory is still incomplete and that higher orders in
and o are needed to fully describe the data. However, this would introduce a significant
number of additional parameters into the theory and such calculations are not yet feasible.
An additional problem in comparing the experimental data with the theoretical predictions

for the P-wave charmonia is the fact, that they are assumed to decay exclusively into

28



2.3. Nonrelativistic QCD

light hadrons or radiatively into an S-wave charmonium [135]. However, the measured
branching ratios for the x, x.; and x_., only amount to ~ 22 %, ~ 45% and ~ 32 %,
respectively [6], making it evident, that additional precise data on x,; decays are needed.
In addition, it is also possible to calculate exclusive branching ratios for heavy quarkonium
decays via different extensions to NRQCD [136(138|. Although only two body decays
have been calculated so far, more complex final states will hopefully be accessible in the
future. This motivated the analysis of the decays x.; — n'7t7~ in Chapter [5| to gain
insight into the contributions of the color-octet terms, and thus to explore the role of

dynamical gluons within the charmonium system.
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3. Experimental Setup

To obtain information on hadronic states, data from particle accelerator experiments
must be collected and analyzed. In this case, the analyzed data comes from the BEIJING
SPECTROMETER III (BESIII) experiment, which is located at the interaction point (IP)
of the BEIJING ELECTRON POSITRON COLLIDER II (BEPCII) at the INSTITUTE OF
HicH ENERGY PHYsICS (IHEP) in Beijing. Details on the collider and the detector are

given below.

3.1. BEPCII

In 1984, the predecessor of BEPCII, the BEIJING ELECTRON POSITRON COLLIDER
(BEPC), was built in Beijing as the first ever high-energy accelerator in China [139]. Its
first eTe™ collision was achieved in 1988, which was accompanied by the assembly of the
BELJING SPECTROMETER (BES). BEPC was designed for center-of-mass energies from
3GeV to 5.6 GeV and a peak luminosity of 1.7 x 103! cm™2s~! at a center-of-mass energy
of \/s = 5.6 GeV [140] and was operated until 2004.

In 2009, the first physics data taking with the upgraded BEPCII was started, which
was designed for center-of-mass energies from 2 GeV to 4.6 GeV with a relative energy
spread of 5 x 107, It was planned with a peak luminosity of 1 x 1033 cm=2s7! at a
center-of-mass energy corresponding to the mass of the ¢ (3770) [21], which was achieved
in 2016 [141] and increased to 1.1 x 1033 em~2s~! in 2023 [142]. Later, the maximum
center-of-mass energy was increased to 4.95GeV [143]. In contrast to its predecessor,
BEPCII is a double-ring collider with a crossing angle of the two rings at the IP of
+11mrad. An overview of the properties of BEPCII compared to BEPC is given in
Table B11

BEPCII operates with 93 bunches in each of the 237.5 m-long rings, with a maximum
beam current of 0.91 A, using a single radio frequency (RF) cavity in each of the rings
at a frequency of 499.8 MHz [141]. Figure shows a schematic overview of the IHEP
campus around the BEPCII complex. It includes the experimental halls, one of which
houses the BESIII experiment, additional accelerator facilities, the IHEP computing
center, as well as the 202 m-long LINEAR ACCELERATOR (LINAC). The LINAC is used
to pre-accelerate the electrons and positrons to a maximum energy of 2.5 GeV before

injecting them into the storage ring at an injection rate of 50 mA /min for positrons and
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200 mA /min for electrons [1441|145].

In addition to its use as a collider, BEPCII is also designed as a synchrotron radiation
source, using electrons with an energy of 2.5GeV and a beam current of 250 mA to
generate 84 kW of radiation power at 14 beamlines [141].

In the future, BEPCII will be further upgraded (then called BEPCII-U), first by
optimizing the accelerator for the higher energy region with a design luminosity of
1.1 x 103 ecm™2s7! at /s = 4.7GeV compared to the 3.5 x 1032 cm™2s~! achieved with
the current design. In a next step, the the maximum center-of-mass energy will be upgraded
to /s = 5.6 GeV [22]. For these upgrades, an additional RF cavity will be installed in
each of the rings and the magnets surrounding the cavities will be moved. Different
designs for the positions of the cavities and magnets are currently being evaluated [146].
In addition, to accommodate the higher beam energies, the power sources of the bending
magnets will be upgraded and the focusing magnets closest to the IP will be replaced.
Depending on the exact configuration of these focusing magnets, the crossing angle at the
IP could be increased by 2mrad [22].

Table 3.1.: Operational parameters of BEPC, BEPCII and BEPCII-U |[21,22}/139}(140L(146].

BEPC BEPCII BEPCII-U
Center-of-mass energy [GeV]  3.0-5.6 2.0-5.0 2.0-5.6
Circumference [m]  240.4 237.5 237.5
Number of bunches 2x1 2 x93 2 x 120
RF cavity frequency [MHz]  199.5 499.8 499.8
Luminosity at 3.78 GeV ~ [em~2s7!] 1 x 103! 1.1x10%  1x10%
Luminosity at 4.7 GeV [em™2s7Y <1.7x 103 35x10% 1.1 x10%
Beam current [A]  2x0.035 2 x0.91 2 x0.90
Crossing angle [mrad] 0 +11 +11 (£13)
Relative energy spread 5x 1074

3.2. BESIII

To extract data from the eTe™ collisions taking place at BEPCII, the BESIII experiment
is located at its IP. BESIII is the successor of the BES and BESII experiments, which
started operating in 1989 and 1996, respectively, and were replaced by the BESIII
detector in 2009. It is designed for data taking in the 7 and charmonium energy region
and covers a solid angle of Q = 0.93 - 47 [21]. Since BEPCII is a symmetric collider
with only a small opening angle between the electron and positron beams, the resulting
center-of-mass system is nearly at rest. Therefore, the detector is placed cylindrically

symmetric around the IP, with the symmetry axis, defined as the z-axis, being the bisector
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1. BESIII detector hall 8. Linac

2. Control room 9. Klystron gallery

3. Power supply 10. Nuclear physics experiment hall

4. RF station 11. Power supply of transport tunnel
5. 2nd experiment hall ~ 12. East hall for synchrotron rad. exp.
6. Storage ring 13. West hall for synchrotron rad. exp.

7. Transport tunnel 14. Computer center

Figure 3.1.: Overview of the IHEP campus around the BEPCII complex, taken from [147].
The electron beam line is shown in red and the positron beam line in blue. Different buildings of
BESIII and BEPCII are marked with numbers, which are given in the legend.

of the opening angle. From the inside out, the detector consists of the following subsystems
(see Figure [3.2)): a multilayer drift chamber (MDC) directly surrounding the beam pipe,
a time-of-flight (TOF) system, and an electromagnetic calorimeter (EMC), all enclosed
by a superconducting solenoid magnet (SSM) that produces a uniform magnetic field of
1T [21]. An additional muon counter (MUC) is located outside of the SSM, interleaved
with the flux return yoke of the magnet. Table [3.2 shows a comparison between the
operational parameters achieved by BESII and BESIII for each of the subsystems. The

different subsystems are presented in more detail in the following sections.

3.2.1. Muiltilayer Drift Chamber

The innermost part of the BESIII detector is the MDC, which is used for particle
identification (PID)by measuring the energy loss dE/dx of charged particles and for
momentum measurement, by reconstructing the particles’ trajectories. It consists of an
inner part with a stepped conical shape and an inner radius of 59 mm and an outer part
with a maximum radius of 800 mm and a length of 2400 mm . The stepped end region

allows for the placement of focusing magnets as close as possible to the IP and limits the
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Figure 3.2.: Schematic drawing of the BESIII detector with the beam line in horizontal direction.
The different detector components from the inside out are shown in red (MDC), orange (TOF),
purple (EMC), green (SSM) and blue (MUC). Colored version of the figure from [21] with
permission from Elsevier.

polar angle coverage to |cosf| < 0.93. The drift chamber consists of 43 cylindrical layers
of signal wires oriented parallel to the z-axis, resulting in a spatial resolution in the r-¢
plane of 130 pm. About half of the layers are so-called stereo layers, which are tilted by
an angle of —3.4° to 3.9°. These are used to determined the position in z-direction with
a resolution of 2 mm . There are a total of 6796 signal wires, which are gold-plated
tungsten wires with a diameter of 25 um . These signal wires are interleaved with
aluminum wires for field shaping. The chamber is filled with a gas mixture of 60 % helium
and 40 % propane with a radiation length of 550 m, which gives a low probability for
multiple scattering, while providing an energy loss resolution of 6 % [21]. The gas is
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Table 3.2.: Parameters of the subdetectors of the BESIII experiment compared with its
predecessor BESIT [21}|143[|148H150].

BESII BESIII

spatial resolution in r — ¢ plane [nm] 250 130
MDC spatial resolution in z direction [mm] 8 2
momentum resolution at p = 1 GeV/c? %] 24 0.5
energy loss resolution (%] 8.5 6.0
TOF time resolution in the barrel [ps] 180 68
time resolution in the end caps [ps] 350 60(110)
EMC onersy resolution at E = 1 GeV %] 22 2.5
spatial resolution at F = 1 GeV [mm] 30 6
MUC spatial resolution [mm] 45 20
minimum muon momentum [GeV/c] 0.5 0.4
magnetic field [T] 0.4 1.0

ionized along the trajectories of the charged particles passing through the detector, and
the produced ions travel to the signal wires and can be detected as electrical pulses.
Since the MDC is located inside the 1T magnetic field, the trajectories of the charged
particles will be helices, with the parameters of the helices depending on the momentum
of the particles. In this way, the momentum of the particles can be reconstructed with a
resolution of 0.5 % at a momentum of 1 GeV /c [21].

In addition to measuring the momentum, the MDC can be used for PID by exploiting
the fact that the specific energy loss dE/dx of a charged particle depends on its species.
This can be seen in Figure [3.3] where the specific energy loss in the MDC for different
particles is depicted. As can be seen, using only the MDC, protons and kaons can be
clearly separated from muons, electrons and pions for small momenta. A 30 separation
between pions and kaons can be achieved up to a momentum of 770 MeV /c [21]). In
addition, it is not possible to distinguish between muons, electrons and pions at small
momenta using only the MDC. Therefore, additional detector components have to be

used, one of which is the TOF, which will be discussed in the next part.

3.2.2. Time-of-Flight System

The TOF is the detector system surrounding the MDC and is primarily used for PID.
The barrel section with a polar angle coverage of |cosf| < 0.83 consists of 88 plastic
scintillators arranged in two layers. Each of the 88 scintillator bars with a length of 2.38 m,
a width of 50 mm and a thickness of 50 mm is read out by two photomultiplier tubes
(PMTs) mounted directly at each end [151]. The tubes are attached to the outer wall
of the MDC at an inner radius of 810 mm, with the second layer being staggered with
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Figure 3.3.: Normalized energy loss dE/dx in the MDC for different particle species as a function
of the particles’ momenta p from a Monte Carlo simulation. Taken from [152].

respect to the first in order to reduce dead zones. This design results in a time-of-flight
resolution of 68 ps for the double-layer barrel [143].

In its first version, the two endcaps of the TOF with a polar angle coverage of
0.85 < | cos @] < 0.95 consisted of 48 plastic scintillators each, resulting in a time resolution
of 110 ps [143]. In 2015, the endcaps were upgraded with multigap resistive plate chambers
(MRPC) |153]. Each endcap consists of 36 MRPC modules in two staggered layers with
an inner radius of 501 mm and an outer radius of 822 mm of active area of th MRPC. This
setup gives a resolution of 60 ps for Bhabha scattering events and of 70 ps for pions [154].
Using the timing information from the TOF T+ o, the velocity 8 of a particle is calculated

as
L

¢ (TTOF - Tstart) ’
with the speed of light ¢, the path length L measured in the MDC, and the event start
time T,

start?

8=

(3.1)

which is determined by averaging over the estimated track start times of
all tracks in the event using a fast tracking and PID algorithm [155]. Together with
the momentum p of the particle determined in the MDC, the mass m of the particle is
calculated as

2_1_ﬁ2 2

m —76262]?.

(3.2)

The calculated squared masses for different simulated particles are shown in Figure
As can be seen, protons can be unambiguously identified for all momenta from the TOF

information alone, while the discrimination between kaons and pions becomes worse
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3.2. BESIIT

for higher momenta (20 separation up to 0.9 GeV/c [156]), and electrons cannot be
distinguished from pions at all.

The MDC and TOF described so far work only for charged particles. To detect photons
and other uncharged particles, the EMC is used, which will be described in the next

section.

1.2
1.0 |-
0.8 -
0.6 -
04 -
0.2

o
I

mass square/(GeV/c?)?

| |
i
> o

0 02 04 06 038 1.0 12 14
pl(GeV/c)

Figure 3.4.: Calculated mass squared in the TOF for different particle species as a function of
the particles’ momenta. Taken from [152].

3.2.3. Electromagnetic Calorimeter

The last detector component inside the SSM is the EMC, which is mainly used to
reconstruct the energy and direction of photons. It is composed of 6240 cesium iodide
crystals doped with thallium with a length of 280 mm, corresponding to 15 radiation
lengths, and a base area of 52 mm x 52 mm on the front side and 65 mm x 65 mm on the
back side |156]. Similar to the TOF, the EMC is divided into a barrel section with a
polar angle coverage of |cos 6| < 0.83 and two end caps with 0.85 < |cos | < 0.93, both
separated by a gap of 50 mm to allow for mechanical support structures |151].

The barrel section, with a total length of 2.75 m, consists of 44 rings with an inner radius of
940 mm, each composed of 120 crystals. The crystals are tilted by 1.5° in the ¢ direction
and additionally in the z direction to face z = £50 mm, depending on which side of the
IP the crystal is located [151]. This tilt is added to reduce the possibility of a photon
passing exactly between two crystals.

Each of the end caps consists of six rings of 80 crystals with an inner radius of 500 mm.

In this case, the crystals are tilted to face a z position of z = 100 mm, again with a tilt
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3. Experimental Setup

of 1.5° in ¢ direction [151]. At the end of each of the barrel and endcap crystals, two
PMTs are used to collect the generated light signal [156].
Overall, this setup results in a sensitive energy range of the EMC from 0.02 GeV to 2 GeV,

with a design energy resolution of

N
JE=J<zw@[é;]oj + (%) (3.3)

and a design spatial resolution of

0, =6mm - [} o (3.4)

for an electromagnetic shower with a total energy E [151].

In addition to determining the energy and position of electromagnetic showers, the EMC
can be used for PID because the shape of the electromagnetic shower depends on the
species of the incident particle. Parameters describing the shape of a shower are the energy
the ratios E . /Fq.3 and Es 5 /E;. -,

where E5 5 and E. . are the energies deposited in the 3 x 3 and 5 x 5 array around the

deposited in the central (or seed) crystal E

seed’

seed, respectively. An additional parameter is the second moment

_ LiBdi

with the deposited energy E; in crystal i at distance d; from the center of the shower [152].
These characteristics can be used, for example, to distinguish neutrons and anti-neutrons
from photons as was done in a recent BESIII measurement of the effective form factor of
the neutron [157].

The last detector component of the BESIII experiment, namely the MUC, will be

explained next.

3.2.4. Muon Counter

Since muons and pions have similar masses of m .+ = (105.658 3755 = 0.000 002 3) MeV /c?
and m_» = (139.57039 £ 0.000 18) MeV /c? [6], respectively, they cannot be efficiently
distinguished with the detector components mentioned so far. To improve the PID for this
case, the BESIII detector includes a dedicated MUC, which is located outside the coil of
the SSM and inside the flux return yoke. This detector component takes advantage of
the fact that muons do not interact strongly and can therefore penetrate dense materials
more easily than hadrons.

The barrel and end caps of the MUC contain nine and eight layers of resistive plate

chambers, respectively, which are interleaved by nine layers of steel [21]. The difference in
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3.3. Data Samples

the number of layers is due to space limitations, as the end caps must be placed as close
as possible to the coil of the SSM to improve the uniformity of the magnetic field.

The barrel MUC has an inner radius of 1.7m and an outer radius of 2.62m with a total
weight of the steel plates of 300 t, resulting in a polar angle coverage of |cos | < 0.75 [21].
The end caps are placed at an inner distance to the IP of 2.05 m with a total thickness
of 0.75m, a weight of 208t and a polar angle coverage of 0.75 < |cosf| < 0.89 [21].
This design of the MUC results in a minimum momentum of 0.4 GeV /¢ for muons to
be identified by the MUC and a muon-pion misidentification rate of less than 10 % for
momenta greater than 0.5 GeV/c [21]. To utilize the information from the MUC for PID,
the hits in the MUC are used to reconstruct tracks with a spatial resolution of 20 mm [143],

which is dominated by uncertainties due to multiple scattering [21].

3.3. Data Samples
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Figure 3.5.: Center-of-mass energies and luminosities of the BESIII data samples. The R scan
and XY Z scan samples are shown in black, the J/v, ¥(3770) and x.1 samples are presented in
blue, the XY Z samples are depicted in green and the samples that have been used in this thesis
are marked in red.

Since 2009, BESIII has been collecting data in the energy range from 2 GeV to 5 GeV
and has accumulated the world’s largest data samples at energies corresponding to the
masses of selected vector-charmonium states such as the J/1, the 1(2S) and the (3770).
Figure gives an overview of the BESIII data samples collected so far, including the
resonance data sets mentioned above, scans around the x,, and 1 (2S) resonances, an
> 100pb~! (the so-called

XY Z data samples), and additional data sets over the whole range with lower luminosities,

energy scan in the region above 4 GeV with luminosities £, ,
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which are used e.g. for measurements of the R value [158]. The data samples used in this
thesis are marked in red. These are on the one hand side the 1(2S) samples from 2009,
2012 and 2021 (see Table[3.3) and the 1/(2S) scan samples from 2009, 2018 and 2021 (see
Table , which are used for the analysis of 1)(2S) — yn/7 7~ described in Chapter
On the other hand the XY Z samples with energies between 4.6 GeV and 4.7 GeV (see
Table are used to search for the Z_ in the reaction ete™ — 7, K*K explained in
Chapter @ In the future, after the upgrade to BEPCII-U (see Section , additional
data samples in the high energy region (1/s > 4.2 GeV) will be recorded [22,/143], to give

the possibility to search for heavier charmonium and charmonium-like particles.

3.4. BESIII Offline Software System

For the analysis of the mentioned data sets, the BESIII collaboration provides necessary
software packages in the form of the BESIII OFFLINE SOFTWARE SYSTEM (BOSS).
BOSS is mostly written in C++ and is based on the GAUDI framework [166], which
was developed in the context of the LHCb experiment for the purpose of data processing
for high-energy physics experiments. It includes methods for converting events from
the stored raw data into ROOT [167] files, making them easier accessible for physics
analysis. These methods include algorithms for PID and tracking, as well as initial
event selection algorithms such as vertex and kinematic fitting. In addition, the BOSS
framework contains a complete description of the BESIII detector, which is used to
simulate physical events. These detector simulations are performed using the BESIII
OBJECT ORIENTED SIMULATION TooL (BOOST) |168], which is based on GEANT4 [169],
and dedicated MONTE CARLO (MC) generator packages [170], which are used to simulate
different physical channels. The MC simulations that have been generated in this thesis
for efficiency determination, background analysis, and partial wave analysis (PWA) are

presented in the next section.

3.5. Monte Carlo Simulations

In the context of this thesis, two different types of Monte Carlo (MC) simulations are
used [171}|172]. These are the so-called inclusive MC samples, as well as the signal MC
samples. In both cases, the simulation is split into two steps: First, the generation of
the four-momenta of the involved particles according to defined production and decay
models. And second, the propagation of these particles in the BESIII detector, including
their reactions with the detector components, as well as the digitization of the detector

responses.

13The data sample at /s = 3.682 GeV has not yet been calibrated and is therefore not used in this thesis.
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Table 3.3.: Resonance data samples that have been used in this thesis with their integrated
luminosities Li,; determined from Bhabha scattering events (ete™ — ete™) and the number
of produced (2S) mesons Ny gy derived from counting inclusive decays of the 1(2S) into
hadrons [159}/160].

Sample +/s/MeV L, . /pb! Nyas) / 109
161.6 £ 1.7 107.7£ 0.6
$(2S)  3686.1  506.9+ 5.1 3454+ 2.6
3208.5 +£32.1 22593 +£11.1
Sum 3877.0£38.8 2712.4+14.3

Table 3.4.: Scan data samples that have been used in this thesis. The center-of-mass energies
/s have been measured with the beam energy measurement system (BEMS) [161}{162] and the
integrated luminosities Ly were determined from Bhabha scattering events with the same methods
as in [160]. AE = /s — Myss)c? is the energy difference to the mass of the (2S) [6].

Sample V5 / MeV AE/Mev L, . /pb!
Scan 1 3581.5440.05 —104.56+0.05 85.7+0.9
Scan 2 3650.00+0.05 —36.10+0.05 445.5+4.6
Scan 3 3670.164+0.05 —15.94+0.05 84.7+0.9
Scan 4  3680.144+0.05  —5.96+0.05 84.8+0.9
Scan 5  3682.754+0.05  —3.35+0.05 28.7+0.3
Scan 6  3684.22+0.05  —1.88+0.05 28.7+0.3
Scan 7 3685.264+0.05  —0.84+0.05 26.0+0.3
Scan 8  3686.50 +0.05 0.40 £0.05 25.1+0.3
Scan 9 3691.36 +0.05 5.26 +£0.05  69.4+0.7
Scan 10 3709.76 +0.05 23.66+0.05 70.1+0.8
Sum 948.94+ 9.5

Table 3.5.: XY Z data samples that have been used in this thesis. The center-of-mass energies /s
have been determined by analyzing the reaction eT™e™ — vqp /FSRN+ u~ for the 4600 sample |163]

and ete™ — ATA- for the other samples [164]. The integrated luminosities Li,, were determined
from Bhabha scattering events [164L/165].

Sample Vs / MeV L. /pb~!
4600  4599.53+0.74 586.9+ 3.9
4620 4628.00 £ 0.33  521.5+ 2.8
4640 464091 +0.38 551.7+ 3.0
4660 4661.24 +£0.30 5294+ 29
4680  4681.924+0.30 1667.4+ 8.9
4700  4698.82+0.37 535.5£ 2.9
Sum 43924+ 24.1

41



3. Experimental Setup

KKMC BESEVTGEN

€

Figure 3.6.: Schematic representation of the simulated process eTe™ — c¢ — X, including ISR,
in the BOSS framework using the MC generators KKMC and BESEVTGEN.

For the first step the event generators KKMC [173] and BESEVTGEN [170] are used.
KKMC is a generator for processes of the typ ete™ = ff+ nYgr, Where f is any SM
fermion except for the electron and top quark. In the context of the BESIII experiment,
f is a ¢ quark. KKMC includes electromagnetic processes up to second order with
electro-weak corrections of first order [173]. The subsequent decay of the cc is simulated
with BESEVTGEN [170], which is an extension of EVTGEN [174] for the charmonium
energy regime. It allows the generation of any final state X via possible intermediate
resonances. The explicit decay chain and the models used for each decay are defined by a
configuration file. In addition, final state radiation (FSR) of charged particles is included
via the PHOTOS algorithm [175].

In all simulations, the reconstruction is the second step and is performed using the BOOST
[168] and GEANT4 [169] frameworks as described in Section This reconstruction
step is important to obtain a reliable estimate of the detector effects that may effect the
reconstruction of the data samples, and to determine the acceptance of the detector. These
detector effects include, for example, the production of bremsstrahlung by particles in the
detector material, which can be reconstructed as electromagnetic showers in the EMC (see
Equation ) Additionally, it also accounts for the energy loss of photons in the inner
parts of the detector (see Equation (4.13))). All the parameters of the detector simulation
are tuned to give a good description of the data, which is verified with dedicated control
channels [151].

For the (2S) — yn/7t 7~ analysis, the simulated decay chains can be seen schematically
in Table A total of 2 x 6 (corresponding to the two different considered 1’ decays)
signal MC simulations with 5 million events each are produced. In 2 x 5 of them, the
first step is a radiative decay into either a lower lying charmonium state x_; or 7, or
the exotic candidate X (1835). These decays are generated with the P2GCJ and JPE

“Tnitial state radiation (ISR) is a process where a particle in the initial state radiates a photon prior to
the collision.
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models, respectively, which produce an angular distribution for the helicity angle 6 of the

radiative photon according to

dr
dcosf

x 1+ acos®6, (3.6)

with a = 1 for the x ., 7. and X (1835), a = —1/3 for the x,,, and o = 1/13 for the
X2 1176]. In each of these simulations the charmonium or X (1835) decays into n'mt7™
according to the PHSP model. The PHSP model generates decays into n particles
uniformly distributed in the n-body phase space ®, according to [6]

dr

G, = const. (3.7)

For a three-body decay this can be simplified to

dr

———— = const, (3.8)
dm?2,dm?3,

which corresponds to the representation often used in Dalitz plots. Here, m, and m,4 are
the invariant masses of two of the two-particle subsystems. Two additional simulations
include the direct decay 1(2S) — yn'mTn~ again simulated according to the PHSP model.
The next step in each simulation is the decay of the n’, where the decay models PHSP
and EPGPP are used for ' — nrtn~ and ' — ~n"n~, respectively. EPGPP is
a model specifically designed for the decay n' — ~yntn~ [177], which includes the
intermediate resonances p® and w, their interference, as well as the Wess-Zumino-Witten
anomaly [178[179]. In the ¥ — nm ™7~ simulations the 7 further decays into two photons
using the PHSP model.

The inclusive MC sample is prepared in advance by the BESIII collaboration and includes

Table 3.6.: Decay chain and models used in the BESEVTGEN generator for the 1(2S) — yn/ntw™
analysis.

Decay Model

P(2S) = YX,.s P2GCJ
»(28) = 7 X (1835) JPE
¥(2S) = yn'mtn~  PHSP

Xey = Nmtm™ PHSP
n, =yt PHSP
X (1835) — n'mtw~ PHSP
n —nrta PHSP
n — ynta™ EPGPP
n—yy PHSP
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all known decay modes of the 1(2S) and the subsequent decay of appearing resonances,
as they are listed by the PDG. In addition, for the generation of the inclusive MC, the
LUNDCHARM [180,(181] model is used to estimate branching ratios for so far unobserved
decays, via the partonic hadronization model LUND [182}/183]. In this way, the inclusive
MC sample is a simulation that is used to replicate the data with our current knowledge,
and this can be used as a tool to analyze appearing background reactions. The number
of generated events for the inclusive MC corresponds roughly to the number of measured
$(29) events Ny, oq) = (2712.4 +14.3) x 10° [159].
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In the context of this work, the aforementioned BESIII data samples are used to search
for different exotic particles, e.g., the m (1600) and the Z_(3985) in the reactions
¥(2S) = yn'mtr~ and ete” — 5 K*K, respectively. In both analyses, multiple charged
tracks and photon candidates must be reconstructed using the BOSS framework. Both
analyses use standardized general selection criteria, which are described in detail in the
following sections. These general selection criteria are followed by more specific ones,

depending on the reaction being analyzed.

4.1. Charged Particle Selection

To select charged particles in events recorded by the BESIII detector, the information
from the different subdetectors is combined. As a first step, hits in the MDC are combined
to form tracks (see Section [4.1.1). The track parameters determined in this way are used

together with the information from the other subdetectors to determine the corresponding

particle species (see Section [4.1.2)).

4.1.1. Tracking

The first step in identifying charged particles is to combine hits in the MDC into tracks.
This is done using three different track-finding algorithms based on a template matching
method [184], a track segment finder [185], and a Hough transformation [186], respectively.
Since the efficiency of each of these algorithms depends on the momentum of the tracks,
all three are used together to achieve the highest overall tracking efficiency [186]. In each
of these algorithms, the tracks are first found as circles in a two-dimensional projection
onto the x — y plane (as can be seen in Figure , and in a second step, the information
from the third dimension is added to fit the tracks with a helix parametrization. During
these steps, a particle is assumed to follow a standard helix with radius p and pitch k

parametrized as [187]

x=d,cospy+p [cos ¢ — cos(¢y + ¢)],

y=d,sing, +p [sin ¢ — sin(¢py + ¢)] (4.1)
z=d — kﬂ
# 2m
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Here, ¢, is the angle that defines the position of the center of the helix with respect to the
pivoﬂ and d ) and d, are the distances from the pivot to the point of closest approach
a_c'pca in the z — y plane and in the z direction, respectively. The position of the particle
¥ = (z,y, z) is then defined by the turning angle ¢ measured with respect to the center
of the helix Z_, . Overall, the trajectory of a particle is defined by the helix parameters
a=(p,k, dp, d,, (Z)O)T and its covariance matrix V. From this fit, the momentum of the

particle at the point of closest approach is calculated via

p, = —QBpsin gy,
p, = QBpcos ey, (4.2)
p, = QBk.

Here, @ is the electric charge of the particle and B is the magnetic flux density in the MDC.
In these fits, the particle is assumed to follow an ideal helical trajectory, but in the real
detector, its trajectory is perturbed by several effects. On the one hand, there are material
effects such as energy loss, which reduces the momentum of the particle, and multiple
scattering, which is responsible for many small-angle deflections. These effects can be
calculated using the Bethe-Bloch equation [188}(189] or Moliere theory [6,(190], respectively.
On the other hand, the non-uniformity of the magnetic field, which has been mapped
using specially designed Hall sensors [21},191], must be taken into account. In addition,
the wire sag, which can be estimated from the properties of the wire used [187], must be
considered. All these effects are incorporated using a Kalman filter method [187,/192],
which uses the result of the intermediate helix parametrization in Equation as a
starting point and then updates the helix parameters to account for the these effects.

As a first selection step, the distance of closest approach of each of the tracks not

originating from the decay of a Kﬂ meson must satisfy the conditions:

d, < lem, (4.3)
|d.| < 10cm. (4.4)

This reduces the background from particles that do not come from the eTe™ collision,

such as cosmic rays. In addition, charged tracks must satisfy a geometric condition (see
Section [3.2.1)) on the polar angle of

|cos | < 0.93 (4.5)

15Here, the nominal interaction point, which in this case is set to 0, is used as the pivot.
16T determine if a track comes from the decay of a K, a secondary vertex fit is used, which is described

in Section @
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to exclude tracks that have been erroneously reconstructed in a region without detector

coverage.

YA ZA

>
X

<V

Xcen

Figure 4.1.: Schematic illustration of the helix parametrization #(¢$) with radius p in the  — y
plane (left) and = — z plane (right). It includes the point of closest approach e, from the helix to
the pivot and the center of the helix Zcen. The distances from @pc, to the pivot are d, = d, cos ¢,
dy = d,sin¢g and d, in 2-, y- and z-directions, respectively. ¢ defines the position of Zeen With
respect to the pivot.

4.1.2. Particle Identification

The next step in the reconstruction process is the determination of a particle species
for each of the reconstructed tracks using the PID system of BESIII. As mentioned
in Section [3.2], each subdetector of the BESIII experiment can be used for particle
identification. In this work, however, only the energy loss dE/dz in the MDC and
the time-of-flight Trp extracted with the TOF are used, since these have the highest
discriminating power for charged hadrons [151], which are the only charged particles
of relevance for the analyzed channels. In both subdetectors, the difference x,(H) of

the measured PID criterion ¢ from the expected value i, (p, H) for a particle with

meas exp

momentum p of species H is calculated via:

Ymeas iCXp (pa H)
Ui(p’ H)

x;(H) = with € {dE/dx, Trop}- (4.6)
Here, the expected energy loss dE/ dxexp and the resolution of the energy loss o4 Jda
are calculated using a semi-empirical model [193]. This model is based on the Bethe-
Bloch formula [188},[189] and is calibrated using dedicated control data samples [193].
The energy loss dE/dx

MDC after accounting for several corrections [193]. These corrections include effects

meas 18 calculated from the measured energy deposited in the
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due to environmental changes in the gas and the wire geometry, as well as space charge
effects [193]. According to Equations (3-1) and (3.2)), the expected time-of-flight 7o exp

for a particle of mass m; is given by

N
TTOF,exp (pa H) = Tstart + ;T’ (47)

which is compared to a weighted average TTOF meas of the measured time-of-flight in each
of the TOF layers and each of the PMTs [151]. This weighted average takes into account
the correlations between the different measurements coming from the common event start
time T, . [155].

Finally, the PID measurements are combined to calculate a total XI%ID via

Xt (H) = sziE/da:(H) + X%TOF (H), (4.8)

which is used to calculate the so-called p-value P. The p-value indicates the probability
of observing a x? greater than or equal to the observed X%ID(H ), assuming the particle
is of species H. Thus, a small p-value indicates that the hypothesis, that the particle
is of species H, can be rejected [6]. For a y?-distributed x3p(H) with npop degrees of

freedom the p-value is calculated according to

P(H) =1—F (xp(H)inpor ) - (4.9)

Here, npop = 2 corresponds to the number of independent PID criteria and F'(z;n) is the
cumulative distribution function of a y2-distributed variable z with n degrees of freedom,

which is calculated via

(5, 5)
F(xz;n) OB (4.10)
with the lower incomplete gamma function v and the gamma function I" [194].
For each charged particle, the calculated p-values are compared to assign a species
H ¢ {7* K* p/p}. This is done by requiring that the p-value P(7*) for an assumed

pion is greater than the p-value for all other considered hadrons and vice versa:

.l P(r%) > P(K*) and P(z%) > P(p/p),
K*: P(K*)>P(r*) and P(K*)> P(p/p), (4.11)
p/p:  P(p/p) > P(K*¥) and P(p/p) > P(™).

In addition, a minimum p-value of 107 is required for all particles to reduce the background
from track candidates that do not originate from actual particles or from particles coming

from outside the detector.
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After assigning a particle species to a track and calculating its momentum using
Equation (4.2)), its energy E can be calculated as

E = \[2(p2 + 2+ p2) + myyed = \JQUB2e(p? + k2) + miyct, (4.12)

Here, the mass m; is taken from the PDG [6]. Thus, the total four-momentum of each of

the charged tracks can be calculated and used for further analysis.

4.2. Photon Selection

Photons hitting the scintillators in the EMC produce electromagnetic showers through
pair production and bremsstrahlung and can therefore be reconstructed as clusters of
hits in the EMC. These clusters are identified using a cluster-finding algorithm [195] that
searches for local maxima in the deposited energy of single crystals and then combines

these so-called seeds with neighboring crystals. The energy of the shower E. is then

shower
calculated as the sum og the N highest energy losses £ in the crystals associated with
the shower. Here, N depends on the total energy of all crystals in the shower E, ., and

is defined to optimize the energy resolution [195,[196]. The shower energy E is then

shower
corrected to account for losses in the inner part of the detector, mainly in the MDC
and TOF, corresponding to about 30 % of the radiation length X, [21]. Therefore, the
deposited energy Erop; in the three TOF counters closest to the path of the photon
candidate is added to the deposited energy in the EMC to determine the final energy of a

shower [21]:
N 3
Eshower = Z Ez + Z ETOF,j‘ (413)
i=1 j=1

—

In addition to the energy of the shower, its position Zg ..

sum over the positions of all crystals ¢ in a shower via [195]

is calculated as a weighted

. _ 2 WI(E)

=& 4.14
Lshower Zz W(El) ( )

Here, Z; is the position of the crystal center on the front face and W (E;) is a logarithmic

weighting function

W(E;) = max {0, ag + In (EEZ ) } (4.15)

total

with a threshold constant a, calibrated using MC simulations [197].

As a first selection criterion, any shower with an energy below a certain threshold is
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discarded to reduce the number of false photons due to electronic noise and radiative
losses of the e™ or e beam. These thresholds are defined as

E

shower

E

shower

> 25MeV  for |cosf] < 0.8, (4.16)
> 50MeV  for 0.86 <|cosf] < 0.92 (4.17)

with the ranges of the polar angle corresponding to the angular coverage of the barrel
EMC and end cap EMC, respectively.

Additional general event selection criteria include a cut on the shower time T,

, which
is defined as the time difference between the first detection of a shower and the calculated
event start time (see Section [3.2.2). This criterion removes background photons that are

unrelated to the event under consideration and is defined as

0ns < Ty ey < 7001 (4.18)

hower

Another type of background photons come from charged particles that produce
bremsstrahlung near the EMC. Since these photons are in close distance to the track
of the charged particle, they can be identified by the angle o, between the position of
the shower and the extrapolated track of the charged particle 7. Therefore, all photon

candidates with a minimum separation angle o, smaller than 10° are rejected:

p

Qe = min(a;) > 10°, (4.19)
After the charged particles and photons in an event have been identified as described
above, they are combined into a final state according to the reaction being analyzed
(see Chapters |5 and @ If more than the wanted number of photons are successfully
reconstructed, every combination of them is considered in the analysis. For each of the
analyzed final states, different vertex and kinematic fits are performed, as described in

the next section.

4.3. Vertex and Kinematic Fit

For each of the considered final states, the first analysis step consists of a vertex fit based
on the Kalman filter [192,|198]. The filter determines the common primary vertex of all
charged tracks, which are assumed not to originate from decays of K¢ mesons, since Kg
mesons have a lifetime of (8.954 +0.004) x 107115 [6], meaning that their decay vertex
(also called secondary vertezr) could be at a measurable distance (a few cm) from the
primary vertex.

The primary vertex fit uses the two tracks with the smallest distance between their

respective helices as a starting point, and then subsequently adds one of the not yet
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4.3. Vertex and Kinematic Fit

included tracks in each of the Kalman filter steps to update the position of the primary
vertex. At each step, the helix parameters of the tracks are recalculated using the updated
primary vertex as the pivot |[198]. After the last filter step, the position of the primary
vertex and the updated helix parameters, as well as their covariance matrix, are extracted
and are used for further analysis. Only events for which the primary vertex fit converges
are considered for further analysis.

As mentioned above, for final states containing a Kg, a secondary vertex can be identified
for each Kg. This is done by using a secondary vertex fit, which is again based on
the Kalman filter [192,]198]. The fit takes as input the primary vertex and the helix
parametrization of the two supposed daughter tracks. At the end, the fit returns a X%nd,
updated track parameters, and the flight length L of the Kg. Here, L is calculated as the
distance between the primary and secondary vertex and X%nd is a measure of how far the
track parameters have been shifted. To reduce the background in final states containing

a K, both the flight length and the X3,q Of the secondary vertex fit are limited by

X3nq < 100 and (4.20)
L> 20, (4.21)

where o is the uncertainty of the determined flight length.

The next step in the analysis is a kinematic fit, which ensures that the measured four-
momenta satisfy energy and momentum conservation. In the fit, the momenta of the
particles in a final state are adjusted to obey the considered constraints, and the quadratic
difference between the adjusted () and initial values (/,) is minimized. This is done

using the Lagrange multiplier method [199] by constructing the x? as [151]

X2 = (8= By) Vi, (B = By) + 2ATH(B). (4.22)

Here, 8 = (p),...,p,)" and By = (D15 - - - ,ﬁOn)T are the fitted and initial four-momenta
of the n final state particles, respectively, and the 3n x 3n covariance matrix Vi
is constructed from the covariance matrices after the vertex fit. A = (Aj,..., )T

is the vector of Lagrange multipliers A;, one for each of the r constraints given by

Four constraints are given by the conservation of energy and momentum between the

initial state and the final state under consideration:

H(B) = <E€+e_> - znj (V pic’ + m?&) =0 (4.23)

— —
=1

Pe+e-C p;c
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4. General Event Selection

Since the e and e~ collide under a small crossing angle of o . = +11 mrad [140], the

Cros

ete” system has a momentum in the x—directionlﬂ of [151]

m2c?
Dy ote-C=Vstana, /1 —4—— ~ /stana,,, (4.24)
) s

an energy of

1 m2c? 1
E,. =\s———/1-4—"sina___ ~s— 4.25
ete \[cos Qeros \/ s cros \[cos Qeros (4.25)
and no momentum in the y- and z- direction:
Pyetem = Prete- = 0. (4.26)

Here, m, = 511keV/ c? is the mass of the electron, which is small compared to the
considered center-of-mass energies /sjustifying the approximation used in Equations
and .

Additional constraints are used for final states containing one or more 7° — v, n — 7y
or Kg — ntn~ decays, where the invariant mass of the system of the two daughter

particles m,, is constrained to the PDG mass of the parent particle mpp:

myac® — mppgc? = \/(El + By)? = (7 + Py)?c? = mppge® = 0. (4.27)

To find the optimal solution for 3, the x? in Equation is minimized with respect to
B and A. Since the constraints used here are nonlinear in p;, this can be done iteratively
using a Kalman filter [192].

In the end, the fit returns the updated momenta (3, an updated covariance matrix Vﬁ,
and the minimized 2. It can be shown, that the diagonal elements of the updated
covariance matrix are smaller than those of the initial covariance matrix [151], resulting
in an improved resolution. Additionally, the resulting x? can be written as a sum of r

terms, one for each of the constraints [151]:

,
x> =ATH(By)) = > N\H,(By). (4.28)

i=1
The terms H,(f3,) are a measure of how well the initial four-momenta satisfy the given
constraints, and thus the y? can be used to distinguish between events with the desired

final state and events with additional, missing, or misidentified particles. This is done

"The z-axis is defined as the flight direction of the eTe™ system. Together with the z axis defined as the
bisector of the eTe™ opening, the y axis is then defined to be perpendicular to both.
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4.3. Vertex and Kinematic Fit

by placing cuts on the x? of kinematic fits with different hypotheses as described in
Sections and
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5. Analysis of the Decay
Y (28) — yn'ntwo

In the first analysis part of this thesis, the study of the decay ¥ (2S) — yn'mT7~ is
presented. The main motivation, presented in detail in Section [2.3.3] comes from the
production and subsequent decay of the P-wave charmonia x_;, as well as the S-wave

charmonium 7, via:

$(2S) = VX /M — /T (5.1)

As the ' meson is short-lived, it cannot be detected directly with the BESIII detector.

Therefore its two most common decays are used for reconstruction [6]:

n —nrta”  with Br(y —nrtr7) = (42.54+0.5) %, (5.2)
n —yrtr” with Br(n — yrtn7) = (29.5+0.4) %, (5.3)

whereby the 1 meson is detected in its dominant decay [6]
n— vy with Br(n— yy)=(39.36 £ 0.18) %, (5.4)

resulting in the final states

yn = yy)rta T at T for ' = nprtaT, (5.5)

tr~ for n —yrtn~. (5.6)

77ﬂ+ﬂ7ﬂ
Therefore, in total for both decay chains, each event must have two positively and two
negatively charged pions, whereas each track is considered as a pion that fulfills the
criteria described in Section In addition, each event must have at least two or
three photons that satisfy the conditions given in Section for the ' — yr 7~ and
n' — nm 7~ channel, respectively. The reason for defining a lower bound for the number
of photons, rather than imposing an exact condition, is that in most events additional
photons are detected that are electronic noise, which is interpreted as a detector signal
and reconstructed as a photon. In addition, cosmic radiation might produce additional
background photons..
As explained in Section for each event a kinematic fit is performed, which ensures

energy and momentum conservation and improves the resolution of the measured momenta.
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5. Analysis of the Decay ¥(2S) — yn'mtm™

In the o’ — nrt 7~ case the kinematic fit includes an additional constraint on the invariant
mass of two of the photons, which are constrained to form an 7 meson. The kinematic
fits are performed for each combination of photons in the event, and the combination
that yields the smallest x? is selected for further analysis. This includes the assignment
of the photons coming from the n — ~v decay, since the additional constraint in the
kinematic fit gives a penalty if the assigned photons have an invariant mass far from the
PDG mass of the  meson. Unless explicitly mentioned, the spectra shown below are
always filled using the four-vectors after the 5C and 4C kinematic fit for the ' — nrtn~
and 1’ — y7 77~ channel, respectively.

Having found the combination of particles that gives the smallest x?, the next step is the
treatment of 7' combinatorics. In the n” — nn 7~ case, each of the two 7 and 7~ is
combined with the n to form an 1’ candidate, resulting in four possible combinations,
and the one with the mass closest to the PDG mass My ppG of the 7’ is selected for the

further analysis:

min |m_+ - —m, . 5.7
ije{1,2) T mn n’,PDG ( )
. . . . + — . .
Here, mﬂfﬂ;n is the invariant mass of the corresponding 77~ 7 system. Similarly, for

the ' — ynTm~ case, every combination of the two photons, two 7 and two 7~ is
considered, giving eight combinations, and again the one with the smallest difference to
the PDG value is chosen:

) 9
To estimate how often this assignment gives the correct combination, the signal MC
sample with the direct decay 1(2S) — yn/m 7~ is used. In this simulation, the generated
values for the four-vectors of the initial pions (and the photon) can be matched to the
reconstructed values and thus the true combination can be determined. This results in a
misidentification rate of 0.4 % for ' — nn ™7~ and 2.3 % for y’ — yn "7, after considering
all of the following selection criteria. It has to be noted, that this determination has an
uncertainty, since the matching is not always correct. The effect of misidentification is
discussed in the context of the determination of the systematic uncertainties in Section [5.6]
After the combinatorial assignments according to Equations and , the resulting
spectra for the invariant mass of the 1’ candidates can be seen in Figure Clear peaks
at the PDG mass of the 1’ [6] can be seen in data, the signal MC sample and inclusive
MC sample. In both channels, the inclusive MC sample slightly exceeds the data in signal
and background, while the overall shape is quite well described. For the ' — 77~
channel the background shows a shape that rises from both sides towards the 7’ mass.
This unusual shape can be explained by the procedure used for the 1’ combinatorics,

since for events without an 7’ there is a high probability that at least one combination

56



5.1. Background Analysis

lies close to the i’ mass, which is then included in this spectrum. The background in the
n’ — puTr~ channel does not show this shape, which can be explained by the smaller
number of combinations and the lower misidentification rate.

For the ’ — nm ™7~ channel, the two-dimensional distribution of the invariant mass of
the n candidate plotted against the invariant mass of the selected ' candidate can be
seen in Figure [5.2] Here, the four-momenta are taken from before the kinematic fit, since
otherwise the v+ spectrum would be a line at the n mass. It shows a significant clustering
at the intersection of the lines given by the PDG masses of the corresponding particles [6].
The projection onto the m.,. axis (left in Figure shows that this peak is accompanied
by a declining background.

As can be seen in Figures [5.1] and a large number of background events are still
visible after the initial event selection. In addition, the presence of background reactions
contributing to the peak in the presented spectra cannot be excluded. Therefore, dedicated

background studies are carried out, which are presented in the next section.

5.1. Background Analysis

In order to gain a better insight into the distribution of possible background reactions
contributing to the data, and to identify and optimize corresponding selection criteria,
the inclusive MC is used. The identified possible selection criteria are further discussed in
Section 5.2

For the inclusive MC the reactions leading to each event can be determined and therefore
the amount of individual contributions can be estimated. For this purpose, any event
that produces the correct final state and proceeds via the wanted 7’ (and 1) decay is

considered to be a signal event and all other events are classified as background. A list of

10° 10°
o5 T T T T T Pra— 35T B B iaass prm—
L —+ data E N —+ data
[ — inclusive MC 30 E " —+ inclusive MC
< 20 — signal MC S F — signal MC
2 F - - PDG ' mass 2 25 - - PDG 7' mass
2 1sF 3 2 . 1
s F 1 5 20 =
s . s F ]
o - 1 ) o ]
E 10-_ . ,\@ 15:— —:'
s [ ] S o ]
o [ ] 5 10 E
s - E . ]
: ] 5E e I o =
a . e S Vs e
ot ] ] AT e et G—T“’T"r-/l A B I
0.88 0.9 092 094 096 0.98 1 1.02 1.04 0.88 0.9 0.92 094 096 0.98 1 1.02 1.04
My / (GEV/C?) M,/ (GeV/C?)

Figure 5.1.: Invariant mass spectrum of 5’ candidates for ' — nrt 7~ (left) and ' — yr 7~
(right) in data (black), inclusive MC (green) and signal MC (blue). The signal MC is scaled so
that its maximum is at the same height as in the data. In all spectra clear peaks at the PDG
mass [6] of the n’ meson can be seen, which is marked by the red dashed line.
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Figure 5.2.: Invariant mass spectrum of 7 candidates (left) and two-dimensional distribution of
the invariant mass of the two-photon system m.,, against the invariant mass of the nr 7~ system
Myt~ for data (right), both for the 7’ — nm* 7~ channel. In this case, the four-momenta from
before the kinematic fit are used. The signal MC is scaled so that its maximum is at the same
height as in the data. The PDG masses @ of the n and 1’ mesons are marked with red and purple
dashed lines, respectively.

the involved signal and background reactions after applying the general event selection
criteria for the n’ — nn ™7~ and ' — yr 7~ channel is given in Tables and and
Tables [5.3] and [5.4] respectively. In addition, the inclusive MC can be used to plot the
contributions to different spectra, which is shown for the invariant mass of 1 candidates
in Figures and and for the n’r 7~ system in Figures and , respectively.
As can be seen, the invariant mass spectrum of 1’ candidates is quite well described
in both channels. However, in the n’7" 7~ spectrum larger differences exist, especially
in the mass region between 2 GeV/c? and 3 GeV/c?. This is a mass region in which no
sharp resonances are known, which can be produced in the analyzed decays. As will be
discussed in Section this region might actually get contributions from a number of
resonances which were seen by BESIII in the reaction J/v¢ — yn/7T7~ [25] and which
are also expected to be present in the corresponding ¥ (2S) decay.

In both channels, the main contributions come from the reaction (2S) — J/¢yntn,
which is the largest decay mode of the 1(2S) with a branching fraction of (34.69+0.34) % [6].
The J/1 then decays further (via possible intermediate resonances) mainly into pions
and 7 mesons, which are needed to produce a final state which is similar to the ones of
interest. All these reactions are background reactions, except for when the .J/v decays
via J/v — ~n’, which is the largest signal contribution in both channels. However, as
we are mainly interested in the decay of resonances into n’r+7~, these reactions are
considered as background in the following. This is particularly important in the search
for the X (1835) presented in Section [5.5] as the reactions 1(2S) — J/in* 7~ contribute
_ < 2GeV, which can be seen in Figures @ and @

To reduce this background, a cut on the invariant mass m ¢

mainly in the mass region m,, 1.

_ of the system recoiling
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Figure 5.3.: Invariant mass spectrum of 1’ candidates in the ' — nn ™7~ channel for data (black)
and various contributions from the inclusive MC as stacked histograms. Explicitly shown are the
signal contribution, five of the largest background contributions, and the rest of the background.
The inclusive MC is scaled to have the same number of events as the data over the entire range.
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Figure 5.4.: Invariant mass spectrum of o’ candidates in the ” — 77~ channel for data (black)
and various contributions from the inclusive MC as stacked histograms. Explicitly shown are the
signal contribution, five of the largest background contributions, and the rest of the background.
The inclusive MC is scaled to have the same number of events as the data over the entire range.

against the 777~ system is used. In addition, the J/v also appears in the background
reactions ¢(2S) — y(x.; = Y[J/¥ — 7t~ aTn7]) and ¢(2S) — n(J/Y — atr-wTnT),
which can be identified by the invariant mass of the 47 system.

It is also noteworthy that the inclusive MC includes the signal reaction x, — n/'mt7,

which is forbidden by the conservation of the JF¢ quantum numbers. For this
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Figure 5.5.: Invariant mass spectrum of the 7T 7~ system in the / — nn ™7~ channel for
data (black) and various contributions from the inclusive MC as stacked histograms. Explicitly
shown are the signal contribution, five of the largest background contributions, and the rest of the
background. The inclusive MC is scaled to have the same number of events as the data over the
entire range.
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Figure 5.6.: Invariant mass spectrum of the n’r+t7~ system in the ' — Y7 ™7~ channel for
data (black) and various contributions from the inclusive MC as stacked histograms. Explicitly
shown are the signal contribution, five of the largest background contributions, and the rest of the
background. The inclusive MC is scaled to have the same number of events as the data over the
entire range.

reaction, the CLEO collaboration determined an upper limit on the branching ratio
of Br(x, — n/mtm™) < 0.38 x 1073 at the 90 % confidence level [200]. In such cases,

where only an upper limit for a branching ratio exists, this value is taken as the actual
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value when generating the inclusive MC. This also explains why the inclusive MC includes
a large number of background events originating from reactions involving the intermediate
axial vector mesons h,(1170) and b,(1235). Their corresponding branching ratios are
either measured with large uncertainties or only upper limits exist [6], which seems to
lead to a large overestimation of these contributions.

Overall, it can be seen that many of the background contributions include the production
of unwanted neutral pions and 7 mesons. These background events can be reduced
by placing dedicated cuts around their nominal mass for every possible v system. In
addition, in the ' — nm 7~ channel, these reactions often involve an additional photon
in the final state. If this additional photon has been detected, such reactions can be
identified by comparing the x? of the nominal kinematic fit presented in Section with
a kinematic fit that includes an additional photon in its hypothesis.

Another kind of background are reactions with a missing photon compared to the number
of wanted photons, such as ¢(2S) = v(x, — 7t7 at7~) in the ' — yr "7~ channel,
which can be seen as the light green histogram in Figure [5.6] For such events to survive
the initial event selection, a photon unrelated to the event must be reconstructed as a final
state photon. As these photons are mostly low energetic, these events produce a rising
structure towards the end of the available phase space at m_ 4 = Moy (28) — E,Y,min /c2,
where m,og) is the mass of the ¢/(2S) meson according to the PDG [6]. In order to veto

these events, either the minimum photon energy F can be increased from the nominal

v, min

thresholds given in Equations (4.16)) and (4.17)), or via another additional kinematic fit,

which includes one less photon in its hypothesis.
In the next section, the identified selection criteria will be analyzed for their effectiveness

and applied if found to be useful.

5.2. Background Reduction

The overall goal of the event selection is to obtain a high statistical significance of
the wanted signal reaction over the remaining background. Since all applied event
selection criteria will inevitable lead to a loss of efficiency for the signal reaction, this
can be interpreted as an optimization problem. To find the optimal selection criteria,
the inclusive MC is used to estimate the effect of the applied selection criteria. This
optimization, which will be explained in detail in Section relies on a good agreement
between data and inclusive MC in the spectra of interest. A known problem of the BESIII
simulation is the distribution of the number of photons in an event, which tend to produce
too many photons. Therefore, the selection criteria that are effected by the number of
photons are not included in the optimization.

The first of these selection criteria to be applied is a cut on the minimum energy of

the appearing photons. While the lowest energy photon coming from the radiative
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5. Analysis of the Decay ¥(2S) — yn'n*m

Table 5.1.: Signal reactions with their corresponding number of events Nyeac for the ' — nrtm
channel after the general event selection and the additional cut on the minimum photon energy in
Equation (5.9). Shown are the contributions with more than ten events.

Nr. Reaction N
1 92S)—=(J/Yv = = {n—yytrtr]y)ntn 173178
2 P(28) = (xg =~ I = {n = yyirtaT ot )y 17534
3 929) = (x> = {n—=yyintalnta )y 8791
4 P2S) = (.= = {n—yyrtrlntn)y 7314
5 ¥(28) = (X = [ = {n—yy}rtw ]7T+7r_)’y 3631
6  P(28)—(by - v)(n = [n = rtr)rt 48
7 P(28) = (b =t = = yrtaT )T 44
8  ¥(2S) = (n = [n—=yrta)(p° —>7r+7r ) 16
9 (28) = (n,(29) = [ = {n—=yyintrlntn )y 13
10  Other 20

Sum 210589

Table 5.2.: Background reactions with their corresponding number of events Nye,. for the
n' — nnTr~ channel after the general event selection and the additional cut on the minimum
photon energy in Equation (5.9). Shown are the fifteen largest contributions.

Nr. Reaction N,eac
1 9(29) = (J/Y — [n— latay)ntr” 139842
2 Y2S) = (xg 2 /Yy —>7tw +7r ™ 7'('0]’)/)’}/ 22837
3 P28) = (J/ib — atr 7070y ta— 21428
4 P2S) = (J/ — [n = yyrtam)rt - 19304
5 Y(25) = (x,0 — [0) = {w = 7T 7707 )y 19184
6 P(29) = (x0 = [hy = {p” = 7 77 ]ntr )y 18808
7 P(2S) = (x = by = {pT = A m T m )y 18430
8 P(25) — ( /¢—>7r+ T )(n%'y'y) 15657
9 P(29) = (x — b = {w—= 7T 7 n T r0)y 15448
10 9(2S) = (x, = b = {w = 7T 7 r T ]n =70y 15327
11 ¥(2S) = (J/¢ — [w — Oyt )t 15100
12 (2S)— (J/Y =7t 7r07r0770) tr 13078
13 9(29) = (0 = n— yyrta ) rta—xO 12770
14 9(2S) = (xp = M) = {w = 7T 7070 rFr )y 12610
15 9(2S) = (x,q — [ = {w = 7T 770 rFr )y 12514
16 Other 695 687
Sum 1068024

62



5.2. Background Reduction

Table 5.3.: Signal reactions with their corresponding number of events Nyeac for the ' — yrtr
channel after the general event selection and the additional cut on the minimum photon energy in
Equation (5.9). Shown are the contributions with more than ten events.

Nr. Reaction N, ac
1 92S) = (J/Yv = = atr yly)rtr™ 396 108
2 P(258) = (xq = I = 7tr Am T )y 40633
3 Y2S) = (xeo—= I =TT )y 21309
4 P2S) =, = = atrArta)y 18891
5 Y(25) = (X = [ = afnAlrtaT)y 8330
6  P(2S)—= (b = 7T (0 = 7try)m 123
7 P(2S) > (b a1 =t )t 109
8  Y(25) = (n.(2S) = [ = wtr T ylntrT)y 40
9  P(29) = (0 = 7Ta ) (p° = 7t 7) 25
10  Other 30

Sum 485598

Table 5.4.: Background reactions with their corresponding number of events Ny, for the

n' — yr T~ channel after the general event selection and the additional cut on the minimum
photon energy in Equation . Shown are the fifteen largest contributions.

Nr. Reaction Neac

1 29 —»atatr ax 1382428

2 P2S) = (J/p = [p° = 7t a7 )t 1142984

3 P2S) = (J/p — [pt = 7t r )t 853 569

4 Pp28) = (J/v — [p~ = 7 Ot )ntr 853 045

5 (29) = (J/v = ntr a)rtr 337949

6 P(2S)—= (n—oyy)rtrta 265621

7 P(29) = (x @ = atrtr )y 218146

8  w(2S) = (b = [w— 7Ta V) r)m 121650

9 (29) — (b7 [w — 7t Ot 121457

10 9(28) = (xo = 7 n [P0 = 777 ])y 120495

11 9(25) = (X — 7fntr 77 )y 109 054

12 9(25) = (J/¢ — [f,(2050) = ntr~ |y)rt o~ 103890

13 9(28) = (x,o = [P = 777 )[p° = nta])y 102281

14 (29) = (J/op = p~ut)(n — 7t~ 70) 92249

15 (25) = (xq = wtatn w7 )y 91138

16  Other 3214833

Sum 9130789
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5. Analysis of the Decay ¥(2S) — yn'mtm™

¥ (2S) — vX decay is that of the x ., with an energy of 128 MeV, the photons coming
from the ' — ~v7T7n~ and n — v decays tend to have higher energies, as they are
Lorentz-boosted due to the momentum of the decaying particle. Taking these factors into

account, a cut on the minimum photon energy is set as
Ev > 80 MeV. (5.9)

This cut is approximately 60 away from the energy of the radiative photon of the reaction
¥(2S) = 7YX 9, Where o is the width of the x ., determined in Section This criterion
is not optimized with the inclusive MC due to the mentioned problem with the generated
number of photons. The next selection criterion is the comparison of the y? of the nominal
kinematic fit with the X?Hv of the kinematic fit with an additional photon and with the
X2_1A, of the kinematic fit with one less photon. This comparison is shown in Figure
for X?Hv and it can be seen, that especially in the p’ — n7 T 7~ channel a large number of
events accumulate at X?Hv below 10. However, for the p’ — y7 ™7~ channel, most of the
events have a X2+1~/ greater than 10. These observations are consistent with the findings
from Tables and with all reactions except numbers 1, 6, 7 and 11 for ' — nrtn~
having additional photons, in most cases coming from the decay of 7% mesons.

The comparison with one less photon in Figure [5.8] shows only a small number of events
at low leﬂ/ for both channels. This can be explained by the applied cut on the minimum
photon energy, which already significantly reduces the background events with a missing

photon. However, especially in the n/ — y7 "7~ channel, there is still an enhancement

visible at small X2_1«,7 which corresponds to reactions 7, 10-13 and 15 in Table For

the further analysis, only the events that fulfill the selection criteria

X <Xy, (5.10)
< (5.11)

are considered. These criteria are also marked as red lines in Figures [5.7] and [5.8 where

all events, which lie below these lines, are excluded.

5.2.1. Multidimensional Cut Optimization

To optimize the remaining selection criteria, a multidimensional optimization of the signal

significance over the background is performed. To do this, a figure of merit F(§) is defined
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Figure 5.7.: Two-dimensional distribution of the X?Hw of the kinematic fit with one additional
photon plotted against the x? of the nominal fit for the ’ — nr*7~ channel (left) and the
n’ — yw T~ channel (right) in the data. The applied cut is marked with the red line and all
events below this line are discarded.
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Figure 5.8.: Two-dimensional distribution of the x* ., of the kinematic fit with one less photon
plotted against the x? of the nominal fit for the ' — n7* 7~ channel (left) and the ’ — yrtn~
channel (right) in the data. The applied cut is marked with the red line and all events below this
line are discarded.

that depends on the predicted number of signal events Ng(§) and background events

Ny (&) that survive a set of selection criteria &:

Ns(©) (5.12)

JNS(€) + Ny(€)

Here, the denominator is the predicted statistical uncertainty of the remaining sample
assuming a Poisson-distributed number of signal and background events . The
number of signal and background events is estimated from the inclusive MC. To obtain
the optimal solution for £, Equation is maximized using MINUIT and the

F(&) =
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5. Analysis of the Decay ¥(2S) — yn'mtm™

resulting values for the selection criteria £ are used for further analysiﬂ For both
channels the considered selection criteria ¢ include a x? cut, a veto on the background
resonances 0 — v and 9(2S) — J/¢r 7™, and a signal region around the 7’ resonances.
In addition, for the ” — y7 7~ channel, a veto on the background processes n — v,
w— % and J/¢ — 7tn~rt 1~ and a signal region for p° — 77~ are examined. For
each of the resonances the selection criterion is defined symmetrically around the mass of
the particle given by the PDG [6]. These criteria and the resulting optimized values are
discussed next.

To reduce the background with additional, missing, or misidentified particles the x? of

the kinematic fit, is limited by

oo <814 for n —=nrta, (5.13)
Xic < 27.8 for n —~yrTa. (5.14)

The y? distributions with the resulting cuts are plotted in Figure It can be seen that
the inclusive MC describes the shape of the data quite well, while the signal MC gives
much smaller values on average.

The background containing unwanted 7° and 1 resonances can be reduced by looking at
the invariant mass spectrum of each combination of two photons measured in an event.
This is shown in Figure [5.10 and for both channels the data and the inclusive MC show
clear peaks at the mass of the 70 and 7. For the n’ — yw ™7~ channel there is also a peak
slightly below the w mass, which comes from the decay w — y7°. This decay produces a

peak in the v~ spectrum for events where one of the three photons coming from the decay

E n'-nn'n N>y
20 F —+ data —+ data
18F — inclusive MC — inclusive MC
168 — signal MC — signal MC
12 — Pout — out

Events /0.5
Events /0.1

lll||||||||||l||||||||||||||

Figure 5.9.: x? distribution for the ' — nr ™7~ channel (left) and the ' — y7*7~ channel
(right) for data in black, the inclusive MC in green and the signal MC in blue. The signal MC is
arbitrarily scaled. Additionally, the optimized cut is shown as the red line and the vetoed region
is shown as the red shaded area.

1811 the context of this thesis an alternative method for background rejection was tested, which is presented
in Appendix Q
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5.2. Background Reduction

is low energetic and is discarded by the event selection procedure. This also explains
why the peak is shifted towards lower masses. In the 7 — nnTn~ channel, the step
at ~ 440MeV/c? in the 7~ invariant mass comes from background events without an
1n — vy decay, which was verified using the inclusive MC sample. The optimization shows
that vetoes on all resonances appearing in the vy spectrum actually decrease the overall
figure of merit, so no veto is applied here. This can be explained by the fact, that these

background reactions can also be suppressed by the cuts on ch and X?Hw but also on

rec

o —» as many of them involve a .J/1) decay. In addition, a veto here would lead to a

m
significant loss of efficiency due to the large number of photon combinations, with a high
probability, that at least one of them falls into the veto region by chance.

To reduce the amount of J/v¢ background, the invariant mass of the system recoiling

rec

ref — is vetoed in a region around the mass of the J/ given

against the 777~ system m

by the PDG [6]. In both channels, the optimized veto region is given by

mtm—

e = m G| > 20MeV /e, (5.15)

as shown in Figure [5.11]

As the kinematic limit is lower in the ' — ~7"7~ channel, additional peaks are
visible at the masses of the n and w mesons. These come from the reactions
P(28) = (J/¢p — ptp™)(n — 77~ 70), where the muons are misidentified as pions, and
P(2S) — 7T~ (w — 7Fr~7Y). As these reactions are only small contributions and do

not contain an 7’ or any of the searched resonances in the n’rt7~ system, no veto is

rec

placed on their masses in the m> Sy
Tt

_ spectrum.

The second spectrum that shows a contribution from a .J/v is the invariant mass of the 47

o M AR A A A e T o
C ; : — data f —+ fiata .
N /: ! —+ inclusive MC 10°E x i Isr;gl:aﬁ“ﬁoMC
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Figure 5.10.: Invariant mass spectrum of each combination of two photons, for the ’ — nr 7~
channel (left) and the n” — ynT7~ channel (right). The data is shown in black, the inclusive MC
in green and the signal MC in blue. The masses of the appearing resonances, according to the
PDG 6], are marked as dashed lines.
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Figure 5.11.: Invariant mass m % _ of the system recoiling against the 7771~ system for the
n'" — nmtn~ channel (left) and the ’ — yw ™7~ channel (right) in a wide range (top) and around
the J/1 peak (bottom). The data is shown in black, the inclusive MC in green and the signal MC
in blue. The PDG masses [6] of the visible resonances are indicated as dashed lines while the veto
region around the J/v¢ peak is marked by the red solid lines. The spectrum for the signal MC is
arbitrarily scaled, but with the same factor for the top and bottom spectra.

system in the ” — 77~ channel, depicted in Figure In this case, the optimization

results in a veto region of

nta—mta—

‘m - mJ/w,PDG‘ > 20 MeV /2. (5.16)
In the ¥ — nrt7~ channel no J/v can be seen, which can be explained by the cut on
the minimum photon energy, since this limits the available phase space in the 47 system
to below the J/v¢ mass. In this channel, however, the data shows a small enhancement at
the mass of the axial vector meson f,(1285), which is neglected. In addition, the inclusive
MC shows a clear peak at the mass of the 1(1405), which is a candidate for the first radial
excitation of the " or the lightest pseudoscalar glueball [203]. For the 1(1405) — pp — 4w
decay, only an upper limit of 58 % has been determined [204], and the contribution is
overestimated in the inclusive MC as there is no visible enhancement in the data. The
enhancement between 1GeV/c? to 2GeV/c? in the ’ — ym 7~ comes from the reaction
¥(2S) — J/ Yt
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5.2. Background Reduction

For the ' — yn 7~ channel, the invariant mass spectrum of the 777~ system from the
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Figure 5.12.: Invariant mass m + - +,- of the 47 system for the ' — nn 7~ channel (left)
and the n’ — yn 7~ channel (right) in a wide range (top) and around the .J/¢ peak (bottom).
The data is shown in black, the inclusive MC in green and the signal MC in blue. The masses of
the appearing resonances, according to the PDG @, are indicated as dashed lines and the veto
around the J/v peak is marked by the red solid lines.

1’ decay, depicted in Figure is another way of increasing the signal significance. This
is due to the fact that the decay 1’ — yrT7~ dominantly occurs via an intermediate p°,
which is not easily distinguishable from the direct decay. The data and the inclusive MC
show a similar behavior, with a distribution that peaks slightly below the p® mass. The
signal MC shows a clear peak at the p® mass, which can be explained by the model used
to generate the decay 7' — yr ™7~ (see Section . The structure at low m_, __ again
comes from the background reaction 1(2S) — J/¢m "7~ which limits the phase space of
the 777~ system to May(28) = Mg/ = 589 MeV /c2. The optimization yields a cut window
of
2
)mﬂﬂr_ - mpO,PDG’ < 198 MeV/c“. (5.17)

The last selection criterion considered is that of a signal region around the 1’ resonances
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Figure 5.13.: Invariant mass of the 777~ system resulting from the ' — yn 7~ decay. The
data is shown in black, the inclusive MC in green and the signal MC in blue. The mass of the p°,
according to the PDG [6], is indicated as a dashed line and the selection around it is marked with
the red solid lines.

to reduce the amount of non-n’ background, resulting in

’mmﬂr, — mn,7PDG‘ < 93MeV/c? for o —nntaT, (5.18)

b= mn',PDG‘ <10.1MeV/? for o — ynta. (5.19)

m
However, a simple cut, is not sufficient to remove the background which lies below the

resonance itself. Therefore, a more sophisticated method is presented in the next section.

5.2.2. Sideband Subtraction

To remove the background in the data that does not contain an 7/, a sideband subtraction
method is applied. This method is based on the assumption that any non-7" background
behaves similarly in the n’ signal region and in the so-called sidebands. If this assumption
holds, the non-n’ background in the 1’ signal region can be estimated from events in the
sidebands. The sideband regions are defined in the invariant mass of the n’ candidate.
This is shown in Figures and for the ' — nrtn~ and ¥ — yr 7~ channels,
respectively.

The signal region is defined by the optimal value obtained from the optimization given
in Equations and . The sidebands are chosen so that they are far enough

away from the n’ signal and do not contain any signal, in this case a distance between the
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5.2. Background Reduction

signal and sideband regions of A= 40MeV is chosen. This results in the definition of

the sidebands for the ” — nr 7~ channel as

left: My, € [0.8992MeV/c?,0.9085 MeV /c?| (5.20)
right:  m, . € [1.0071MeV/c%,1.0163MeV /e, (5.21)

and for the ' — yn 7~ channel as

left:  m .y, € [0.8976 MeV/c?,0.9077 MeV /c?] (5.22)
right:  m., € [1.0079MeV/c%,1.0180 MeV /c?| . (5.23)

According to the signal MC sample the sidebands chosen this way include less than 0.3 %
of the signal. The signal region is marked with a green box and the sideband regions are
marked with blue boxes in Figures and Since the background in both channels
is not constant, the events in the sideband regions must be weighted to obtain an accurate
estimate for the signal region.

To determine the weights, the invariant mass spectra of the 1’ candidates are fitted using
the method of least squares. In the fit, the model function consists of a sum of the signal
and background contribution M(m) = S(m) 4+ B(m). In both channels the signal is

described by a sum of two Gaussian functions with the same mean m

peak:
som o | T e [l Y g ()’
obs V270, 202 V2ra, 203

(5.24)
Here, N, is the number of signal events, f is the ratio of events in the first Gaussian
compared to the total number of signal events and o, and o, are the widths of the two
Gaussians. This model is chosen to account for the resolution of the detector, which is
significantly larger than the natural width of the i’ of I',, pp = (0.188£0.006) MeV [6], as
can be seen in Table For the ' — nntm~ channel the background is rising smoothly

towards higher invariant masses, which is described by a second order polynomia]@

e a— ) S R (m — mn’,PDG) + a, (m — mn,’PDG)2 . (5.25)

For the  — w7~ channel, the background rises in both directions towards the 7’
mass, which results from the chosen method of determining the best 1’ combination (see
Equation (5.8))). This shape is reproduced by the inclusive MC with only small deviations,

9Here and in the following the background polynomials are always shifted by a typical value of the spectra
it describes. This is in most cases the mass of the fitted resonances. This way correlations between the
background parameters are reduced.

71



5. Analysis of the Decay ¥(2S) — yn'mtm™

?<1I 03 LI LB LB LI LENLEL LB
o | T | | R —
" —}— data
- — total fi
— 2.5 total fit
© : - - - background
s oF signal region
o - [ sideband regions
s F .
o - -
S 1.5 -]
s | :
s 1 -
o C ]
w " ]
0.5 -
E B MHM
PR -—‘—E—- + p o i ST Ll ra a1l 1 |
04

1 I L I L L
088 09 092 094 096 098 1 1.02 1.
My / (GEV/C?)

Figure 5.14.: Invariant mass of the w7~ system, with the definition of the signal and sideband
regions. The data is shown as black dots with uncertainties, the total fit is shown as a solid red
line, and the background component as a dashed red line. The signal and sideband regions are
indicated by green and blue boxes, respectively. The fit is described in the text and the resulting
parameters are listed in Table
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Figure 5.15.: Invariant mass of the Y77~ system, with the definition of the signal and sideband
regions. The data is shown as black dots with uncertainties, the total fit is shown as the solid red
line and the background component as a dashed red line. The signal and sideband regions are
marked with green and blue boxes, respectively. The fit is described in the text and the resulting
parameters are listed in Table

72



5.2. Background Reduction

so it is used to describe the background in the fit to the data. To account for the slightly
different slope, an additional linear function is added to the background function:

By symin (m) = b INCL(m) + ag + a; (m = m, pg) - (5.26)

Here, INCL(m) is the histogram of the y7 7~ invariant mass for the inclusive MC
background after applying the smoothing algorithm 353QH TwICE [205] five times and
b is a scaling factor. The resulting fits are displayed in Figures and as a red
solid line and the corresponding background component as a red dashed line. The fitted
parameters are listed in Table As can be seen, the fit describes the data well in both
channels with a x? /ndf = 1.00 in the ¥ — pa 7~ channel and x? /ndf = 1.73 in the
n' — ynTr~ channel. The difference in the ¥ — y7 7~ channel comes mainly from
the background to the left of the peak. In both channels the fit gives a peak position
that is smaller than the value taken from the PDG m,, ppg = (957.78 £ 0.06) MeV/c? [6),
considering only the statical uncertainties. However, the difference is explainable by the
detector resolution (see Table , which is on the order of a few MeV /c? considering
that four charged tracks are reconstructed.

Using the background contribution B(m) of the fits, the weights of the sidebands are

calculated according to

max

H}axr —1
wy, = / N B(m)dm-( / e B(m)dm) : (5.27)
mﬁ‘rm m,

min
signal

min,max
(2
regions defined in Equations (5.18]) to (5.23)). For further analysis, the events in the

sidebands are subtracted from the events in the signal region weighted by their respective

where m are the minimum and maximum of the corresponding signal or sideband

factor. This can be seen for the n/7T 7~ spectrum in Figure where clear peaks are
visible at the invariant mass of the 7, x,, and x_. In addition, an enhancement can
be seen in the mass region below 2 GeV/c?, which can be associated with the X (1835).
One disadvantage of the sideband subtraction procedure is that it can produce a negative
number of events in certain bins. This can happen due to statistical fluctuations or if the
assumption that the background behaves similar in the signal and sideband regions is
not fulfilled. In this case, for both channels negative event numbers are indeed observed.
However, these are explainable by statistical fluctuations and are therefore no problem
for the further analysis.

As clear peaks are observed at the masses of expected charmonia, the contents of these
can be used to determine their corresponding branching ratios, which will be presented in

the next section.
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Table 5.5.: Parameters of the fits to the invariant mass of the 1’ candidate and the resulting

weighting factors. The uncertainties are statistical only.

Events / (0.005 GeV/c?)

Events / (0.005 GeV/c?)

Figure 5.16.: Invariant mass of the 7’777~ system for the ' — o
n' — ym T~ channel (right) over the whole range (top) and as a zoom into the charmonium
region (bottom). The data is shown in black and the masses of appearing resonances, according

n — nrtaT n — yrtaT
Observed Events N, 20256 %+ 158 46 506 + 656
Mass m, .../ (MeV/¢?)  957.621+0.023 957.245 £ 0.040
Factor f /% 67.4+2.2 67.6+1.5
Width o, / (MeV/c?) 2.271 £0.048 4.335+£0.075
Width oy / (MeV /c?) 5.77+0.24 14.66 £ 0.97
ag /a.u. 97.7+0.9 247.1+£13.3
a, /a.u. 1620 £ 16 —346 £ 18
a, /a.u. 6745 + 166
b/a.u. 1.123 +£0.009
X2/ ndf 192.41/192 = 1.00 607.78 /352 = 1.73
Weight w, 3.26 2.22
Weight w, 0.48 1.42
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to the PDG [6], are indicated as colored dashed lines.
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5.3. Determination of x,; — n'n*m~ Branching Ratios

5.3. Determination of x.; — n’wT7w~ Branching Ratios

The branching ratios of the x_; can be calculated according to

N oo
Br(x,, —n/n"n7) = —XCJ;” A (5.28)

XeJ

where N, , is the number of produced x_; which is calculated as

Ny, = Nyes) - Br(®(28) = 7x.y); (5.29)

from the number of recorded (2S) events and the branching ratio for the corresponding

radiative decay. The number N, _ of x,; decaying into n’7T 7~ can be extracted

cg—n'ntw
by fitting the data, after taking into account the efficiency of the analysis procedure &
and the branching ratios of the subsequent decays Br,, = Br(n' — nrt7~) - Br(n — v7v)

for the ’ — nrt7w~ channel and Br_, = Br(n’ — yn"x~) for the ¥ — yn 7~ channel:

N
bs
N oy = X228 (5.30)
XcJ N TTT .
! EXCJ BrSUb

Here, N, 1, is the number of observed x,; events. Inserting Equations 1' and l}
into Equation (5.28) gives

N. b
Br X — 77/7T+7T7 = XcJ,0bS . 531
e : xer Nw(2S) - Br(¢(2S) = vx.s) - Bryy, ( )

The number of 1(2S) events was determined by the BESIII collaboration to [159]
Nyas) = (2712 £0.014) x 10° (5.32)

and the branching ratios of the radiative decays are taken from the PDG [6]:

Br(1(2S) — yxy) = (9.77 +0.23) %, (5.33)
Br(1(2S) — yxo) = (9.75 + 0.27) %, (5.34)
Br(1(2S) — yx) = (9.36 + 0.23) %, (5.35)

as well as the branching ratios of the subsequent decays

Br(n — nntr) = (42.5+0.5) %, (5.36)
Br(n — 7v) = (39.36 & 0.18) %, (5.37)
Br(n — yrTan7) = (29.5 + 0.4) %. (5.38)
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5. Analysis of the Decay ¥(2S) — yn'mtm™

To estimate the efficiency e resulting from the event selection criteria and the detector
acceptance, the signal MC (see Table |3.6]) is used. The efficiency is calculated as

N ec
_ rec, XeJd
€y = (5.39)
gen7XCJ
with the number of reconstructed events N, in the signal MC and the number of
generated events N, =5 x 10%. This is done for both 7 channels and the resulting

gen,XcJ

efficiencies are presented in Table All efficiencies lie in the range of 10 % to 17 % and
for each resonance the efficiency in the ’ — yr 7~ channel is slightly higher than in the
n' — nr T~ channel, which can be explained by the additional photon that needs to be
reconstructed in the n’ — nr 7~ channel.

The next step is the determination of the number of observed x,_; events N, obs) which
is done using a fit?"] to the 7’7t~ spectrum, as can be seen in Figures and for
the ' — nntn~ and ' — yn 7w~ channels, respectively. For both channels the total fit
consists of a signal contribution from the x,, and x_. and a background contribution:
M=S,  +S, ,+B. Both signal contributions are described by a sum of two Gaussian
functions with the same mean, according to Equation , and the background is a
linear function

B=ag+a; (m—m png)- (5.40)

This is done, again under the assumption that the natural width is negligible compared
to the detector resolution. The resulting parameters are listed in Tables and for
the ' — nntr~ and ¥’ — yn "7~ channels, respectively.

Both fits give a reasonable description of the data, with the largest deviations occurring

on the right flank of the x, peak, which shows a slight asymmetry that is not

Table 5.6.: Determined efficiencies ¢ in % for all considered resonances and for both 1’ channels
determined with the corresponding signal MC simulations. The uncertainties are the statistical
uncertainties from the number of reconstructed events, they are negligible compared to the other
systematic uncertainties (see Section.

n =t g —yrtaT

X, ~ 11.83+0.02 13.50+0.02
Xep 11394002 12.71 +0.02
X 10914002 12.86+0.02

7, 11.92+£0.02 16.57 £0.02
X(1835) 10.28+0.01 16.20 +0.02

20Unless explicitly mentioned, the fits presented in this chapter are always least-x? fits, as on the one
hand side the number of events is large and on the other hand the appearance of negative bin contents
makes a likelihood fit not applicable.
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5.3. Determination of x,; — n'n*m~ Branching Ratios

reproduced by the chosen fit model. This asymmetry is also responsible for the measured
distances of 1.40MeV/c? and 1.02MeV/c? between the peak position of the y, and
the value taken from the PDG of m,  ppg = (3510.67 +0.05) MeV/c? [6]. In the case
of the Xy, the deviations are 0.07MeV/c* and 0.64 MeV/c? from the PDG mass of
m,,, ppg = (3556.17 £ 0.07) MeV /c? [6] explainable by the momentum resolution.

To determine the significance of a possible x,, signal, a fit is performed to the n'm 7~
spectrum in the x_, mass region. For this fit, the background is described by a linear

function and the signal contribution is described by a Voigt function

% 1 r/2 1 m'?
S =N, / — : —— | dn?/, 5.41
(m) obs oo T (m — Mot — m/)zc4 4 F2/4 Yo €xp ( 202 m ( )
which is a convolution of a non-relativistic Breit-Wigner function and a Gaussian function.
The reason for this choice is the measurable width of the x of I', | ppg = (10.7+0.6) MeV
[6], which is fixed to its central value in the fit. To estimate the detector resolution o for
the x,y, the widths of the x_, and x_, are averaged. The widths of the x,, and x, are

the averages of o, and o, weighted by the factor f, resulting in a detector resolution of

o= chl Ul:Xcl + (1 — chl)o-27Xcl 4 ch2017Xc2 + (1 B ch2)027X02

2 2

(5.42)

which is fixed in the fit. The position of the peak m,, is fixed to the mass of the x,, taken
from the PDG m,  ppg = (3414.71 +0.30) MeV /c? [6]. In both channels no significant
contribution of the x,, is visible, which is expected since the decay x,, — 7’ m ™ violates
the conservation of the J¢ quantum numbers. To determine the significance, the fit is
repeated with only the background component, resulting in a change of the x2 of 7.86
and 0.34 for the ¥ — natw~ and ' — 77~ channels, respectively. These changes
in x? combined with the one additional degree of freedom correspond to a statistical
significance of 2.80¢ and 0.58¢, respectively.
Since no significant signal is observed, an upper limit for the number of observed x_,
events Nxco,obs is calculated by performing a x? scan. To do this, N obs 18 fixed at values
around the determined central value and the corresponding x? is calculated. The x? is
then used to calculate a relative likelihood according to
e X2/2

L= E (5.43)

where x2,;, is the x? value of the best fit. The resulting likelihood scans are presented in

Figure [5.19] To determine an upper limit, the likelihood scans are fitted with a Gaussian
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5. Analysis of the Decay ¥(2S) — yn'mtm™
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Figure 5.17.: Invariant mass of the n’mT 7~ system, with the fit to the x.1 and . for the
n' — nrTr~ channel. The data is shown as black dots with uncertainties, the total fit is shown
as the solid red line and the background component as the dashed red line. The x.; and .2
components are indicated with the green and the blue solid line, respectively. The fit is described
in the text and the resulting parameters are listed in Table Additionally, the masses of the
Xes according to the PDG [6] are marked with dashed lines.

Table 5.7.: Parameters of the fits to the invariant mass of the x.; and x. candidates in the

n’ — nr T~ channel. The uncertainties are statistical only.
Xel Xc2
Observed Events N_; . 8729 +99 1409 +49

Mass m g / (MeV/c?)  3512.072+£0.076  3556.243 +0.220
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Factor f /% 73.1+3.1 61.0+£9.5
Width o, / (MeV/c?) 4.97+0.14 4.48+0.41
Width o, / (MeV/c?) 12.30+0.78 11.5441.74
ag /a.u. 4.18 £ 0.66

a, /a.u. 10.5+4.3

x? / ndf 525.17 /296 = 1.77




5.3. Determination of x,; — n'n*m~ Branching Ratios
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Figure 5.18.: Invariant mass of the n’mT7~ system, with the fit to the x.; and .o for the
1’ — ynw T~ channel. The data is shown as black dots with uncertainties, the total fit is shown
as the solid red line and the background component as the dashed red line. The x. and X2
components are indicated with the green and the blue solid line, respectively. The fit is described
in the text and the resulting parameters are listed in Table Additionally, the masses of the
Xcs according to the PDG [6] are marked with dashed lines.

Table 5.8.: Parameters of the fits to the invariant mass of the x.; and y. candidates in the

n — yrtw

channel. The uncertainties are statistical only.

Xcl X02

Observed Events N,
Mass mpeak/ (MeV/cQ) 3511.686 +0.049 3556.808 =0.152

17005 £ 150

3167114

Factor f /% 48.1+£7.6 72.6+4.0
Width o, / (MeV/c?) 3.85+0.20 4.1040.20
Width o,/ (MeV/c?) 7.04£0.36 17.03+2.95
ag / a.u. 9.6 1.7

a, /a.u. 22 +12

X% / ndf 349.42 /296 = 1.18
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5. Analysis of the Decay ¥(2S) — yn'mtm™

function G (NXCO) and the upper limit NU" at a confidence level of 90 % is determined

using a Bayesian approach [206] via the integral:

NUL 00 -1
[ oW m v, ([ o e )Ny, ) =00 ()
—o —0o0
Here, F(NXEO) is a prior chosen as a step function at N, == 0 to exclude the unphysical
region:
1, for N, >0
(N, ) = Xeo (5.45)
0, for Ny, <0
From this, the upper limits are extracted as
NoY pine =882, (5.46)
NpY e = 117.6. (5.47)

With the determined values for the number of observed events and for the efficiencies the
branching ratios for the decays x,; — 7’77~ can be calculated and the resulting values
with their statistical uncertainties are listed in Table [5.9] Taking only the statistical
uncertainties into account, the differences between the ' — na™7~ and o' — yr 7~
channels for the x_, and x_, are 2.20 and 2.60, respectively.

As mentioned above, the data sample also includes a significant contribution from the

n, — n'mT7~ decay, and the corresponding branching ratios are determined in the next

section.
[T T T T T T P— r T T 1 T oy
1__ + likelihood scan 1__ + likelihood scan
o —— gaussian fit u —— gaussian fit
08} 90% area __ 08} 90% area
S - - - imi S r - imi
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Figure 5.19.: Likelihood scans for the number of x.o events. The scan values are shown as the
black markers, the fit with a Gaussian function is shown as the solid red line, the 90 % area under
the peak is shown in green and the resulting upper limit is marked with the black dashed line.
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5.4. Determination of the n, — n'm*m~ Branching Ratio

Table 5.9.: Determined branching ratios for the decays x.; — n’m+t7~. The uncertainties are
statistical only.

N s e/ % Br(x,; = n'mtn7)
n —nnta— < 88.2 10.91 <1.91 x107°
XeO ' yontn <1176 12.86 <1.23x107°

n —nrtaT 8729+ 99 11.83 (1.664 +0.019) x 1073
Xel /5 yptr= 17005+£150 13.50 (1.611 4 0.015) x 10~3
(
(

)
0 —prtaT 1409+ 49 1139 (2.798 4 0.099) x 10~
X2y o yntr= 31674114 1271 (3.194+0.116) x 1074

5.4. Determination of the 1. — n/wtw~ Branching Ratio

Using a similar approach as for the x,;, the branching ratio of the decay 7, — n/'mt7 ™ is

calculated according to

N, e
Br(n, — n'nn7) = e 028 : (5.48)
¢ 67]6 ’ Nw(ZS) : Br(¢(28) — ’Ync) ’ Brsub
In this case, the branching ratio for the radiative decay into the 7, is given by the PDG [6]

Br((28) — vn,) = (3.6 £ 0.5) x 107. (5.49)

The invariant mass spectra of the 7’77~ system around the 7, mass are depicted in
Figure for the n’ — nm 7~ channel. The 7, peak shows a clear asymmetry with a tail
to the left side of the peak. This asymmetry could be a result of the energy dependence
of the transition matrix element for the radiative decay ¢ (2S) — 77, [207]. To describe
the asymmetry, the CLEO collaboration used a Breit-Wigner function with a pre-factor C
defined as [208]

C(m) = E(m)? ex By (5.50)
= y p 8/82 5 .
with the energy of the radiative photon given by
m2 A2
_ b(28)
Ew(m) = (5.51)

245"

and a normalization constant § = (65.0 & 2.5) MeV [208]. The E2 term comes from the
hindered magnetic dipole transition in ¥ (2S) — n, [207], which diverges at high photon
energies. To dampen this divergence, an exponential factor is introduced, inspired by the

overlap of two ground state wave functions [208]. To test this model, a fit consisting of
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5. Analysis of the Decay ¥(2S) — yn'mtm™

a linear function for the background and a relativistic Breit-Wigner function with the
CLEO pre-factor is used:

S(m) =1-C(m)- Mpearc T . (5.52)
(m204 - mf)eakc4)2 + mf)eakc4r2

Here, I is the intensity of the signal, Mepeak 18 the position and I' is the width of the peak.
The result of this fit is also displayed in Figure [5.20] and the resulting parameters are
listed in Table [5.10] As can be seen, the fit fails to adequately describe the asymmetry
of the peak, giving a reduced x? / ndf = 313.53 / 155 = 2.02, with the deviations coming
mainly from the flanks of the peak. In addition, the fit returns a peak position of
Mpeare = (2976.33 & 0.85) MeV /c?, which is significantly smaller than the PDG value of
m, ppG = (2984.1 £ 0.4) MeV /c? [6], and a width of I' = (36.8 + 1.7) MeV, which is
significantly larger than the PDG width I', ppg = (30.5+0.5) MeV [6]. However, this
overestimation is to be expected, since the model neglects the detector resolution that
broadens the peak.

In order to overcome the shortcomings of the presented fit, an alternative model is tested,

which considers a possible interference of the 7, with the non-resonant background with

220 ' + - LI LI | LEBLELEL LB LI l_
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> — ]
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=~ - | .
g . :
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Figure 5.20.: Invariant mass of the n’7 7~ system, with a Breit-Wigner fit to the 7, for the
n' — nrT 7~ channel. The data is shown as black dots with uncertainties, the total fit is shown as
the solid red line and the background component as the dashed red line. The 7. component is
indicated with the green solid line. The fit is described in the text and the resulting parameters
are listed in Table Additionally, the mass of the 7. according to the PDG [6] is marked with
a dashed line.
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5.4. Determination of the n, — n'm*m~ Branching Ratio

Table 5.10.: Values determined by the fit to the 7, in the ’ — nr 7~ channel using a relativistic
Breit-Wigner function with the CLEO pre-factor. The uncertainties are statistical only.

Intensity I /a.u. 19.32+0.66
Mass m .,/ (MeV/c?)  2976.3340.85
Width I' / MeV 36.8+£1.7

ay / a.u. 14.23 £0.55
a, /a.u. -15.0£1.9

x? / ndf 313.53 / 155 = 2.02

a phase ¢. This interference might also produce an asymmetric peak and therefore no
additional pre-factor is needed. For this, the total model is defined as [209]

M(m) = |B(m) + ¢*S(m)|". (5.53)

This model is a reasonable description of the physics if the non-resonant background
consists mainly of contributions with the same J¢ quantum numbers as the 7, given
by JPC = 0~*. Since the decay of a pseudoscalar meson into three pseudoscalar mesons
is possible without any angular momenta, this is a reasonable assumption, since higher
angular momenta are suppressed. The background intensity |B \2 is defined as a first order

polynomial

B(m) = \/ao +ay(m—m, ), (5.54)
and the signal intensity |S|? is given as a relativistic Breit-Wigner function:

N, v Mpeak T
S(m) = | —obs e (5.55)

2.4 _ 4 ; 27"
Cnorm m=c mpeakc + Zmpeakc r

Here, N, is the number of observed 7, events and C, is a normalization factor given

norm

by ,
00 m_ ¢
c = / pesk dm’. (5.56)
norm 0 (m/QC4 _ mgeakc4)2 + mgeakc4r2

With the model defined in this way, it is mathematically expected that the fit has
two solutions that give exactly the same y?, with the same parameters, except for
the number of events N,  and the phase ¢ [210]. These two solutions are shown for
both channels in Figure and the resulting parameters are listed in Table [5.11} In
both channels the fit gives an excellent description of the data, with both x? /ndf
being close to one. The extracted mass of the 7, lies within 20 and within 1o
of the mass given by the PDG for the ¥ — nntn~ and ' — ~7w"n~ channels,
respectively. Again, the determined widths are significantly higher than the PDG value,

although they are closer compared to the fit with the CLEO prefactor in Table
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5. Analysis of the Decay ¥(2S) — yn'mtm™

Another interesting observation is the fact that the extracted phases for the solutions
with constructive and destructive interference agree with the phases extracted by a
previous BESIII analysis of different decays of the type #(2S) — 1, — vP, where
Pe{KKtr ,KTK 7 nrntn  K¢K nta—n KT K nTn 7% 3(xtn™)} :

Beonsty = (2-40 £ 0.07 £ 0.47) rad, (5.57)
ety = (4.19 £ 0.03 £ 0.47) rad. (5.58)

There is no known physical reason for this possible common phase yet .

With the determined values for the number of observed 7, events and the efficiencies from
Table the branching ratio of the decay 1, — n'7*7~ can be calculated. This is done
for the fit with constructive and destructive interference and the results are presented
in Table Considering only the statistical uncertainties, there is a discrepancy of

4.10 for the constructive interference and 3.7¢ for the destructive interference between
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Figure 5.21.: Invariant mass of the n’7T 7~ system for the ' — nn 7~ channel (top) and the
n' — yr T~ channel (bottom) for the solution with constructive interference (left) and destructive
interference (right). The data is shown as black points with uncertainties, the total fit as the red
solid line, the background component with the red dashed line and the signal contribution with
the green solid line. The fit is described in the text and the resulting parameters are listed in
Table Additionally, the mass of the 7. according to the PDG @ is shown as the dashed
green line.
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5.5. Search for the X (1835)

Table 5.11.: Parameters of the fit to the 7. candidates in the ' — nprta™
n' — vyt~ channel (bottom). The uncertainties are statistical only.

channel (top) and the

Constructive  Destructive
interference  interference
Observed Events N, 1283 + 54 3446 + 106
. Mass Myear / (MeV/c?) 2986.00 + 0.96
+  Width I'/ (MeV) 36.2+1.6
S Phase ¢ /rad 2.364 4 0.060 4.265 % 0.034
\1 a, /a.u. 16.86 + 0.61
a, /a.u. 3.6+23
x? / ndf 151.10 / 154 = 0.98
Observed Events N, 4132 + 203 7094 £ 260
. Mass Myear / (MeV/c?) 2984.14 £ 0.72
T Width I" / (MeV) 33.6+1.3
& Phase ¢ /rad 2.569 £0.107 4.006 & 0.082
\1 a, /a.u. 21.2+1.9
a, / a.u. ~16.2+6.3
X2 / ndf 167.57 /154 = 1.09

the two 1’ channels. Comparing the calculated values and taking isospin symmetry into
account, the values for the destructive interference are in agreement with the value for
Br(n, — n'mtn~) = (1.3 £ 0.3) % from the PDG within 1.50.

The last peak that is visible in the n'7 7~ spectrum in Figure is an enhancement

Table 5.12.: Determined branching ratios for the decay 1. — n'mT7~. The uncertainties are
statistical only.

N, e/% Br(n,—n'rtn7) /%
constructive 1’ — nprtw~ 1283+ 54 11.92 0.659 £ 0.028
interference 7' — yrtr~ 4132 4£203 16.57 0.866 + 0.043
destructive 7' — nrTrT 3446 £106 11.92 1.770 £ 0.055
interference 7' — yrTr~ 7094 £260 16.57 1.486 £ 0.055

below 2 GeV/c?, which will be analyzed in the next section.

5.5. Search for the X (1835)

While all peaks in the n’7T7~ spectrum analyzed so far originate from the decay of

known charmonia, the enhancement in the mass range of the X (1835) suggests light quark
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5. Analysis of the Decay ¥(2S) — yn'mtm™

constituents. As the decay ¥ (2S) — vX(1835) has not yet been measured, only a product
branching ratio can be calculated for the X (1835):

N
Br((28) — 7X (1835)) - Br(X (1835) — 't r~) = XU8)obs - (5.50)
€x(1835) * Ny(2s) " Braup
To do this, different models for the X (1835) are considered.
The first model to describe the enhancement in the X (1835) mass region of Figure is

a relativistic Breit-Wigner

N, Mo T
S(m) = —-obs pea , (5.60)
Cnorm (m204 - mf)eakc4)2 + mf)eakc41_‘2

norm

with the normalization constant C' from Equation and a linear background. In
order for this fit to converge, a fit using only the background component is first applied
yata— € [14GeV/c?,2.2GeV /c?]. The resulting background
parameters are then fixed in the total fit, which is shown in Figure for both 7’
channels, and the resulting fit parameters are listed in Table [5.13] In both channels the

by excluding the region m

fit gives a reasonable x? /ndf, although it produces an unphysical result, as the fitted
background function becomes negative at low invariant masses. This can be explained
by the fact, that the current fit does not include the effect of the opening of the n'7m+ 7~
phase space at m,, . - = (1236.92 & 0.06) MeV /c2.

To consider this effect, the fit model is adjusted according to [25]

B(m) = a,P(m) (5.61)
100 e A A ane p—
N } —+— data - | —+— data
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Figure 5.22.: Invariant mass of the n'n 7~ system, with a Breit-Wigner fit to the X (1835) for
the n — nrt7~ channel (left) and the ’ — y7n 7w~ channel (right). The data is shown as black
dots with uncertainties, the total fit is shown as the solid red line and the background component
as the dashed red line. The X (1835) component is indicated with the green solid line and the
mass of the X (1835) according to the PDG [6] is marked with a dashed line. The fit is described
in the text and the resulting parameters are listed in Table
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5.6. Systematic Uncertainties

and )
N, Mo &1
S(m) = =2 P(m) Ll ) (5.62)
C(norm (’I’)’L204 - m%eakc4)2 + Trﬂpeakczq—‘2
with the modified normalization constant
c - / T pim) Mpear L dm’ (5.63)
norm B (m/264 _ mgz)eakc4)2 + mf)eakc4r2 . .

Here, P(m) is the three-body phase space for the decay X (1835) — /77—, calculated
in Appendix The resulting fits are presented in Figure [5.23] with the parameters
also given in Table These fits give a similar x? to that of the first model and
significantly larger widths for the X (1835), consistent with the width given by the PDG
of I'y (1835),pDG = 242112 MeV. However, the curvature of the background shifts the
position of the peak to values, which are significantly smaller than the PDG value
Mx(1835),PDG = 1826.5113°MeV. In addition, the extracted number of events differs
significantly between the two models.

Looking at the n/m "7~ mass spectrum in the region from 2.1 GeV/c? to 2.7GeV/c?, a
slight oscillatory behavior can be seen. Exactly in this mass region, some structures
were visible in the BESIII analysis of the decay J/1¢ — yn/mt7~ [25], which have been
identified with the X (2120) and X (2370). Including these structures in the fit model
would influence the extracted values for the X (1835), but with the present data sample
such contributions are expected to be insignificant.

Using the determined values for N, . from these fits, results in the product branching ratios
Br(4(2S) — vX(1835)) - Br(X(1835) — n/mn~) presented in Table Considering
only the statistical uncertainties, the values differ by more than 7o between the two 7’
channels.

In order to reliably interpret the determined values for the branching ratios of the x_;, 1,

and X (1835), the systematic uncertainties are calculated in the next section.

5.6. Systematic Uncertainties

In the context of the present analysis, several sources of systematic uncertainties have
to be considered. Possible systematic effects arise mainly from differences between the
data and the signal MC samples which are used to estimate the efficiencies. These effects
come from the efficiency of the reconstruction and identification of the particles on the
one hand and from the applied event selection criteria on the other hand. Another form
of systematic uncertainty comes from the arbitrarily chosen signal regions and the chosen
description of signal and background components in the fits, which are used to determine
the number of observed events. Additional uncertainties come from the branching ratios
taken from the PDG and the number of 1)(2S) events.

87



5. Analysis of the Decay ¥(2S) — yn'mtm™

100

L ; N> N ! S noo n'-nr'n
C ! —}— data L ! —— data
80 ! —— total fit 200~ ! —— total fit
&; i ! - - - background &g L | - - - background
% - —— X(1835) component % 150 . —— X(1835) component
o 60— ' - - - PDG X(1835) mass G r : - - - PDG X(1835) mass
N |t '
=3 - =2 [
s YT “" 2 [ ‘
5 | ' 5 | :
u>.| B u>.l - 1
20 - 1
- - I
; : :
0 f [ PP | 1 L I '

7796 18 2 '2‘2.2' 24 26
M, / (GeV/c?)

Figure 5.23.: Invariant mass of the 5’77~ system, with a Breit-Wigner fit to the X (1835)
considering the three-particle phase space for the n — nwT 7~ channel (left) and the 5’ — yr 7~
channel (right). The data is shown as black dots with uncertainties, the total fit is shown as the
solid red line and the background component as the dashed red line. The X (1835) component
is indicated with the green solid line and the mass of the X (1835) according to the PDG 6] is
marked with a dashed line. The fit is described in the text and the resulting parameters are listed

in Table @

Table 5.13.: Parameters of the fits to the X (1835) candidates in the ” — na 7~ channel (top)
and the ' — yr 7~ channel (bottom). The uncertainties are statistical only.

relativistic BW PHSP relativistic BW

linear BG PHSP constant BG
Observed Events N, 1299 + 57 1972 4 104
& Mass my., / (MeV/c?)  1822.945.8 1784.0 6.7
'« Width T'/ (MeV) 176 £ 10 271 + 18
T ag/au 15.06 + 0.49 10.59 +0.43
— o /au 29.95+1.01
X%/ ndf 194.97 /133 = 1.47  170.23 /132 = 1.29
Observed Events N 1623 + 100 2801 + 217
& Mass my, / (MeV/c?)  1836.1+7.8 1810.9+7.7
+§ Width I/ (MeV) 158 4 12 256 + 23
b oap/an. 32.87+1.17 24.24+1.07
— a/au 66.54 +2.39
X%/ ndf 239.46 /136 = 1.76  245.55 /135 = 1.82

Table 5.14.: Determined product branching ratios for the decay 1(2S) — vX (1835) — vyp'm 7.
The uncertainties are statistical only.

N, e/% Br/107°

n —nrta™  19724+104 10.28 4.23+0.23
n — yrtrT 2801 £217 16.20 2.16+0.17
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The uncertainty on the number of ¥ (2S) events was determined to be 0.53 % [159] by
counting (2S) inclusive decays, and the efficiency of the particle identification was
determined to be 1% per track using the control sample J/v — 77~ 7% [211]. Similarly,
the uncertainty on the tracking efficiency of a single charged pion was determined using
the reactions J/1v — pprtr~ and J/¢ — wF 770 for different momentum ranges, and
the uncertainty was determined to be 1% per track [212,213]. The photon reconstruction
efficiency was determined using the three control samples ¥(2S) — 77~ (J/¢ — p°70),
¥(28) — 79T/ — 1T17) and J/vp — p°7° giving a consistent uncertainty of 1% per
photon [214]. Additional uncertainties come from the branching ratios of the ' — nrt7 ™,
7' — yr 7~ and n — v decays, which are 1.2 %, 1.4 % and 0.5 %, respectively [6]. Also
the radiative decays ¥(2S) — vX cause a systematic uncertainty of 2.4 %, 2.8 %, 2.5 %
and 13.9 % for the x,.q, X.15 X and n,, respectively [6]. Table gives an overview of
all the mentioned uncertainties, which are all independent of the specific event selection,
including the total uncertainty coming from these sources.

All other systematic uncertainties arise from the chosen event selection criteria, and the
corresponding uncertainties are estimated by varying the criteria around their optimized
values. A Barlow test [215,[216] is performed to check whether any observed difference
in the determined branching ratios can be explained by statistical effects. In this test,
the difference between the branching ratio Br,j, obtained with an alternative selection

criterion and the nominal value Br is weighted by the uncorrelated uncertainty of the

difference:
D — ‘Brnom — Br;lt’ (564)
|Ur2lom - Galt|

An alternative selection criterion is considered to give a significant systematic uncertainty
if any of the alternative cuts results in D > 2.

In a case where a test gives a significant deviation, a systematic uncertainty for this

Table 5.15.: Systematic uncertainties from the number of ¥(2S) events, tracking efficiency,
particle identification, photon reconstruction and branching ratios in %.

n —nrtaT n — yrta~

Xco Xl Xe2 Ne X Xco  Xel Xe2 Ne X

Number of 1(2S) 0.6 0.6
PID 4.0 4.0
Tracking 4.0 4.0
~ Reconstruction 3.0 2.0
Brg,, 1.3 1.4
Br(¢(2S) - ~+X) 24 28 25 139 - 24 28 25 139 -

Total External 70 72 70 154 6.6 6.7 6.8 6.7 152 6.2
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criterion is calculated by considering the ratios R, between the nominal value and the

alternative values Br,

R =—1 (5.65)

which have a relative uncertainty of

AR, | (ABr, 2+ ABr, .\ o, (BB (ABry, (5.66)
R, \\ B Br, Pi\ B, Br,_ | ‘

Here, p, is the correlation between the two branching ratios, coming from the common

number of events between the two samples. This correlation factor is calculated as

N, . N
p; = min ( obs,i 7 obs,nom) ) (567)
Nobs,nom Nobs,i

The systematic uncertainty for the criterion under consideration is then defined by the

standard deviation of a weighted average over the ratios R;, given by

>i(AR)*(1 - Ry)?

S (AR, (5.68)

0% =

This procedure is applicable for all the considered resonances with a significant observation.
For the ., case, the largest uncertainty between the x_, and x_, is taken as the systematic
uncertainty. For the 7),, the systematic uncertainty is determined separately for the
constructive and destructive interference, and the larger of the two is used in the end.

In the following, the performed systematic checks for the selection criteria are presented

and the resulting values are listed in Table [5.16

5.6.1. Assignment of the ' Candidate

As mentioned before, every possible combination of pions and photons is considered when
defining the 1’ candidate. To estimate an uncertainty for this procedure, the signal MC is
used, where the generated and reconstructed four momenta of the participating particles
can be matched. As this procedure can give a false match for events with large differences
between the reconstructed and generated momenta the estimated misidentification rate
has an uncertainty. As a conservative estimate, 1.5 times the misidentification rate is
chosen as the systematic uncertainty, resulting in an uncertainty of 0.6 % and 3.5 % for

the ' — nntn~ and ' — yr 7~ channels, respectively.
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Table 5.16.: Systematic uncertainties coming from the event selection criteria in %. Entries
marked with "-" are not applicable and entries marked with "*" show no systematic effect according
to the Barlow test.

n — nrtaT n — yrtaT

Xeo  Xel Xc2 Me X Xco Xel Xe2 e X
External 70 72 7.0 154 6.6 6.7 6.8 6.7 152 6.2
n’ Combinatoric 0.6 0.6 0.6 06 0.6 35 35 35 35 35
X2 Cut 1.3 04 1.3 0.7 1.8 20 05 20 3.8 11.7
Min. v Energy 0.5 0.2 05 * 1.8 51 07 51 20 22
J/¥ Recoil Veto 1.2 * 1.2 0.6 20.5 0.2 0.2 * * 23.7
J /1 Veto 4 - - - 08 01 08 * %
p% Cut - - - - - 04 01 04 07 09
n’ Cut 1.3 05 1.3 1.8 5.2 24 02 24 2.9 105
SB distance 27 02 27 09 04 277 03 27 50 5.6
Continuum * * * * * 26 18 26 49 7.8
Fitting Models - 07 69 1.6 8.2 - 02 44 44 164
PWA 4.8 4.8 48 4.8 4.8 4.8 4.8 48 4.8 4.8
Total 89 87 11.5 16.4 24.2 11.1 9.3 122 19.0 35.3

5.6.2. Kinematic Fit x? Cut

The applied cut on the x? of the kinematic fit might introduce a systematic uncertainty,
if the x? distribution has significant differences between the signal MC and the signal
component in the real data. To estimate this, the value of the cut on the x? is changed
from the nominal values Xgut,n'—mﬁr = 81.4 and Xgut,n'—mﬁr = 27.8 to values in the
intervals [55;110] and [13;50], respectively. The Barlow test shows a significant effect
for all considered resonances and the systematic uncertainties are calculated according
to Equation to be in the range of 0.4 % to 11.7%. The ratios of the variation
to the nominal value for the branching ratio of the decay x., — n'7m*n~ are shown in

Figure and for the other resonances in Figure [A]]

5.6.3. Minimum Photon Energy

To estimate the systematic uncertainty introduced by the cut on the minimum photon
= 80MeV to values in the
range [50 MeV;110MeV]. Again, according to the Barlow test, a systematic effect is

energy, the cut is varied from the nominal value of E%min
visible for all resonances and the systematic uncertainties are calculated in the range of
0.2% to 5.1%. The systematic studies for the x ., decay are shown in Figure and
for the other decays in Figure By far the largest effect is seen for the x_, in the
7' — vyt~ channel, which can be explained by the fact, that the y_, has a mass near

the edge of the available phase space. The phase space at this edge is directly influenced
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Figure 5.24.: Ratio of the variation and the nominal value for the branching ratio of the decay
Xe1 — n'mt 7~ for the cut on the x? of the kinematic fit, in the ' — na 7~ channel (left) and
the n — yr T~ channel (right).
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Figure 5.25.: Ratio of the variation and the nominal value for the branching ratio of the decay
Xe1 — n'mTw~ for the minimum photon energy, in the ' — nr*7~ channel (left) and the
n' — yr T~ channel (right).

5.6.4. J/v Veto in the 77~ Recoil System

In both channels, a cut is applied to the J/¢ in the system recoiling against
the 7t7~ system of mf,e/cw veto = 20MeV/ ¢? and this value is varied in the range
[15 MeV /c?; 25 MeV /c?] in steps of 1 MeV /c?. This is shown for the y,, in Figure and
for the other resonances in Figure [A:3] The Barlow test shows no significant effect for the
X, inthe ’ = nrt 7~ channel and no effect for the x ., and 7, in the / — y7 "7~ channel.
By far the largest systematic effect of 20.5 % and 23.7 % is determined for the X (1835),
which comes from the correlation between the background reaction v (2S) — J/yrt 7~
and the decay X (1835) — n/7T 7~ (described in Section . For the other resonances

the systematic uncertainties lie in the range of 0.2 % to 1.2 %.
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Figure 5.26.: Ratio of the variation and the nominal value for the branching ratio of the decay
Xe1 — 7't for the veto on the J/1 in the system recoiling against the 77~ system, in the
n' — prtr~ channel (left) and the ’ — yw 7~ channel (right).

5.6.5. J/v Veto in the 47 System and p° Cut

In the  — 77~ channel, an additional veto on the J/1 in the 47 system is applied
with a nominal value of m Jihveto = 20 MeV /c?, which is changed to values in the range
[15MeV /c?; 25 MeV /c?] in steps of 1 MeV/c?. This cut has no systematic effect for the
n, and X (1835). In addition, the cut on the p° in the 777~ system coming from the
0 cut = 198 MeV/ ¢? in the range
[150 MeV /c?; 250 MeV /c?] in steps of 10 MeV /c2, which shows a systematic effect for all
resonances. The systematic studies are shown in Figure for the x_, decay and for

n' — ynT 1~ decay is changed from its nominal value m

the other decays in Figure and the resulting uncertainties are calculated to be in the
range 0.1 % to 0.9 %.
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Figure 5.27.: Ratio of the variation and the nominal value for the branching ratio of the decay
Xe1 — 7'~ for the veto on the J/4 in the 47 system (left) and the cut on the p® in the 7T 7~
system coming from the ' — yn 7~ decay (right).
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5.6.6. Sideband Subtraction

For the sideband subtraction it is assumed, that the non-n’ background behaves in the
same way in the phase space of the signal region and the sideband region. If this is not
the case, the arbitrary definition of the signal and sideband regions could introduce a

systematic effect. The regions are defined as

signal: m e {mn,jpDG — 0, M, ppg + a] , (5.69)
left: m € {anPDG —20—A,,,m, ppg — 0 — Am} , (5.70)
I‘lght m & |:mn/7PDG + o+ Am, mn/’PDG + 20 + Am:| . (571)

To estimate the systematic uncertainty regarding the choice of the signal and sideband
regions, the values for the 1’ cut, given by o, are changed from the nominal value
= 9.3MeV/c? in the range [5 MeV/c?;13 MeV /c?] and from the nominal value
Oyt - = 10.1 MeV /c? in the range [5 MeV/c?;15MeV /c?]. In addition, the distance
between the signal and sideband regions is varied from A _ = 40MeV/ c? in the range
[30 MeV /c?;60 MeV /c?]. In both cases the Barlow test shows a significant effect for all
considered resonances and the uncertainties are determined to lie in the range from
0.2% to 10.5%. The systematic variations are shown in Figure for the x,, and in

Figures and for the other resonances.

Oy —smmtn—

5.6.7. Continuum Background

A possible source of background that has been neglected so far is the continuum production
ete™ — «vR. To estimate an uncertainty for this, the scan data samples listed in Table
are used. Excluded are the samples that are close to the mass of the 1(2S) meson,
compared to the BEPCII energy spread of o =13 MeV. These are the scan samples
numbered six, seven and eight, with a difference of less than 2MeV. The scan data
samples are subject to the same selection criteria as the ¥ (2S) data sample and in the

end weighted by a scaling factor w, given by

$(28) 3 -7 A
_ [’mt . [\/ SC&H,I] ) (572)

[ Escan,i 311)(25)

int

Here, L, . and /s are the integrated luminosity and center-of-mass energy of the
corresponding data sample, respectively. The exponent A is given by an assumed line
shape for the continuum cross section of the reaction ete™ — YR given by a power
law [217,218]

o(ete™ = YR) o (v/s)™. (5.73)
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Figure 5.28.: Ratio of the variation and the nominal value for the branching ratio of the decay

Xe1 — 7'~ for the width of the signal region (top) and the distance between the signal and

sideband regions (bottom), in the o’ — nw 7~ channel (left) and the ' — y7 7~ channel (right).

Using the weighted samples, the number of events in the corresponding signal regions for
all considered resonances is determined for each A € {—5,—4,...,4,5}. As a conservative
estimate, the largest number of continuum events is then used to determine the systematic
uncertainty as the ratio of continuum events to signal events. This results in a negligible
uncertainty in the n’ — npn ™7~ channel and an uncertainty of 1.8% to 7.8 % in the

n' — y7Tr~ channel.

5.6.8. Fitting Models

To estimate the systematic uncertainty arising from the chosen models used to fit the
different resonances in the n’7t7~ spectrum, they are replaced by alternative models.
For the the x_; and 7, fits, the background polynomials are changed from linear functions
to constants and quadratic functions. In addition, for the x,, the detector resolution is
adjusted within its uncertainty determined according to Equation . In the case of
the 7., the signal function is exchanged by the Breit-Wigner function with the CLEO
pre-factor in Equation . For the X (1835) the background is changed from the pure
phase space distribution to a background given by the phase space multiplied by a linear
function. Additionally, the effect of adding another Breit-Wigner function to the fit was
tested, to account for a possible contribution from the X (2120) or X (2370).
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5. Analysis of the Decay ¥(2S) — yn'mtm™

For the resonances with a significant contribution, the systematic uncertainties are defined
by the average of the relative changes in the extracted number of events. In the case of
the x., the largest upper limit among all the considered variations is taken as the new

upper limit.

5.6.9. PWA

In the determination of the branching ratios, the efficiencies were determined using the
signal MC simulations presented in Section These simulations do not include any
resonances in the x,.;, — 77~ decay, which could affect the efficiency. Therefore,
to determine a systematic uncertainty due to possible resonances, the PWA for the
decay x,, — n'mtn™ with  — 4w Tn~ presented in the next section is used. Different
PWA results are compared and the weighted average of the differences of the estimated
efficiencies compared to the nominal one is taken as the systematic uncertainty. This
results in an uncertainty of 4.8 % and this uncertainty is then also used for the other

resonances as well as for the ' — nn 7~ channel.

5.7. Search for the 7;(1600)

As mentioned in Section the decay x4 o — n'mTm~ could contain contributions from
the exotic candidate 7, (1600). To search for the m,(1600), the data sample resulting
from the event selection has to be decomposed into contributions from different partial
waves. To do this, a partial wave analysis (PWA) [26] is performed for the x ., — n'm 7~
decay. The reason for choosing the x ., over the x_, is the fact that in the x decay
no intermediate JF(©) = 07(+) resonances are allowed, which reduces the complexity
of the fit model. To select events coming from the decay of the x_,, only events with
Myt o > 3.54GeV are considered in the PWA. Also only the ' — y7 "7~ channel is
used, resulting in a number of events of 6129 in the signal region and 1451 in the sideband
regions. According to the fit in Table the resulting data sample still contains about
14 % of non-x ., background, which is neglected in the fit.

5.7.1. PWA Amplitude

For the PWA, the so-called isobar formalism is used [219], which describes a decay
amplitude A as a product of two-particle decay amplitudes, which in this case can be

written as

"41/1(28)%’777’”*”’ = ‘Aw(2s)ﬂ'yxc2 (Z ‘Axczﬂn’R‘ARHwﬂr* + Z'Axcz%SiWIASiﬁn’wi> .
R S
(5.74)
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In this way, possible resonances R and S are allowed in the 77~ and n/r system,
respectively. As mentioned before, the advantage of considering the x ., decay is, that no
0+(+) resonances are allowed. Therefore, the remaining possible quantum numbers for R
are

JPC = o+ g+t (5.75)

and for S are
JP=172%37,4% ... (5.76)

Considering only resonances with J < 3 and demanding isospin conservation leaves the
possible resonanceﬂ
R=f, and S=m,a,. (5.77)

To describe a general two-body decay amplitude for a decay a — bc, the helicity formalism
is used. In the helicity formalism, the coordinate system is chosen such that the
quantization axis of the spin is aligned with the particle’s momentum, which means
that a particle can be identified by its total angular momentum J and its helicity A. In
this formalism, the amplitude for the decay of the particle a with total angular momentum
J, and helicity A, into the particles b and ¢ with helicities A, and A_ and A=A o = A can
be written as [220]

ATata R e 2J,+1

a—bc = A D (‘vagba )‘7:)\ Ab ( a)' (578)

Here, Dj ., is the complex conjugate of the Wigner D-matrix [221], F /\b ), 18 the amplitude
of the correspondmg decay and D(s,) is the dynamical part of the amplitude depending
on the center-of-mass energy s, of the parent particle. The appearing helicity angles ¢p
and 0} define the direction of the daughter particle b with respect to the momentum
direction of the parent particle a in the rest frame of its parent particle [220]. To obtain
the total amplitude of the two-body decay, Equation must be summed over all
occurring helicities. If the corresponding particle is part of the initial or final state the
summation must be incoherent and otherwise coherent.

Since all decays considered in the PWA are either electromagnetic or strong decays, the
angular momentum and spin are good quantum numbers. Therefore, the amplitudes F )‘\]: A
can be expanded in terms of the relative angular momentum L between the daughter

particles and their total spin S by using Clebsch-Gordon coefficients [220]:

Foa = 5oy (B0 A0 (S0,

A)afss, (5.79)

21Considering only the J¥¢ quantum numbers and the isospin allows also resonances S = p. However,
these are forbidden by the conservation of the G parity.
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Here, aias is the complex amplitude of the corresponding decay and determines the
strength of the individual contribution.

Although this expansion is also possible for the radiative decay 1(2S) — vx_,, it could
lead to additional parameters in the fit that need to be constrained due to symmetries
arising from the conservation of C' and P parity. An alternative expansion that already

takes this into account, is given by the multipole expansion, which for this case reads [222]:

2J,+1
Jw(2>S<i2 Z 2J¢(23) +1 <Jv’)‘7"]¢ 28) /\‘ Xe2” xc2>ajf(28)' (5-80)
The sum over Jv corresponds to different allowed multipole transitions, which in this
case are the electric dipole and octupole transitions, as well as, the magnetic quadrupole
transition. For the ¢(2S) — vx. decay, the fractions of the magnetic quadrupole
amplitude and the electric octupole amplitude with respect to the total amplitude were
determined to be (1.9 £ 0.9) % and (1.0 £ 0.6) % [6], respectively. These contributions
cannot be identified with the statistics of the present data sample and are therefore
neglected in the PWA.

Inserting Equations (5.78]) to into Equation and inserting the quantum

numbers of the initial and final state particles gives the total intensity

2

> ZM¢(2S) M, My (5.81)

Ay X Ax L,S

Iw(QS)—Wn’ﬂﬂr* = Z Z

Ay(as) Ay

with the substitution X = {R, S} and

/3 1 $(2S) (28 (28
Myas) =\ 12 (LA LA 22, ) DY 540,059, = Ca o).

2L +1

2 C. C. C. 2
DXL oax (X7, 052, —oX*)D(s, ,)aLs,

2Jy +1 J

The only missing part is the description of the dynamical part, which in this simple ansatz

is given for all resonances X by a relativistic Breit-Wigner function [6]

Disy) = mxrgz( 'p(SX)LBL(p(Sx)/Po) (5.83)
my — Sy —imyI(sy)
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with the energy-dependent width given by [6]

1 p(sy)*i ! 2
I(sx) = FxngL(p(Sx)/po) : (5.84)
Here, L is the angular momentum and p(sy ) is the absolute momentum of the daughter

particles b and ¢, given by [6]

plox) = 5=l — 0y m ) — (o~ ) (5.85)

The Blatt-Weisskopf barrier factors [223] B (p(sy)/p,) are given with respect to a

momentum scale chosen to be p, = 0.3GeV/c, and they are listed for different angular
momenta L in Appendix For the x o, the dynamical part is a constant, since the decay
of the x,, is already included in the signal MC sample that is used for the normalization
of the PWA model.

In the PWA, the masses my and widths I'y of all participating resonances are fixed to
the values taken from the PDG [6] and the amplitudes of charge conjugate decays (e.g.
X — a3 7~ and X — a; ") are constrained to be equal. The free parameters in the

fit are then the products of the complex amplitudes for any given decay chain.

5.7.2. Likelihood Construction

To determine the best values for the amplitudes, an extended maximum likelihood fit is
performed using the AMPTOOLS library [224]. The extended likelihood for a data sample

consisting of N, .. events with observations #; and parameters ¢ is defined as

£(6)= 0T p(w0). (5.56)

i=1

with the predicted number of events p and the probability density function P (a?i; 0 ) The

predicted number of events is given by an integral of the intensity Z (f, 0 ) over the whole

available phase space R as [224]
= / 7(2,0)e(@) dz, (5.87)
R
taking into account the efficiency €(Z). The probability density function is defined by [224]
N1 .
P(Z;0 )= —I(%;,0 )e(, 5.88
(7:0) = 2(7:.0)=(@) (5.88)

and the intensity is given by Equation (5.81)). In order to maximize £, the integral in
Equation ([5.87) must be calculated, which is impossible to do analytically as the efficiency
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5. Analysis of the Decay ¥(2S) — yn'mtm™

function e(Z;) is not known a priori. However, it can be solved by using the mean value
theorem for integrals [224}225]:

M:/Rz(f,e“)g(f) 47 =R (1(7.0)e(®) ~ Nﬁ > 7(#.0).  (5:589)

Here, R is the Lebesgue measure of the phase space [226]. The approximation in
Equation is given by a random sampling of the intensity over the phase space
using a MC sample with N gen generated and N, accepted events. The factor R can
be eliminated by rescaling the intensity, which introduces an additional factor into the
likelihood. However, this factor does not affect the maximization of the likelihood.

So far, the likelihood construction assumed that the data sample contains only signal
events. However, as described in Section , the data sample still contains non-n’
background that can be estimated from the sidebands. To account for this in the PWA,

the likelihood in Equation (5.86]) must be adjusted according to [224]

E(Q—») _ 6‘(/1-1-/3)‘]5# _:_ /B)Nsig Jff?(fl,g) -ﬁp(fj; 9—'> —wj . (5'90)
sig’ i=1 j=1

Here, N, is the number of events in the signal region, Ny, is the number of events in the
sideband regions and w; is the weight of the j-th sideband event. The predicted number
of background events (8 is given by a sum over the weights of the events in the sidebands

as
Nipg

B=Y w,. (5.91)
j=1

Instead of maximizing the likelihood, it is often computationally useful to minimize the
negative logarithm of the likelihood (NLL) instead, which is given by [224]

Nai Nie
~In|£(0)]= - glnz(@;é) +J§wj InZ(7:0) +p— Ny n(p+ 8) + (N — B) In g,

(5.92)
after inserting Equation into Equation and dropping the terms that do not
depend on g and therefore do not play a role in minimizing — In(L).

The NLL in Equation is minimized using MINUIT [202] for a total of 50 randomized
initial amplitude parameters and the result with the best NLL is chosen as the nominal

result. The results of the PWA are presented in the next section.

5.7.3. PWA Results

In Figure the invariant masses of the 7+7~ and n/7™ systems are shown. In the

7t~ spectrum there is a distinct peak around 1.3 GeV/c?, corresponding to the mass of
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the f,(1270) included in the fit. There is also an enhancement at high masses around
2.3GeV/c?, which is in the mass range of several possible fo states. Systematic tests
showed that at least three resonances are needed to describe this peak. These are the
f5(2150) and f,(1950) on the one hand, and either the f,(2300) or the f,(2340) on
the other, both of which which result in a similar NLL. The n'm spectrum shows no
clear resonances and testing the established a,(1320) and a,(1700) shows no significant
improvement of the NLL. Including the 7, (1600)* in the fit gives a change of the NLL of
2AIn(L) = 6.01 with two additional parameters, corresponding to a statistical significance
of 1.960.

In Figures tothe best result with all significant resonances as well as the 7, (1600)
is shown as projections onto the kinematic variables of interest. These are on the one
hand side the helicity angles needed to describe the radiative decay 1(2S) — vyx ., given
by gb%ad and HVrad. On the other hand, the two decay chains x ., — n'R,R — 777~ and
Xy — ST, 8% — n/7E are described by the angles (gb:;:ﬁ”_,@z:ﬂ”_,gbﬂf,077;1”7)
and (gbzlf+”_,02lf+”_,¢if+, 9;7:+), respectively. The ¢ helicity angles are presented in
Figure [5.30] and in each case the fit gives a reasonable description of the data with a
x?/nbins close to one. While the overall differences between the fit and the data are
larger for the 0 angles, depicted in Figure the fit still gives a reasonable description
of the data. The largest differences are present in the projections onto the invariant
masses in Figure [5.29] although the overall shape of the data is well described. The

differences in the m _ spectrum are mainly due to the neglected background. Since

Lt
this background ma;/7 have different quantum numbers than the x_,, it could also influence
the other spectra, by giving possible contributions from additional partial waves.

As the 7r1(1600)i contribution is found to be insignificant, a likelihood scan is performed
to determine an upper limit on the number of 7, (1600)* events. This scan is shown
in Figure [5.32] The scan is fitted with a Gaussian function and the upper limit at a
confidence level of 90 % is extracted according to Equation , resulting in

UL, stat. __
NIt = 237.8. (5.93)

This upper limit only includes the statistical uncertainty coming from the PWA fit. To
determine the uncertainty due to the choice of the PWA model, the results of different
tested models are compared and a weighted average is taken as the systematic uncertainty.
This results in a systematic uncertainty on the efficiency of 4.8 % and on the number of
extracted m,(1600)* events of 79.5%. To account for this in the determination of the

upper limit, the fitted likelihood profile is convolved with a Gaussian function with a
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5. Analysis of the Decay ¥(2S) — yn'mtm™

Table 5.17.: List of resonances that were included in the PWA (top) and additional tested
resonances that were not included in the nominal result (bottom). Listed are the J7(¢) quantum
numbers, the mass mppg and width I'ppg taken from the PDG [6], as well as the fit fraction f.

P(C) Mass Width Fit Fraction
Resonance Subsystem .J mppe / (M&V/c2)  Tppg / MV £ %
£,(1270) mtr 2t+ 1275.4 0.8 186.6755 19.5
£,(1950) mtr 2t+ 1936 + 12 464 + 24 23.3
£,(2150) mtr 2t+ 2157 + 12 152 + 30 61.8
£,(2300) mtr 2t 2297 + 28 150 + 40 18.9
7,(1600)* 't 1~ 1645719 370158 3.9
sum 127.4
£5(1525) rtr 2t 1517.3 +2.4 724{
£,(1565) mtm 2t+ 1571+ 13 132 + 23
£,(2010) mtme o+t 201015 200 =+ 60
£,(2340) atr o+ 2346721 331127
a,(1320)* n'nt 2t 1318.240.6 107 +5
a,(1700)* n'nt 2+ 1706 + 14 380150

width given by the systematic uncertainty. The convolved likelihood is also shown in
Figure and the upper limit at a confidence level of 90 % is calculated as

N 600y = 3229, (5.94)

From this, the product of the branching ratios of the decays x., — 7T1(1600)i7r¢ and
7,(1600)* — n/m* is determined to be

Br(x,, — m,(1600)7F) - Br(7,(1600)* — n'7*) < 3.26 x 1075 (5.95)

at a 90 % confidence level. This value can be compared with the results from a CLEO

analysis of the decay x,, — n/mT7~ [122], which determined
Br(x,, — m,(1600)*7F) - Br(m, (1600)* — n'7*) = (2.9 £0.8) x 10~*. (5.96)

Combining these two results gives the ratio of the production branching ratios

R Brixe = 7,(1600)*7F) - Br(m, (1600)* — n'm*) (5.97)
~ Br(x,, — m,(1600)=7¥F) - Br(m, (1600)* — n/m¥) '
Br(x,, — m(1600)=7F)
= S 7.8 5.98
Br(x,., — m(1600)*7T) <T8% (5.98)

at a confidence level of 90 %.

In addition, the projections on the invariant mass spectra obtained in this thesis can be
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Figure 5.29.: Results of the PWA for the decay x.2 — 7'm 77~ for the projections on the invariant
masses of the 7T 7~ (top left), 777~ (bottom left) and n’7™ (bottom right) system. The data
is shown as the blue points with uncertainties, the total fit is shown as the red solid line and the
different contributions are shown with the colors given in the legend. On the bottom of each plot
the difference between the fit and the data x divided by the uncertainty of the data o is shown.

compared with a recent BESIII PWA of the decay x,, — 7’77~ [227]. As can be seen
in Figure the projections show significantly different features. The biggest difference
comes from the contributions of the f,(500) and f,(980) (referred to as "pipiswave 7" in
the legend) in the low m_, _ region for the x ., while for the x_, there are basically no
events in this region. In both PWA results, a major contribution comes from the f,(1270),
which is known to have a large branching ratio for the decay into 777~ of 84.31%8 %.
While in the x ., PWA several f, resonances are needed to describe the structure at high

m,.. .- masses, in the x_, case this region is described by a few small f; resonances. Also

mtm
the projections onto the n'r mass look significantly different, with the maximum in the
middle for the x,, and rising structures towards both edges in the x_, case. In addition,
a clear peak around 1.7 GeV is visible for the x,,, which is described by the contribution
from the 7, (1600). A possible reason why the m, (1600) is needed in the case of the x,, is
that the production x,, — 7,(1600)=7F is possible in S-wave, while y,, — 7, (1600)*7F

requires D-wave production.
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Figure 5.30.: Results of the PWA for the decay x.o — n'mt7~ for the projections on the
azimuthal angle of the radiative photon in the center-of-mass system (top left), of the n’ in the
n'nTr~ system (middle left), of the 77 in the 777~ system (middle right), of the " in the
7T~ system (bottom left) and of the 7T in the 'z system (bottom right). The data is shown
as the blue points with uncertainties, the total fit is shown as the red solid line and the different
contributions are shown with the colors given in the legend. On the bottom of each plot the
difference between the fit and the data y divided by the uncertainty of the data o is shown.
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Figure 5.31.: Results of the PWA for the decay .o — n’mt7~ for the projections on the polar
angle of the radiative photon in the center-of-mass system (top left), of the n’ in the n'rt7~
system (middle left), of the 7 in the 77~ system (middle right), of the 7% in the n'rt7~
system (bottom left) and of the 7™ in the n’r™* system (bottom right). The data is shown as
the blue points with uncertainties, the total fit is shown as the red solid line and the different
contributions are shown with the colors given in the legend. On the bottom of each plot the
difference between the fit and the data y divided by the uncertainty of the data ¢ is shown.
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Figure 5.32.: Likelihood scan for the 71 (1600). The scan values are shown as the black markers
and the fit with a Gaussian function is shown as the red solid line. The fitted profile is convolved
with a Gaussian function to consider the systematic uncertainty and the convolved likelihood is
shown as the blue solid line. The 90 % area under the convolved likelihood is shown in green and
the resulting upper limit is marked with the black dashed line.

5.8. Results

In the context of this analysis, branching ratios were determined for the decays
Xey — W't n, — y'mtr” and X (1835) — n'mt7w~ using the two decay modes
of the ¥ — natn~ and ¥ — ~7x"™7n~. To combine the information from the
two decay modes, a weighted average is calculated for the product branching ratio
Br = Br(¢(2S) — vR) - Br(R — n/7"x~). This is done according to [228]

1 1 1 1 -1
Bry = (ZBrR,i-Z(VR%) (ZZ(VRI)M) : (5.99)

=0 7=0 1=0 j=0

with an uncertainty of
-0.5

ABrj, = 21: i(vR—l)ij : (5.100)

i=0 j=0
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Figure 5.33.: Comparison of the results of the PWA for the decays x.2 — 77~ obtained in
this work (top) and x.1 — n'mT7~ [227] (bottom). Shown are the projections on the invariant
masses of the 77~ (left) and n’7" (right) systems. In both cases the data is shown as points with
uncertainties and the total fit is shown as the red solid line. For each PWA the single contributions
are given by the individual legends.

Here, Brp, ; is the branching ratio for the resonance 2 € {X;; X9, 7., X (1835)} determined
in the two 7’ channels i € {n,~} and V}, is the covariance matrix given by [229]

2

g CcCOovV

Vi = ( R,tot,n ) R > . (5.101)
COVp UR,tot,’y

ORtoti 1S the total uncertainty, calculated by quadratically adding the statistical and
systematic uncertainties, and covy, is the covariance between the two different 7’ channels,
calculated as

covp = BrRmBrRﬂp%. (5.102)

The correlated relative uncertainty pp between the two channels is given by the
uncertainties due to the number of 1)(2S) events, PID and tracking. In addition, the
photon reconstruction is partially correlated, due to the two/three photons in the two
channels. It should be noted, that this procedure can lead to biased results, if the
correlated uncertainties are large in combination with a significant difference between

the averaged values [229]. In such a case, this procedure leads to an average that is
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5. Analysis of the Decay ¥(2S) — yn'mtm™

smaller compared to the case without correlation. This has been tested for all calculated
branching ratios, and the difference between the average with and without correlation is
found to be negligible compared to the total uncertainty for all resonances.

For the x_, the product branching ratios are given by

B
B

1.623 £ 0.018,,, £ 0.090 £ 0.098

uncor cor )

x 1074 (5.103)
x 1074, (5.104)

rXclvn - (
— (1.571 +0.014,,,, +0.101,_ . + 0.095

rXcl Y uncor cor)

which are consistent within 1o. The first uncertainty is statistical, the second is the
uncorrelated part of the systematic uncertainty and the third is the correlated systematic
uncertainty. The application of the weighting procedure according to Equations
and results in a combined branching ratio of

Br, , = (1.599 +0.118) x 10~*, (5.105)

Here, the uncertainty is the total uncertainty, since the averaging procedure combines the
uncertainties and does not allow for an independent determination of the statistical and

systematic uncertainties. In the case of the x ,, the ratios are calculated to be

B
B

= (2.619 + 0.093
2.989 4 0.108

+0.248 +0.158

stat uncor cor )

+0.309 +0.180

stat uncor cor )

x 1075 (5.106)
x 1075, (5.107)

rXcQ )1

Yoy = (

These are also consistent within 1o and result in a combined branching ratio of
Br, , = (2.757 +0.265) x 10~°. (5.108)

For the 7, the branching ratios are calculated separately for the solutions with constructive

interference
B]rnmconstr’77 = (2.374 £0.100,,, £0.144, .. £0.143_ ) x 107° (5.109)
Br%constm = (3.116 £0.153,,, £0.357, .., = 0.188_ ) x 107° (5.110)
and destructive interference
Brnc,destr,n = (6.373 £0.198,,, +0.387 .o = 0.384_,,) X 107° (5.111)
Br%destw = (5.349 £ 0.196,, +0.613 ., = 0.322 ) X 10*5, (5.112)
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which are consistent within 1.90 and 1.40, respectively. From this the combined branching
ratios are calculated as

Brnc,constr

= (2.473 £0.219) x 107° (5.113)

Br, gestr = (6.0154+0.512) x 107°. (5.114)

The same procedure yields for the X (1835)

Bry (1535, = (4228 £ 0.225 +0.989, =+ 0.255

uncor COI‘)

x 1075 (5.115)

BrX(1835M = (2.161 £0.168,, +0.750 +0.130 x 1077, (5.116)

uncor cor )

Consistency is achieved within 1.7¢ and the combined branching ratio is determined to be
Bry (535 = (2.887 +0.637) x 107°. (5.117)

As mentioned in Section [5.6.8] in order to account for the additive systematic uncertainty
of the chosen fit models, the upper limit was determined for each variation. To additionally

include all other uncertainties, the corresponding likelihood profiles are convolved according

to the procedure described in Section [5.7.3] This results in upper limits of
-5
Br, ,»,<220x10 (5.118)
-5
Br, ., <146 x107". (5.119)

After combining the two decay modes the results can be compared to the values given
by the PDG [6], as shown in Table after dividing the product branching ratios by
the corresponding measured production ratios [6]. As can be seen, the values obtained
in this thesis are more precise by a factor of ~ 3, ~ 6 and ~ 2 for the x_, x, and 7,
respectively. Also, the upper limit for the decay x,, — n'm*n~ is improved by more than
one order of magnitude. For the x_; and x_,, the determined values are both smaller than
the existing value, with a difference of 1.20 and 1.40, respectively.

In the case of the 7, only the branching ratios obtained for the destructive interference
is in agreement with the value given by the PDG, which could be an indication that
this result is the physically realized result. However, it should be noted, that the PDG
value is calculated from different analyses, all of which did not include the interference in
the fit to the 1, [230,231], or the inclusion of the interference did not give a significant
improvement [232].

As mentioned in Section the X (1835) has so far only been seen in the decay of
the J/1¢ charmonium, and the first observation of this particle in the decay of the 1)(2S)
is further evidence for the existence of this particle. Using the value for the product

branching ratio determined in this thesis and the value for the branching ratio in the
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Table 5.18.: Determined branching ratios for the decays x.s,7m. — 7’777~ compared to the
values given by the PDG [6], which are rescaled values from a CLEO measurement for the y.s
decays [200]. The value given for the X (1835) is the product branching ratio, which was not
measured before.

This Work PDG
Xeo < 1.46 x 107° <4x107*
X1 1.6440.12) x 1073 (2.240.4) x 1073
Xeo 2.954+0.29) x 107 (5.1 £1.9) x 10~*

-2
n destr. int.  (L67+0.14) x 102 (L0F03)x10

2.89+0.64) x 107° ~

it

n, constr. int. (0.69 £ 0.07) x 1072
( )
( )

X (1835)

decay of a J/v¢ 25|, the ratio between the two production branching ratios is calculated

ad?
Br(1(2S) — vX(1835)) _ Br(¢(2S) — 7 X (1835))Br(X (1835) — n/mtx~)

)
Rptaue = Br(J/v — vX(1835)) Br(J/vy — vX(1835))Br(X(1835) — n/mtm~)
5

2.86 & 0.63) x 10~
- ! +o)31>< = 7345 %. (5.120)
(3.93 + 0.3870230) 104 :

This ratio is calculated for an assumed line shape of the X (1835) given by a Flatté
distribution [233]. The fit is also performed using a sum of two interfering Breit-Wigner
functions, which has to solutions, which result in alternative values for the ratio given
by [25]
-5
Riw conste = (3.(021'16 ;tf?i?gg) 1010_4 — (9.5 +2.4) %, (5.121)
(2.86 +0.63) x 10~°

R = = 77719 %. 5.122
BW.destr = (3 79 £ 0.21+0-18) x 104 —1.8 70 ( )

These values can now be compared with the corresponding results for the X (pp) (see
Section [2.2.5)) determined in the J/v — ypp and ¥(2S) — ~ypp analyses [105]:

R Br(¥(28) =X (p)) _ 514100, (5.123)

e Br(J/ = 4 X(pp))

The values determined this way are compatible within 1.7¢, providing further evidence,
that the X (pp) and X (1835) are indeed the same state.

22The systematic uncertainties for the two measurements are slightly correlated, due to the same basic
event selection. However, in both analyses the uncertainties are dominated by the uncertainties coming
from the fitting models or specific event selection criteria and the corelation is negligible. Therefore, for
this calculation it is assumed, that the uncertainties between the two measurements are uncorrelated.
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6. Analysis of the Reaction ete™ — 1. K*K

The second part of this work is the analysis of the reaction ee™ — 7 K*K, which
was performed in parts together with Sascha Lennartz in the context of his Master’s
thesis [28]. The main motivation is given by a possible contribution of the exotic candidate
Z,,(3985)/Z.,(4000) via the reactions (see Section [2.2.5))

ete” = ZEKT - K*KT,
ete” — Z0K° — n K*K", (6.1)

ete” = ZOK® — n K*OK°.

The appearing K* mesons are reconstructed via their decay into a kaon and a pion, which

are 6]

K** = K7 with Br(K** — K*7%) = 1/3-(99.902 + 0.009) %, (6.2)
K*" — K%t with Br(K*" — K%™T) = 2/3-(99.902 4 0.009) %, (6.3)
K*~ = K%~ with Br(K*~ — K% ) =2/3-(99.902 + 0.009) %, (6.4)

for the charged K* mesons and [6]

K0 - K—nt with Br(K* — K nt)=2/3-(99.754 + 0.021) %, (6.5)
K - KTn~ with Br(K* — KTn7)=2/3-(99.754 £ 0.021) %, (6.6)

for the neutral ones. The appearing factors of 1/3 and 2/3 are given by isospin Clebsch-
Gordon coefficients for the corresponding decays. As mentioned in Section the K°
and K are not mass eigenstates, but compositions of the Kg and Kg. Neglecting CP
violation results in both K° and K° being 50 % K2 and 50 % K9, with only the K2 being

detectable in the BESIII experiment, as it can be reconstructed via [6]
K9 — ntn~ with Br(K2 — 777) = (69.20 £ 0.05) %. (6.7)

Considering the additional kaon in Equation , the six decays of the K™ in
Equations (6.2) to result in a total of three distinct systems recoiling against
the n, given by

KtK n° K'Kir~, K Kirt. (6.8)
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6. Analysis of the Reaction ete™ — n K*K

Looking at the isospin Clebsch-Gordon coefficients, the factor of 1/2 for each K3 and
neglecting the small difference between the branching ratios of the charged and uncharged
K* mesons leads to an equal number of expected produced events for each recoil system.
The reactions considered in Equation also include the 7,, which, unlike all other
appearing resonances, does not have a dominant decay mode. Therefore, the 7, is
reconstructed in a total of 13 decay modes, which are listed in Table [6.1] The decay
modes are chosen to include the decay modes with the highest branching ratios, while
still having a large expected efficiency. The selected decay modes cover a total branching
ratio of the 7, of (37.2+2.7) %lﬂ Combining the 13 decay modes with the three recoil
systems results in 39 final states. However, considering the decay 7, — K K, which is
the same as the recoil system, results in three of the 39 final states being reachable by
exchanging the 1, decay mode and the recoil system. Therefore, in total 36 different final
states are investigated in this analysis.

Appearing 7° and 7 resonances are both reconstructed in their decay to two photons:

™ = 4y with Br(z? — y7) = (98.823 £ 0.034) %, (6.9)
n— -~y with Br(n —y) = (39.36 % 0.18) %. (6.10)

Depending on the final state, a different number of charged tracks must be reconstructed,
ranging from four tracks (e.g. 7. — pp with the K+ K~ recoil system) to ten tracks (e.g.
n, — KTK~2(rt7~) with the KT K%m ™ recoil system). Each of the charged tracks must
satisfy the selection criteria given in Section[4.1] Additionally, for an event to be included in
the analysis, a minimum number of photons must be detected, determined by the number
of 7¥ and 7 resonances appearing, ranging from zero photons, e.g. n, — KTK ntn~
with the K+Kg7r_ recoil system, to six photons, e.g. 1, — 7tr 7070 with the K+ K70
recoil system. These photon candidates must meet the requirements defined in Section [4:2]
For each event in which the appropriate number of charged tracks and photons have been
found, a kinematic fit is performed according to Section In addition to imposing energy
and momentum conservation, an additional constraint is added, for each participating
K9, 7% and 7 resonance. In this analysis, the kinematic fit is used to find the correct
photon assignments for the 7% and 7 mesons and to assign 7+7~ candidates to a K g by
constraining the invariant mass of the 7+7~ system. Then the combination that yields
the smallest x? of the resulting kinematic fit is used for further analysis.

After finding the best combination, the next step is to assign the particles in the final

state to either the 7, decay or the recoil system. In contrast to the procedure for the

23For the calculation of the uncertainty on the total branching ratio, it is assumed that the individual values
are uncorrelated. However, some of the values are determined by a combined fit [6] and partially come
from the same experiments. This results in correlations that should be small, since most measurements
are dominated by statistical uncertainties. Additionally, the extracted correlations from the combined
fit are all negligible compared to the total uncertainty [6].
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Table 6.1.: Considered decays of the 7. with their branching ratios taken from the PDG [6] and
the resulting final states. The final states marked with * appear twice.

7. Decay Channel Branching Ratio Br /% Final State
pp Kt K~ 70
pp 0.133 +£0.011 pp KT K T
PP K- K¢ «t
Kt K~ at 7= 3nY
ata~m0n0 4.6+1.0 Kt KY 7t 2r= 270
K~ K%2rnt 727"
Kt K- 2t 27~ 370
2(nt 7 n0) 15.9 £ 2.0 K+ K9 2rt 37~ 270
K= K23nt2r 27"
3Kt 3K~ 70
2(KtK™) 1.440.4 3Kt 2K~ K T~
2KT3K~ K% «t
2K+ 2K~ 27"
2Kt K~ K3 T w0k
_ + - 0 + 0 *
KK 1/2 (7.1 £0.4) K72K™ Kgom T

2K+ 2K 21
Kt K 2K 7t = %

2K~ 2K 2n+
2Kt 2K~ at 7= 70
KtK ntr™ 0.83 £0.18 2Kt K- K2 nt2n~
KT2K~ K22nt 7~
2Kt 2K~ 7t 7~ 270
KtK—ntn—7Y 34406 2Kt K- K% nt2n= 7Y
Kt2K~ Kg2ﬂ+ 7~ 70
2Kt 2K~ 27t 27~ 70
KTK=2(ntr) 0.84 +£0.24 2Kt K~ K%2nt3n~
Kt2K~ K93rT2n~
n Kt K~ at = 70
Nt 1.6 £0.4 n K+t K nt2r
n K~ Kg 21t
n Kt K~ 2rt 27~ 70
n2(m ) 43+1.3 n KT K2 2nt 3r~
n K~ K¥3rT2r
n2K*T 2K~ 70
nKTK~ 0.66 + 0.08 n2K+ K- K§ T
n Kt2K- K¢ «*t
Sum 37.21 +2.74
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6. Analysis of the Reaction ete™ — n K*K

¥(2S) — yn/mt 7~ analysis, choosing the combination, which is closest to the mass of
the 7, introduces a significant bias. The reason for this is the large number of possible
combinations in final states with a large number of particles. Therefore, in this analysis,
every combination of particles that can form an 7, is considered. After assigning the
particles to an 77, candidate, for each of them the recoil system K K remains, with two
possible combinations to form a K*. Here, the combination is chosen that is closest to
the mass of the K* given by the PDG [6]:

min_ |m — M s , 6.11
Jin [y = micso pog (6.11)
where the comparison is made with the mass of the K*, which has the same charge as

the K,m system under consideration [6]:

Mot = (891.67 £ 0.26) MeV /c?, (6.12)
M0 = (895.55 £ 0.20) MeV /c?. (6.13)

This also defines the charge of the K* for each 7, candidate. By comparing the results
with and without selecting the best K*, it was determined that the bias is negligible.

As a first selection criterion, mass cuts are applied around the nominal masses of the
appearing ¥, n and Kg candidates, which are plotted in Figure for arbitrarily chosen
final stateslﬂ Here, the candidates are the ones that were determined by choosing the
combination giving the best y?, and they are already subject to the cut on the 2,
which will be presented in Section [6.1] As can be seen, the spectra appear to be almost
background free, with the data being well described by both the signal MC and the
inclusive MC, which are both scaled to have the same number of events as the data. The

mass windows are defined as

m_+ — € [0.460 GeV/c?,0.530 GeV /%], (6.14)
m., o € [0.120GeV/c?,0.144 GeV /¢, (6.15)
m., . € [0.500GeV/c?,0.570 GeV /¢?]. (6.16)

These windows correspond to ~ 90 % of the signal according to the signal MC, depending
on the final state under consideration.

In addition, the invariant mass of the K* candidate is restricted to a range of

My, € [0.7GeV/c?, 1.1 GeV/c?], (6.17)

24In this section and in Section the final states presented are arbitrarily chosen and all come from
the samples at /s & 4.68 GeV. The corresponding spectra for the other final states and center-of-mass
energies were all inspected and analyzed in the same way. Unless explicitly mentioned, no additional
significant features are visible in them.
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6.1. Background Reduction

which can be seen in Figure This mass window around the nominal mass of the

K* [6] is approximately four times its width given by the PDG [6] as

[yt = (51.4 +0.8) MeV/c?, (6.18)
[0 = (47.3 £0.5) MeV /2. (6.19)

These spectra are filled for each possible 1, combination with the K7 combination
yielding the best K* according to Equation (6.11). It is clearly visible that the
number of possible combinations plays a significant role in the shape of the spectrum.
While in the case of n,[— pp] K~ KZr T there is only one possible combination, in the
n[— 2(r a7 K* K~ 7" final state there are already three. These combinations produce
a large combinatorial background that is also visible in the signal MC, which is not easily

distinguishable from the background coming from events without a K*.

6.1. Background Reduction

Similar to the ¥(2S) — yn/m "7~ analysis, after the initial event selection there are still
unwanted background reactions present in the data sample, which can be reduced by
applying additional selection criteria. However, due to the large number of final states,
each with only a small number of events, a multidimensional cut optimization is not
feasible. Instead, the only selection criterion that is optimized is the cut on the y? of
the kinematic fit using the figure of merit definition from Equation , in this case
depending only on the cut on the x? of the kinematic fit:

N (Xgut)
F(Xowt) = i : (6.20)
X Ny On) + N ()

Here, Ng and Ny are the number of signal and background events satisfying the X2

condition calculated as

Xgut
Ns() = [ pasi)d® (6:21)
2 Xgut 2 2
Np() = [ pr0a, (622

where pg, /bg(XQ) is the x? distribution of signal and background in the inclusive MC,
respectively. In this case, the signal component is defined as all reactions that lead to
the correct final state without requiring intermediate resonances. Two of the resulting
figures of merit are shown in Figure If the figure of merit has a maximum, the
corresponding value is used as the cut on the x2. This is done separately for each analyzed
final state using the inclusive MC simulation for the data sample at /s ~ 4.6 GeV. While
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6. Analysis of the Reaction ete™ — n K*K
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Figure 6.1.: Invariant mass spectra of 7° candidates for the n.[— pp] K™K~ 7° (top left) and
Ne[— 2(rTa~7?)| KT K%r~ (top right) final states. Invariant mass spectra of n candidates for the
nel— nrt o7 | K~ K2nt (middle left) and n.[— n2(xT7 )] KT K7 (middle right) final states.
Invariant mass spectra of K2 candidates for the n.[— 7 Tn~ 797 K+ K37~ (bottom left) and
Ne[—= 2(rTm= )] K~ K2nt (bottom right) final states. The data is shown in black, the inclusive
MC in green and the signal MC in blue. The mass of the signal resonances, according to the
PDG @, are indicated as a red dashed line and the cuts are marked with the red solid lines. The
signal MC and inclusive MC are scaled to have the same integral as the data.
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6.1. Background Reduction
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Figure 6.2.: Invariant mass spectra of K* candidates for the n.[— pp]K~K3rT (left) and
Nel— 2(r T~ w0)] K+ K70 (right) final states. The data is shown in black, the inclusive MC in
green and the signal MC in blue. The mass of the K**, according to the PDG, is indicated as a
red dashed line and the cut on the K* is marked with the red solid lines. The signal MC and
inclusive MC are scaled to have the same integral as the data.

in principle the background composition can depend on the center-of-mass energy, the
analyzed data samples are in such a small energy range that no large differences are
expected. Therefore, the cut values determined for the /s ~ 4.6 GeV data sample are
also used for the other samples. If the figure of merit does not show a maximum, the
x? is still restricted to exclude events where the kinematic fit had problems finding a
reasonable minimum. In such a case the cut on the x? is given by x2,, = 50 - N_, where
N, is the number of constraints in the corresponding final state.

In addition, appearing unwanted resonances are excluded by mass vetoes, which are

defined by hand. These vetoes are applied to every combination of final state particles,

T T — —— R REARE R AR B s
1405 n[- 2 nd)] K'Kgn C n[- nn] KKz
F —+— data 250 — data
120H — inclusive MC N —— inclusive MC
F —— incl signal 200:] ! | — incl signal
100 :J] —— incl background — incl background
~  F | FOM ~ FOM
2 80p C1x2cut 2 150 CJx?Cut
e 0 | 1 s
w60 } = 1|
] 100(
aoff | 3
* 50f—
20fH t 7 [
o) TSI PP EPEFF IEPIF I A .|...|...|...: 0' e e m SRV [ S IS
0 20 40 60 80 1020 120 140 160 180 200 0 20 40 60 80 1020 120 140 160 180 200
X X

Figure 6.3.: Figure of merit for the cut on the x? of the kinematic fit for the
ne[— 2(rT a7 KTK2n~ (left) and n.[— natr |KTK~7° (right) final states. The data
is presented in black, the total inclusive MC in green, the signal component of the inclusive MC
in red and and the background component in blue. The calculated figure of merit is given as the
orange solid line and the resulting x? is shown with the red box.
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6. Analysis of the Reaction ete™ — n K*K

in which such an unwanted resonance appears and which contains at least one particle
from the recoil system. This distinction is made, to allow for resonances in the decay of
the 7, meson, e.g., in the decay 1, — ¢ntn~ — KTK 7n"x~. Significantly contributing
background resonances are on the one hand the light mesons 7 and w found in the
invariant mass of 77~ 7% systems and the ¢ meson in KK~ systems, both presented
in Figure The mass vetoes are defined symmetrically around the PDG masses @ of

the resonances:

Mt gm0 — My pp| > 10MeV/c?, (6.23)
Mgt g0 — My, ppa| > 20 MeV /2, (6.24)
Myt k- — My ppal > 10MeV /. (6.25)

On the other hand, large background contributions come from D mesons, which is to be
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Figure 6.4.: Invariant mass spectra of the 777~ 70 system with appearing 7 and w background
resonances for the n.[— 7t~ 77 KT K37~ (top left) and n.[— 2(7 7~ 7%) | KT K~ 7 (top right)
final states. Invariant mass spectra of the KK~ system with appearing ¢ background resonances
for the n.[—+ KTK - ntr~|K~ K" (bottom left) and n.[— KTK 7K+ K7 (bottom right)
final states. The data is presented in black, the inclusive MC in green and the signal MC in blue.
The mass of the background resonances according to the PDG [6] are indicated as dashed lines
and the applied vetoes are marked with red solid lines.
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6.1. Background Reduction

expected, since the analyzed data samples are above the threshold for the production of a
DD pair. For the D mesons the dominant hadronic decays are given by the decay into a

kaon and a number n of pions [6]
DE0 — (K nm)®Y, (6.26)

with a combined branching ratio of ~ 35 % for the charged and ~ 55% for the uncharged
D meson. Therefore, the invariant mass spectra of systems containing one kaon and
any number of pions are investigated for possible D contributions. In addition, the D
mesons can also decay into K K, but these decays are suppressed by the corresponding
off-diagonal element of the Cabibbo-Kobayashi-Maskawa (CKM) matrix (also called
quark mixing matrix) [234,235]. However, this is different for the DT mesons, where the

dominant hadronic decays are given by [6]
D - (KK nr)*, (6.27)

with a combined branching ratio of ~ 40 % and the single kaon decays are suppressed by
the CKM matrix element. Therefore, D_ mesons are searched for in systems containing
*

two kaons and any number of pions. In addition, excited D(s) mesons may play a role,

which almost exclusively decay into their respective ground states via [6]

D* — D% with Br(D* — D%%%) = (64.7 £ 0.9) %, (6.28)
D*Y — D%  with Br(D*® — D%) = (35.34+0.9)%, (6.29)

for the uncharged D** meson and via [6]

D*t — D% with Br(D*' — D%") = (67.74+0.5) %, (6.30)
D*t - D% with Br(D*T — DY) = (30.7 £ 0.5) %, (6.31)

for the charged D*t. The D*? and D*~ decay modes are the charge conjugates of the
above modes. Since the excited D mesons decay to their respective ground states, no
additional veto is needed to reduce their contribution.
The invariant mass spectra of various final states with appearing DE:)) resonances are
shown in Figure The D9 mesons are clearly visible in almost all final states, while
the D**0 and DF are only weakly visible in selected final states. The mass veto around
the D*Y is defined asymmetrically around its nominal mass [6] with the excluded region
given by

Mg pmye0 & [1.82GeV/c?,1.94 GeV /7). (6.32)
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6. Analysis of the Reaction ete™ — n K*K

For the D it is defined symmetrically around its nominal mass [6] via
Mk &y — M ppg| > 20MeV /2. (6.33)

The vetoes are applied only to systems in which the D mesons are allowed to appear.
The D mesons can only appear in combinations with the correct charge and special
attention has to be paid to the recoil systems containing a Kg. For these, the other
kaon in the recoil system defines the strangeness of the Kg (corresponding to it being
produced as either a K° or a K°). This results in the fact that for these final states either
D(J;) — K2[(K)nn]" or Dy — K2[(K)nn]~ is allowed, but not both.

After applying all event selection criteria, four resulting 7, spectra are presented in
Figure As can be seen, no clear peaks at the invariant mass of the 7, are visible

in any of the spectra. However, the combination of all 7, channels considered provides
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Figure 6.5.: Invariant mass spectra of systems with appearing DE:)) background resonances.
Shown are the D — K~ " decay in the n.[— 77 77K~ K37 final state (top left), the
DY - K—7t7% and D*0 — D7 — K—7t 70 decay in the n.[— 77~ 7070 K+ K70 final state
(top right) and the DY — KT K7t decay in the n.[— KTK 7t7 7°|K+t* K~ 7° final state
(bottom). The data is presented in black, the inclusive MC in green and the signal MC in blue.
The masses of D, mesons according to the PDG [6] are indicated as a red/orange dashed line
and the applied vetoes are marked with a red solid line.
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6.2. Combined Fit to the n,

additional information, as the relative strength of the 7, in the different channels can be

fixed by the relevant branching ratios and the efficiency. This combination of the final

states is done by a combined fit, which will be presented in the next section.
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Figure 6.6.: Invariant mass spectra of 7, candidates for the n.[— 2(7 T 7~ 7°)| KT K~ 7" (left) and
Nl KTK-nTa"]KT K70 (right) final states. Shown are the spectra for the data sample at
/s = 4.68 GeV (top) and for the data sample at /s ~ 4.60 GeV (bottom). The data is presented
in black, the inclusive MC in green and the signal MC in blue. The mass of the 7. meson according
to the PDG @ is indicated as a red dashed line.

6.2. Combined Fit to the 7,

As mentioned above, the 7, yield in any single final state is not significant. However,
additional information is obtained by combining the information from all the final states.
This is done with a method inspired by , which determined the number of produced
n, mesons in the reactions ete™ — nrTn 7% natr™ and n,7%. This method was
adapted to include the final states in this analysis and to consider the different recoil
systems. The method was then applied by Sascha Lennartz to all of the data samples
analyzed and the results are presented in Section [6.2.3

The fit to the different final states is done as a combined extended unbinned maximum

likelihood fit, and the likelihood is defined similarly to Equation (5.86|), by considering
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6. Analysis of the Reaction ete™ — n K*K

the different final states and by approximating the Poisson distribution with a Gaussian

distribution:

No N
£(0)= e |- ] I 7, (7:8) T1 Pal5n:0) oo TL P.(70:8). 630
i1=1 in=1 ic=1
Here, ¢ = 36 is the number of channels, N, ; 1s the number of events, ; 1s the predicted
number of events, and P;is the PDF, each for channel j. After taking the negative
logarithm of the likelihood and dropping terms that do not influence the minimization,
the NLL is defined as

C

_ln[g(g)]zz(uj_zvj)%gljpl(fh, )+Z7>2( wil)+ - +Z7’( 7).

j=1 i1=1 io=1 ie=1
(6.35)
The model for each channel is defined by
Pi(m;) = S;(m;) + B;(m;), (6.36)

where S . is the signal shape and B . is the background. The background is parametrized

by modlﬁed Chebyshev polynomlals of order N, < 2, which are written as

ord,j

B;(m;) = ———- Z ag ; Te(@;)- (6.37)

The Chebyshev polynomials are modified so that their integral over the fitting range from

the lower limit m, to the upper limit m  is zero (except for the zeroth order):

7?)(95]‘) =1
Ti(x;) = x; (6.38)
Ty(z;) = 6:(}]2 2,
with x ; given by
p=2—1 2 (6.39)
m, —m

With this definition, the number of predicted background events for channel j is simply

given by a, ;. The signal function is given by
S;(m;) = s; - MC;(m;), (6.40)

where MC j (mj) is the normalized signal shape taken from a MC simulation, presented

in Section @ and s; determines the number of predicted signal events. Thus, the
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6.2. Combined Fit to the n,

predicted number of events 4; in Equation 1) is given by p1; = s; + ag ;. While the
background parameters a,, ; are independent for each channel, the number of predicted
signal events s; is calculated from a common fit parameter N via:

s;=Br;-e;- N. (6.41)

Here, ¢ is the efficiency and Br ;18 the product of all appearing branching ratios for channel
j, given by the decay of the K* (Equations to ) and appearing intermediate 7°,
n and K2 mesons (Equations , and ), including the necessary Clebsch-
Gordon coefficients. The physical interpretation of the common parameter N is, that it
gives the total number of 7, mesons produced via the reaction e*e™ — n K*K.

As mentioned above, the combined fit requires the signal shape as well as the efficiency
for each channel, both of which are determined from MC simulations, which are presented

next.

6.2.1. Signal Shape and Efficiency

For the efe™ — 1, K*K analysis, for each of the analyzed final states presented in
Table [6.1], two signal MC samples are generated for each of the center-of-mass energies
(four samples for the final states that occur twice). The two samples correspond to the

two different K* K combinations that yield the same recoil system for each 7, decay:

K* — K% | K+
ete” — { WC{K*O Kfﬁ]]KO } — ncKJrKgﬂ* (6.42)
Ne — AT [Rg
K = KOt K~
ete” — { nC{K*O Kfﬂﬂ]Ko } — 0K Kn" (6.43)
T]c — s S
T B L G (6.44)
n [K* — K- n K+ e '
C

At each center-of-mass energy 10° events are generated for each final state, with each
decay generated according to the PHSP model.

In addition to the decays mentioned above, these simulations also include the production
of initial state radiation (ISR). ISR describes the process, where either the electron or the
positron (or both) emit a number of photons prior to the collision, resulting in a reduced
center-of-mass energy for that collision. The probability for ISR to occur depends on the
cross section line shape for the process under consideration, and here the cross section for
ete™ — J/YKTK™ is used [237].

The MC samples are treated in the same way as the data, and the resulting 7, spectra
are used as the signal shape. This includes the combinatorial background introduced by

the different 7, combinations. The spectra are normalized such that the integral over
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6. Analysis of the Reaction ete™ — n K*K

the fitted range equals one. Additionally, the efficiency is calculated as the number of 7,

candidates that survive the selection criteria divided by the number of generated events.

6.2.2. Input-Output Check

To check the reliability of the chosen method, the presented fit is tested for a cocktail MC
sample, which includes a known number of signal and background events. This sample
consists of 2.5 x 107 total events, whereby 1.723 x 10° (6.9 %) are signal events, evenly

distributed over the four signal reactions

ete” = ZEKT — n K* KT,
ete” = ZUK® — n KOK°, (6.45)

ete” = ZUK" — n KOKO.

The decay of the 7, is simulated with the branching ratios taken from Table scaled to
100 %. The background consist of 1.155 x 107 (46.2 %) events with open-charm production
of the type

ete” — Dg:))[)((:)) nm  with n=0,1,2 (6.46)

and of 1.172 x 107 (46.9%) events with the direct production of light hadrons. All

appearing DE:))

mesons and light hadrons decay with their branching ratios given by the
PDG and unmeasured decays are estimated using the LUNDCHARM [180}/181] model.

The resulting invariant mass spectra of 1, candidates with the corresponding fit are
shown in Figures [6.7] and [6.8] As can be seen, the fit accurately describes the sample
for all final states, with the biggest deviations seen for the decay 1, - KTK~2(x 7).
It has to be noted, that the background composition was chosen as an educated guess,
by taking into account the measured cross sections for different possible background
reactions [6,[238-243|. Therefore the shape of the background does not necessarily have to
correspond to the shape of the background in data. From the fit, the number of produced

7. mesons is calculated as
Nip = (1.709 + 0.024) x 108, (6.47)

which is consistent with the number of generated signal events.

This test is now repeated 1200 times for different toy MC samples with varying numbers of
generated signal and background events. For each test, the number of produced 7, mesons
extracted by the fit is compared to the number of generated signal events, as shown in
Figure As can be seen, the extracted number of events is distributed around the
number of generated events, with a small offset. These results are fitted with a Gaussian
function, resulting in a peak position of 0.191 £+ 0.030 and a width of 0.941 + 0.030 with a

124



6.2. Combined Fit to the n,

——
SOE [rore kG
40 1'.|
30E | |
20F TS ‘|l+' ¥
10 ﬁﬂ:ﬁ" t
E 10, -
% SOE. SN R |ﬂc[l—>p5] K'Kgn
(2 :g T S -
S 20 oy
o * 1
~ 3 It
= qof 1 1y =
2 E ! E
c —
S n [-pp] KK
W 60
40h + | Mﬂ
20 L4
|
28 2.9 3 3.1
2
m/ (GeV/c?)
10°
1.2 n [-2(n"wn)] KK
i T
0.8 %
0.6F W1
0.4; . I -‘""-h
o2k i
[\ E
&) E . o
% £ n [->2(r .MO)] K*K3n
® osf by :
S OIG%J .
S 04F | “-h-.__‘
2 O% I ]
§ N [o2(w )] KK
W o
1 I:
WJ | ‘\K
0.5 | o]
I
2.8 2.9 3 3.1

My (GEV/C?)

Events / (0.01 GeV/c ?)

Events / (0.01 GeV/c?)

|nc[—>K+K'n+n'] KK+
300 T
+ I
ZOOH:L*“' .
100 ! gy
I
: |r|c[—>K*K'n*1t"] KK
300F T
; I
200 - 1,
1005 | l'h E
: 1
400 Inc[—>K+K'n*n'] K*K'n®
SOOM |
bt
200 1
| *t"'""‘*sa
100 L
I
2.8 2.9 3 3.1
2
Myeerr / (GEVIC)
[n [ (Kn) 1K (Kn)
200 - -
150 §
#
100 j*' 5
I
50 e |
[n [=K (Kn)'T K (Kn)*
200 < :
150F }
] | E
100F -
ook ;m’% 3
st |3
|nc[—>Kngﬂ KKt
100 i
50
i
+, 'IJ +
R T s i | i~
2.8 2.9 3
2
M,/ (GeV/c)

3.1

Events / (0.01 GeV/c?)

Events / (0.01 GeV/c ?)

Sonn®] KK
400 [ . L
300
I
200
100 | Mt
400F Inc[—m"n"non:o] K‘Kgn‘
300f "j;c 3
200F | :
i E
100F c
E | :
42007 KHK 70
500 Inc[—m nlrr,n]KKn:
400
+4
o e
i
100 |
238 2.9 3 3.1
m_. oo/ (GeVic?)
| N [-KK T KK
150 :
it ‘ ]
e :
50 t +, L ]
| g
100F Il 1 [K K] KK
80F r
SOF_# } ,J!ﬁ%lt E
40- .l .
b e ke d
F | 41001 1e+1c0 »-
100 Inc[—>K K1 K'Kgm
80 i
cokd i
: At
407" Y +'. I.|.=
20 I T 2N
2.8 2.9 3 3.1
2
M, ./ (GeV/c)

Figure 6.7.: Combined fit to the cocktail MC sample for the decays n. — pp (top left),
Ne — KTK~ntn~ (top middle), n. — 7t7~ 7% (top right), n. — 2(zt7~7%) (bottom left) and
ne — KK (bottom middle and right). The cocktail MC is presented in blue, the total fit as the
red solid line and the mass of the 7. according to the PDG as the red dashed line.
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Figure 6.8.: Combined fit to the cocktail MC sample for the decays n. — nrT7~ (top left),
ne — nK+TK~ (top middle), n. — 2(KTK™) (top right), n. — n2(xT7~) (bottom left),
Ne — KTK=2(xt7n~) (bottom middle) and 1, — Kt K~ nt7 7% (bottom right). The cocktail
MC is presented in blue, the total fit as the red solid line and the mass of the 7. according to the
PDG as the red dashed line.
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6.2. Combined Fit to the n,

goodness-of-fit of x2/ndf = 144.37/104 = 1.39. The position of the peak corresponds to
the bias of the combined fitting procedure, which shows a small deviation from zero, but
this difference is negligible compared to the width of the peak, which corresponds to the
uncertainty of the fitting procedure. The fit determines a width of the peak close to one,
which is the expected value for a reasonable model.

After checking the validity of the presented method, it can be applied to the data samples,

which is presented in the next section.

50— Input-Output Check

E —— toy MC

40:_ | | — Gaussian fit :
P H -f
! :

-3 -2 -1 0 1 3

(Ngen'Nrec) / ANrec

Figure 6.9.: Results of the 1200 input-output checks. Plotted is the difference between the
generated number of 7. events and the number of 7. events determined with the combined fit,
divided by the uncertainty of the number of reconstructed events. In blue the fit results to the toy
MC are shown, and in red a fit with a Gaussian function is shown.

6.2.3. Results

The results of the combined fit to the 4680 data sample are presented in Figures
and and the results for the other data samples are shown in Appendix [B:I] As
mentioned before, the number of events which survive the event selection is quite small in
some of the final states and even in the final states with a significant number of events no
clear 1), peak is visible. However, the background is described well for all final states and
data samples. This is also true after summing all individual final states, which results
in the spectra presented in Figure for the 4640 and 4680 data sample. The other
data samples are shown in Figure [B:11] The fit determines a statistical significance of
the 7, signal of 0.80 and 1.50 for the 4600 and 4640 samples, respectively, while for all
other samples the significance is zero, if the number of produced 7, mesons is limited to

positive values.
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6. Analysis of the Reaction ete™ — n K*K

Since no significant signals are present an upper limit on the number N of produced 7,
mesons is calculated according to the method presented in Section [5.3] The resulting
likelihood profile for the 4680 sample is presented in Figure and for the other
samples the profiles are found in Appendix [B:2] The likelihood profiles are fitted with an
asymmetric Gaussian function defined as

exp {—W} for N' > N,

exp {_7(/\/—/\/“.“)2} for N' < N ..

202

GWN) = , (6.48)

where NV is maximum of the peak and o, and o, are the left and right width of the
peak, respectively. As can be seen, the profiles differ significantly from the Gaussian
functions, which shows that the uncertainties are non-Gaussian. Therefore, these fits
are not used to determine the upper limits. Instead the upper limit is determined by
discreetly integrating the determined likelihood values until 90 % of the area is reached.
The resulting upper limits are presented in Table

6.3. Calculation of the Cross Section

With the determined upper limits for the number of produced 7, mesons, the cross section
for the reaction ete™ — 1, K*K can be determined. The first step is the calculation of

the observed cross section which is given by
_ . N
opefe” = KK)= e (6.49)
int

The resulting upper limits are presented in Table From the observed cross section
the Born cross section can be calculated, which only includes the production of the final
state via the lowest order Feynman diagrams. For this, the observed cross section has
to be corrected for initial-state radiation and vacuum polarization, which are shown in

Figure This results in the cross section being calculates as

N
Ly(146)(1+0,)

Opoml(eTe™ = 1, K°K) = (6.50)
Here, (14 0,) and (1 4 d,) are the correction factors for ISR and vacuum polarization,
respectively. The correction factor for vacuum polarization is calculated with the program
ALPHAQED [244] and the correction factor for ISR is taken from the MC generator [173],
which was used to generate the MC samples for the combined fit. As mentioned before,
the ISR correction factor depends on the line shape of the studied reaction and in this case

the cross section for ete™ — J/9K K was used, which is expected to have a similar cross
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Figure 6.10.: Combined fit to the 4680 data sample for the decays n. — pp (top left),
Ne — KTK~ntn~ (top middle), n. — 7t7~ 7% (top right), n. — 2(zt7~7%) (bottom left) and
ne — KK (bottom middle and right). The data is presented in black, the total fit as the red
solid line and the mass of the 7. according to the PDG as the red dashed line.
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Figure 6.11.: Combined fit to the 4680 data sample for the decays 1. — nwn~ (top left),
ne — nK+TK~ (top middle), n. — 2(KTK™) (top right), n. — n2(xT7~) (bottom left),
ne — KTK~2(rt7~) (bottom middle) and n. — K*K-7t7~7° (bottom right). The data
is presented in black, the total fit as the red solid line and the mass of the 7. according to the
PDG as the red dashed line.
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Figure 6.12.: Invariant mass spectrum of 7. candidates summed over all final states for the 4640
data sample (left) and the 4680 data sample (right). The data is presented in black, the sum of
all fitted functions for each final state as the red solid line, the sum of all background components
as the dashed red line, the sum of all signal components as the solid green line and the mass of
the 7. according to the PDG as the green dashed line.
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Figure 6.13.: Likelihood profile of the 7. fit for the 4680 data sample. The scan values are shown
as the black markers, the fit with an asymmetric Gaussian function is shown as the solid red line,
the 90 % area under the peak is shown in green and the resulting upper limit is marked with the
black dashed line.

section shape as ete™ — 1 K*K [236,245]. Since no significant signal was observed, it is
not possible to use the actual cross section value of ete™ — 1, K*K for ISR correction.
However, the effect from this on the determined upper limits on the Born cross sections

is negligible.

131



6. Analysis of the Reaction ete™ — n K*K

e Y

Figure 6.14.: Feynman diagrams for eTe™ — 4* — X for the tree-level (top) and with the higher
order corrections ISR (bottom left) and vacuum polarization (bottom right).

Table 6.2.: List of values needed for the calculation of the observed cross section
oobs(eTe”™ — 1. K*K) and Born cross section opom(ete” — n.K*K) at each center-of-mass
energy +/s: the determined upper limit on the number of produced 7. mesons N, the integrated
luminosity of the data sample L;,¢, the ISR correction factor (14 4,) and the vacuum polarization
correction factor (1 + dy). All upper limits are determined at a confidence level of 90 % and the
included uncertainties are only statistical.

Vs/MeV Ly /bt Ny /100 oGk /pb (1+6,) (1+6,) oph,/pb

obs
4599.53 £0.74  586.9+£3.9 16.0 27.3 1.102 1.055 234
4628.00 £ 0.33  521.5+ 2.8 7.9 15.1 1.181 1.055 12.2
464091 +£0.38  551.7+£3.0 22.3 40.4 1.200 1.054 33.7
4661.24 +0.30  529.4+£2.9 10.3 19.5 1.158 1.054 15.9
4681.92 +£0.30 1667.4 £8.9 21.1 12.7 1.043 1.054 11.5
4698.82 +£0.37 535.5£2.9 12.7 23.7 0.953 1.055 23.6

6.4. Search for Contributions of the Z_,

As the final step in this analysis, the invariant mass spectrum of the n K™ system is
analyzed to search for possible contributions from Z_, mesons. To do so, all n, candidates
are considered which have an invariant mass m,. close to the mass of the 7, according to
the PDG [6]:

My, € [, ppa = 20y, ppei My, poc + 20, ppal- (6.51)

The resulting 7, K* invariant mass spectrum is shown in Figure To reduce the impact
from the natural width of the 7, the K™ invariant mass is corrected by subtracting the
mass of the 7, candidate and adding the mass of the 1, meson according to the PDG [6].
As can be seen no significant enhancement is visible And since no significant 7, peak is
observable, the upper limit on the number of Z . mesons cannot be extracted by a fit
to the 7, K* spectrum. Instead, by assuming that all observed reactions ete™ — n K*K

take place via an intermediate Z_ , the upper limit on the product of the production
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cross section o (ete”™ — Z,_K) and the decay branching ratio Z., — 7, K* can be
calculated. The resulting value can then be compared with the corresponding value for
the reaction ete™ — ZEKT — (DED*0 + D** DY) KT [27] by assuming isospin symmetry.
This is done for the 4680 data sample and results in:

UBorn(€+6_ — ZC:EK:F) ) BI‘(ZEE — ncK*i)
Opom(ete” = ZEKF) - Br(Zi — (D3 D*0 + Di*DV))
Br(ZEf — n K**) 0.5-11.5pb

_ s ___ < < 3.3, 6.52
Br(Zz — (D¥D*0 + DFFD0)) ~ 4.47}7pb (052

R =

at a confidence level of 90 %, which can be compared with the theoretical prediction

from [84]@

D(Zg — 1K)
I'(Z& — (DED*0 + DiFDY))
Br(ZE — n K**) (10.8 + 6.2) MeV

= _ ____ = =3.7+35. 6.53
Br(Z% — (DED*0 + D:*D0)) (2.9 +£2.1)MeV (6.53)

R=

As can be seen, the values are compatible, as the determined upper limit is at the center

of the determined confidence interval for the theoretical value.
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Figure 6.15.: Invariant mass spectrum of the n.K* system summed over all final states and all
center-of-mass energies. The data is presented in black, the inclusive MC in green and the signal
MC in blue. The mass of the Z.s according to the PDG [6] is indicated as a red dashed line.

Z5For the calculation of the uncertainty of the theory prediction, it was assumed that all uncertainties are
uncorrelated.
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7. Conclusions and Outlook

In the context of this thesis, two different analyses were performed, both located in the
field of hadron spectroscopy. The overall goal was to find candidates for exotic mesons.
While in the (2S) — ynp’mT 7~ analysis this was done using the decays of charmonia, in
the ete™ — 7, K*K analysis the direct production of an exotic meson in e*e™ annihilation
was investigated. The analyses used data samples collected with the BESIII experiment,
including the world’s largest data sample of 1(2S) decays, as well as large samples in the

energy region between 4.6 GeV and 4.7 GeV.

For both analyses, the first step was the general event selection, which consists of a
list of applied criteria used to reduce the large raw data samples, by removing events
that are most likely not of interest for analyses being performed. These include the
tracking, PID, and photon reconstruction algorithms developed and provided by the
BESIII collaboration, as well as some initial selection criteria used as standard criteria in
BESIII analyses. However, the number of background events in both analyses still greatly
exceeded the number of signal events, and further selection criteria had to be developed.
In both analyses, the background was investigated using the dedicated inclusive MC
samples as well as by looking at the invariant mass spectra of all possible subsystems in
the analyzed reactions. In the case of the 1(2S) — yn/mT 7~ analysis, the selection criteria
were optimized to achieve the best possible significance of the signal over the background
using a multidimensional figure-of-merit approach. This procedure was not applicable
for the ete™ — 1, K*K analysis due to the large number of different final states with
only a small number of events each. Instead, the selection criteria were defined manually,
taking into account the detector resolution, as well as, the natural width of the appearing
resonances. A possible method to be explored in the future to replace the cut-driven
event selection, is the use of artificial intelligence models that can be used to discriminate
between signal and background [246]. In the context of this work, this approach was
tested in the analysis of 1(2S) — yn/m "7~ using an artificial neural network, presented
in Appendix [C] In the end, this method was not used for the full analysis because the
interpretation of the applied event selection was difficult and it was unclear how to assign
systematic uncertainties.

After applying the event selection criteria, it became clear that in the 1(2S) — yn/r 7~

analysis still a large amount of non-n’ background was present that could not be easily
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accounted for in the subsequent analysis. Therefore, the sideband subtraction method
was used to estimate this background, leaving the spectrum of interest, the invariant mass
of the /77~ system, with only a small number of background events. In the future, it
should be investigated whether the sideband subtraction method could be replaced by a
more sophisticated approach. One such approach is the Q-factor method [247|, which
assigns each event a weight corresponding to the probability of the event being a signal
event. A major advantage of this method over the applied sideband subtraction method

is that it does not produce histogram bins with negative weights.

Analysis of the resulting data samples after the entire event selection procedure for
the 1(2S) — ynp'mT 7~ analysis showed clear signals from the reactions Xe1,29Me = n'ate™
and the number of events was determined using least-x? fits. After combining the
information from the two different 1’ decays, the corresponding branching ratios were

determined with unprecedented precision as

Br(n, — n'mtn™) = (1.67+£0.14) x 1072, (7.1)
Br(x,, — n'nTr) = (1.64 £0.12) x 1073, (7.2)
Br(x,, — n'7T7) = (2.95 £ 0.29) x 10~%. (7.3)

Although there are no theoretical predictions for these decay modes yet, these values
are needed to complete our picture of the 13P ; and 1180 charmonium states, for which
a large percentage of the decays are still unknown [6], and in the future predictions
for these three-body decays may become feasible, with first predictions for two-body
decays already possible [136-138]. Additionally, an upper limit for the C'P violating decay
Xq — N'm T~ was obtained, which improves the existing upper limit by more than an
order of magnitude:

Br(x,, — n'm 7)< 1.46 x 107°. (7.4)

This observation is consistent with the so-called strong C'P problem, i.e. the observation
that all processes mediated by the strong interaction, seem to conserve the C' P symmetry,
even though the mathematical formulation of QCD allows for the inclusion of a C'P
violating term [40-42].

In addition to the already known charmonia decays, the hexaquark candidate X (1835)
was also observed for the first time in the production channel (2S) — vX (1835) and the

product branching ratio was determined as
Br((2S) — X (1835)) - Br(X (1835) — n/r 7~ ) = (2.89 + 0.64) x 107°. (7.5)

The first observation of this particle in the 1(2S) decay made it possible to compare
the production branching ratios for J/v — yX(1835) and ¢ (2S) — vX (1835), and the

136



resulting value is compatible with the corresponding value for the X (pp). This result
leads to the assumption, that these particles are indeed the same state. The observed
different widths of the particle in the two decay channels can then be explained by a
model which assumes that the particle is a baryonium, a bound state of a proton and and
antiproton [248-251].

The achieved signal purity in the x_; region allowed it to perform a partial wave analysis,
which was carried out for the decay of the x ,, since no scalar waves are allowed in this
decay. Several models were tested and finally a solution including four f, resonances was
found to be the best fit. While no significant contribution from the hybrid candidate

771(1600)jE was found, an upper limit on its product branching ratio was obtained:
Br(x,, — m,(1600)*77) - Br(r,(1600)* — n'r¥) < 3.26 x 107°. (7.6)

In the future, it would be useful to combine the two channels x_, — 771(1600)j[7rjF and
Xeg — 7,(1600)* 7 in a combined partial wave analysis taking advantage of the shared
decay branching ratio of the 7, (1600). This could make it possible to extract the absolute
branching ratio, which can then be compared with theoretical predictions for a hybrid
meson [252,253].

In the case of the e"e™ — 1, K* K analysis, the event selection showed no significant signal
in any of the analyzed final states, so a sophisticated coupled fit was applied to combine
information from all final states. With this fit it was possible to accurately describe all
final states and to extract for the first time an upper limit for the cross section of the
reaction e*e” — 1, K*K in a range of ~ 10 pb to 40 pb , with the best upper limit being
extracted for /s = (4681.92 £ 0.39) MeV with

UBorn(e+e_ - ncK*K) <115 pb (77)

The applied procedure was validated on dedicated MC samples, which showed good
agreement between the extracted and generated number of events.

After combining all final states and all center-of-mass energies, no significant signal for a
contribution of the Z_, was found. However, using the combined fit, it was possible to
determine an upper limit for the ratio of the branching ratios of the Z_, decay into 7 K*
and the previously observed decay into DED*0 + D** DV [27], given by

Br(Zz — 1)

R = — —
Br(Z% — (D D*0 + D:*D0))

< 3.3. (7.8)

This upper limit is in the middle of the theoretical prediction [84] for this ratio. In the

future, to improve the sensitivity for this channel, additional 1, decay modes can be
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included on the one hand, and on the other hand, it might be useful to systematically
study all of the included channels to see if the upper limit could be improved by excluding
from the fit some of the final states for which a large number of background events are
expected. By improving the sensitivity, it may be possible to exclude some of the models
that predict a large branching ratio of the Z__ into 1, K* [92,254-256]. Possible channels
to add to the fit are e.g. 1, - KgK=ntn~nT or n, — 3(r "7~ ). In addition, the BESIII
experiment has now taken additional data samples between 4.7 GeV and 5.0 GeV, which
can be added to the analysis. In this higher-mass region, an enhancement in the cross
section for ete™ — J/WKTK~ [237] was visible, which was described by a resonant
state called (4710). This state could be a charmonium-like state or the previously
unobserved n?*t1L g = 5381 charmonium state. If such a state exists, it should increase
the cross section for the production of the Z_, [84], as it was observed for the Z_ in the
reaction ¢(4230) — ZFfnT — J/¢nt7w~ [77], and thus support the observation of the
decay 7., — n K*.
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A. Analysis of the Decay
Y(28) = yn'mtwT

A.1l. Integration of the Three-Body Phase Space

The three-body phase space d®4(X;n/, 7", n~) for the decay X (1835) — n/mt7~ can be

calculated recursively via [6]
Smm,max
do, (X0, 7, 7n7) = / d®,(X; 7, (7m))d®y ((rm); 7t 77 )ds . (A.1)
S, min

Here, d®,(X;7/, (7)) is the two-body phase space for the decay of the X (1835) into the
n' and an intermediate 77 system and d®,((7m); 7", 77) is the phase space for the decay
of the 77 system into the 7™ and 7~. The two-body phase space for a decay a — bc is

determined by [6]

d®,(a; b, ) = @J <1 - W) (1 - w> (A.2)

a

with the masses of the particles m, and m_, as well as the squared invariant mass s, of
the particle system a. The integration over the squared invariant mass of the (7w7) system

s, in Equation (A.1]) is performed from the minimum value

= 4m? (A.3)

S7r7r,min s

to the maximum value
2
Sﬂﬂ,max = (\/g - mn’) ) (A4)

where s is the squared invariant mass of the /77~ system. Inserting Equations 1}

to (A.4) into Equation (A.1I]) results in

1 («/S}(—?’)’Ln/)2 4m2
e ) _ s
do,(X;n',n", 7w )_(167r)2 Am2 1 . ds7r7r
m,, +2m 2 m ,+2m
J <1 _ (my +2m, (1 »)* > (A.5)
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A. Analysis of the Decay 1(2S) — yn'ntm~

The integration over s__ can be performed analytically resulting in

Ao, (X;n', 7t n7) = 1\] (1 _ (mn+2mﬂ)2> (1 _ WW)

(167)2 Sy Sy

4m?2 4m?2
(Vox—m )2 1— —— " 4m2tanh [ |1— —— (A.6)
[ KON (x g (v = my
The phase space factor P(m) is now defined via
A, (Xsn',m, m7)|,
P(m) % s (A7)

B d@3(X7 77/7 7T+,7I'_>|

S5X =M X (1835)

with the mass of the X (1835) taken from the PDG my1g55) = 1826.573%° MeV /¢ [6].

A.2. Blatt-Weisskopf Barrier Factors

The Blatt-Weisskopf barrier factors [223] B (p/p,) are phenomenologically introduced to
damp the growth of the p” term in the description of resonances [6]. They are given for
L <3 by

By(p/py) = 1, (A.8)
1
1+ (p/py)?’

1
Byo/py) = \/9 +3(p/py)? + (p/pe)*

By (p/po) = (A.9)

(A.10)

The momentum scale is often chosen in the range 0.2 GeV/c to 1 GeV/c [6], however, it

often only has a minimal effect of the visible line shape.

A.3. Systematic Uncertainties

In the following sections the systematic studies for all resonances except for the x_, are

shown. The procedure for the determination is described in Section [5.6
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A.3. Systematic Uncertainties

A.3.1. Kinematic Fit x? Cut

: — - ; T T
1.06 i— I I I N N n—=yn'n
C . 11— .
104 X Lo systematics | t X Xe» systematics
1.02— ¥ * * * * * - 1_05-_ * + -
£ M ] C )|{ ]
. T 1 . F f :
X
o * ] 1 *—k
0.98- }|{ 3 C ,|< ¥ * ]
0,96:— + —: 0_95-_ + -
0.94 + - L ){{ ]
"I I EPEPE PRI IR IR B L) PP I I IPIPEI PP IR I I
50 60 70 80 90 100 110 10 15 20 25 30 35 40 45
X X
‘cut ‘cut
1.02 T T T - R T e T —
r nonr'n 1.250 Ny
- ;‘( X e systematics C ’li X n°me systematics
1.01— + _ 1.2 =
C 1 ] 1.15F 3
e f X 1« F ]
i | 4 11— -]
: b} ] : ;
- E 1.05F >|{ 3
0.99— — - .
r ++*: £ l*x******-
0.8k [ I U S T SR S (< 1] " I PPN SN PSPPI RPN BT SR
50 60 70 80 90 100 110 10 15 20 25 30 35 40 45
X X
‘cut cut
T T T - T T T T -
- n'-one'n 1.1 Ny
1_04:_ X nges" systematics : X nges" systematics
1.021- )|{ }‘{ >|{ . 1.05— —
= L X x * * ] < i | * * i
C E ] . P
C } X ] 1 p * - ]
0.98|— ;|< - C ,{{ d ]
- + - 0.95— —
096 R T T PP EAPRPI IR S IR SR I B
50 60 70 80 90 100 110 10 15 20 25 30 35 40 45
X2 X
‘cut ‘cut
T T T - C T T T -
C n-nr'n L n->yn'n
1'1:_ X X(1835) systematics 1.4— X X(1835) systematics
1.05F- } - L ]
C * ] 1.2 * * —
s et t 1 ] i ¢ 1 f ]
& C X ] . C X ]
c ] i 3 ]
0.95— * - ¥
4 ; : ¢ :
0.9fF + - 08~ + % ]
0.85L 1 1 1 1 1 [ Lot L 1 Pl P 1 Il 1 )
50 60 70 80 90 100 110 10 15 20 25 30 35 40 45
Lo K

Figure A.1l.: Ratio of the variation and the nominal value for the branching ratio for the cut
on the x? of the kinematic fit, in the ’ — pr T~ channel (left) and the n’ — yr* 7~ channel
(right). The resonances from top to bottom are: x.g, 7%, ndest™ and X (1835).
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A.3.2. Minimum Photon Energy
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Figure A.2.: Ratio of the variation and the nominal value for the branching ratio for the minimum
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A.3.3. J/v Veto in the 77~ Recoil System
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Figure A.3.: Ratio of the variation and the nominal value for the branching ratio for the J/¢
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A.3.4. J/v Veto in the 47 System and p° Cut
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Figure A.4.: Ratio of the variation and the nominal value for the branching ratio for the J/¢
veto in the 47 system (left) and the cut on the p° in the 777~ system coming from the decay
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A.3.5. Sideband Subtraction
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Figure A.5.: Ratio of the variation and the nominal value for the branching ratio for the width of
the signal and sideband regions, in the ' — nr 7~ channel (left) and the ' — yn 7~ channel
(right). The resonances from top to bottom are: Xg, 7ot ndest™ and X (1835).
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Figure A.6.: Ratio of the variation and the nominal value for the branching ratio for the distance
between the signal and sideband regions, in the ¥ — nm 7w~ channel (left) and the ' — yrt7~
channel (right). The resonances from top to bottom are: .2, <", ndest™ and X (1835).

146



B. Analysis of the Reaction
ete” - n.K*K

147



B. Analysis of the Reaction eTe™ — 1, K*K

B.1. Combined Fit to the 7).
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Figure B.1.: Combined fit to the 4600 data sample for the decays 7. — pp (top left),
ne — KtYK~ntn~ (top middle), n. — nt7n =77 (top right), n. — 2(z 7~ 7%) (bottom left) and
ne — KKn (bottom middle and right). The data is presented in black, the total fit as the red
solid line and the mass of the 7. according to the PDG as the red dashed line.
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Figure B.2.: Combined fit to the 4600 data sample for the decays n. — nrTn~ (top left),
ne — nKTK~ (top middle), n. — 2(KTK~™) (top right), 7. — n2(zT7~) (bottom left),
Ne — KTK~2(nt7~) (bottom middle) and 1, — K*K-7t7~ 7 (bottom right). The data
is presented in black, the total fit as the red solid line and the mass of the 7. according to the
PDG as the red dashed line.
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Figure B.3.: Combined fit to the 4620 data sample for the decays n. — pp (top left),
Ne — Kt K~ ntn~ (top middle), n. — nt7n~ 7070 (top right), n. — 2(xt7~7%) (bottom left) and
ne — KK (bottom middle and right). The data is presented in black, the total fit as the red
solid line and the mass of the 7. according to the PDG as the red dashed line.
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Figure B.4.: Combined fit to the 4620 data sample for the decays n. — nrT7~ (top left),
ne — nKTK~ (top middle), n. — 2(KTK~™) (top right), 7. — n2(zT7~) (bottom left),
Ne — KTK~2(nt7~) (bottom middle) and 1, — K*K-7t7~ 7 (bottom right). The data
is presented in black, the total fit as the red solid line and the mass of the 7. according to the
PDG as the red dashed line.
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Figure B.5.: Combined fit to the 4640 data sample for the decays n. — pp (top left),
Ne — Kt K~ ntn~ (top middle), n. — nt7n~ 7070 (top right), n. — 2(xt7~7%) (bottom left) and
ne — KK (bottom middle and right). The data is presented in black, the total fit as the red
solid line and the mass of the 7. according to the PDG as the red dashed line.
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Figure B.6.: Combined fit to the 4640 data sample for the decays 1. — naT7~ (top left),
ne — nKTK~ (top middle), n. — 2(KTK~™) (top right), 7. — n2(zT7~) (bottom left),
Ne — KTK~2(nt7~) (bottom middle) and 1, — K*K-7t7~ 7 (bottom right). The data
is presented in black, the total fit as the red solid line and the mass of the 7. according to the
PDG as the red dashed line.
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Figure B.7.: Combined fit to the 4660 data sample for the decays n. — pp (top left),
Ne — Kt K~ ntn~ (top middle), n. — nt7n~ 7070 (top right), n. — 2(xt7~7%) (bottom left) and
ne — KK (bottom middle and right). The data is presented in black, the total fit as the red
solid line and the mass of the 7. according to the PDG as the red dashed line.

154



B.1. Combined Fit to the 1,

o 1Ot e O+ e WO
5 !”J?’W %] KK 5 !nc[aan K]KKx 5 ]Inc[azl(K K)] KK
4 i 4 i 4 i
; ' ; ' ; i
< 4 <
i I I
o N o
(&) 1 et 0 o 17 Lete0 o I
> 5 (ol KKl S g [n k| 2 [nf20¢K)] KKEm
G 4 ; G 4 : G 4 '
i i i
5 7 ! g ° I S 3 i
S 2 " i S 2 i S 2 i
(2] [2] [%2]
< =& = 4+
§ : s [nErkKIKK| & n 2Kk KK
AT I L r Lﬁ o} 1 r Lﬁ I 1 .
4 i 4 i 4 i
3 | | 3 | 3 1|
i i i
2 i 21L|l]l m i 2 | i
1 =8 1
—— I AL !
27 28 29 3 34 32 27 28 29 3 31 32 27 28 29 3 31 32
2 2 2
My / (GEV/C) Mk / (GeV/e?) My / (GeV/e)
) ]nc[—mz(n*n‘)] K K . !T]C[—>K+K’I2(1c+n')] K K 10 !nc[—>K*K'|n+n'n°] KK
Oj
| 4 i § [
4 i 3 i 8 ol
2 4
2| i \ Il 11
1 2 i
S s !nc[—>n2(7t+1t )] K'Kem S 10 [n. =K K2 ) KK S 8 inc[—>K*K T nd] KK
() T [)) Ql T (o)) T
o 4 i S | G 8 [
— — 6 -
o i o I o 4 t
o 2 o 4 =) l
= [ =, ! = 2 byt 1
@ L 2 2141 20T 4] o
c e—— c e c ——- -
S 8 }nc[—mz(n*n KKe|  © ) n [KK2@m)] KK [ & 45 !nc[—»(*Kn 0] KK n®
L A T w6 L 10 T
° [ | [ ahi-1 o -
4 o]y 4 i 1 I
| u : i
2 ? L A
A iLLlL A A +. i .l' } i
2.

~
N
©
IS
©

2728 29 8 34 82 27 28 29 3 31 32 3 31 32
2 2 2
Moy | (GEVICY) Mo ! (GEV/CT) My | (GEV/CT)

Figure B.8.: Combined fit to the 4660 data sample for the decays 1. — nnTn~ (top left),
ne — nKTK~ (top middle), n. — 2(KTK~™) (top right), 7. — n2(zT7~) (bottom left),
Ne — KTK~2(nt7~) (bottom middle) and 1, — K*K-7t7~ 7 (bottom right). The data
is presented in black, the total fit as the red solid line and the mass of the 7. according to the
PDG as the red dashed line.
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Figure B.9.: Combined fit to the 4700 data sample for the decays n. — pp (top left),
Ne — Kt K~ ntn~ (top middle), n. — nt7n~ 7070 (top right), n. — 2(xt7~7%) (bottom left) and
ne — KK (bottom middle and right). The data is presented in black, the total fit as the red
solid line and the mass of the 7. according to the PDG as the red dashed line.
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Figure B.10.: Combined fit to the 4700 data sample for the decays n. — natn~ (top left),
ne — nKTK~ (top middle), n. — 2(KTK~™) (top right), 7. — n2(zT7~) (bottom left),
Ne — KTK~2(nt7~) (bottom middle) and 1, — K*K-7t7~ 7 (bottom right). The data
is presented in black, the total fit as the red solid line and the mass of the 7. according to the
PDG as the red dashed line.
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Figure B.11.: Invariant mass spectrum of 7. candidates summed over all final states for the
4600 data sample (top left), the 4620 data sample (top right), the 4660 data sample (bottom left)
and the 4700 data sample (bottom right). The data is presented in black, the sum of all fitted
functions for each final state as the red solid line, the sum of all background components as the
dashed red line, the sum of all signal components as the solid green line and the mass of the 7,
according to the PDG as the green dashed line.
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Figure B.12.: Likelihood profiles of the . fit for the 4600 data sample (top left), for the 4620
data sample (top right), for the 4640 data sample (middle left), for the 4660 data sample (middle
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scan values are shown as the black markers, the fit with an asymmetric Gaussian function is shown

as the solid red line, the 90 % area under the peak is shown in green and the resulting upper limit
is marked with the black dashed line.
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C. Machine Learning for Event Selection

As mentioned in Section [5.2.1 one way of optimizing the significance of the signal over the
background is by a multidimensional cut optimization. In the context of this thesis also
a different method was tested, which relies on an artificial neural network. In this case
the neural network is realized as a multilayer perceptron [257-260] with an activation

function of the hidden neurons given by a logistic function [261,262]:

1

0,z ;) = T+ exp(—a,,)’ (C.1)

Here Oij(x) is the output of neuron i in layer j, where z, .

;18 calculated as a weighted

sum over the outputs of the neurons of the prior layer:

N
Lij = Z wioi,j—1($i,j_1)a (C.2)
i=1

where N; is the number of neurons in layer j. Different number of layers and neurons
were tested and in the end a network with two hidden layers, the first with twelve neurons
and the second with 3 neurons, was chosen. The resulting structure of the network can
be seen in the left part of Figure and as the input for the network different kinematic
variables are used. This was tested for the ' — nm ™7~ case and the variables used are
the invariant mass of the photons from the n — v decay, the invariant mass of the
nrt ™ system, the x? of the kinematic fit and the minimal distance of the invariant mass
of any background vy combination to the mass of the 7.

For the training of the network the inclusive MC is used, but with the background scaled
such that the number of signal and background events is the same. This is needed since if
the number of background events is much larger than the number of signal events, the
network tends to classify every event as background [263]. The resulting sample is split in
two samples of equal size and one of them is used for training and the other for validation.
For the training the Broyden-Fletcher-Goldfarb-Shanno algorithm [264-267] is used with
the training parameter set to 7 = 3. The training is done for a total of 50 epochs, to
reduce the mean squared error between the training sample and the predictions of the
network. As can be seen in the right part of Figure slight overfitting appears, as the
loss of the training sample starts to deviate from the loss of the validation sample after

five epochs. The result for the weights after the training can be seen in the left part of
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C. Machine Learning for Event Selection

Figure as the thickness of the lines and it turns out, that the invariant mass of the
nm 7~ has the largest impact on the output.

After the training the neural network can be used on the training sample and the result
is presented in Figure [C:2] As can be seen the signal shows a clear peak at an output
value of 0.9, while the background basically peaks at 0, which means that signal and
background can be separated. However, for the final analysis the total inclusive MC
sample has to be investigated, which is shown in Figure Here it can now be seen,
that also the background shows a peak at high Output values, which can be explained
by the fact, that not all background components can be classified as such with the input
variables that were used. From these plots a cut value on the output of the neural network
is now defined via a figure-of-merit, which is defined as for the conventional optimization
in Equation . This results in an optimal cut value on the output of the network of
0.71. Comparing the resulting figure-of-merits from the conventional optimization with
that of the neural network shows that the neural network performs slightly better with
an improvement of the FOM of ~ 10 %.

However, in the end it was decided to not use the neural network for discriminating
signal and background because of the interpretability of the procedure. While for the
conventional method the applied selection criteria all have a physical interpretation, it is
not entirely clear how the network assigns the weights. In addition, for the conventional
method approved methods for determining systematic uncertainties coming from the
event selection procedure are applicable. However, for the neural network this is less

straight forward.
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0.24
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Figure C.1.: Left: Structure of the tested neural network. The neurons are shown as the blue
markers and the thickness of the lines connecting them is proportional to the corresponding weight.
Right: Learning curves of the training for the training sample in blue and for the validation sample
in red.

162



100777 T T T 7T

n-nr'n
— signal
— background
— 10 o
Q L i
© | ety
P b 1
5 | ! l“"L
>
- 10 1.111“1. FL"IMN”., ]
= o
ol N I | -
L 1 N 1 | .
L i
0 0.2 0.4 0.6 0.8 1

Neural Network Output

Figure C.2.: Result of the training of the neural network for the training sample. Plotted is the
number of Events with a given Output of the network for the signal component (green) and the
background component (red) of the training sample.
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(red) of the inclusive MC sample. In addition, the figure-of-merrit with the resulting cut value is
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