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1 Introduction

Ever since ancient times people have been trying to figure out what the world around
us is made of. The idea that the world is built up from discrete indivisible particles
has been around as a concept in philosophy already by the ancient Greeks. Since
then we have come a long way to the first evidences of the atom in the 1800s [Dal42].
Later experiments by Rutherford and others [Rutll] showed that the atom which
was considered indivisible consists of a nucleus and an atomic shell. Not much later,
it was discovered that the nucleus consists of protons and neutrons [NV17| and
that the shell is built up from electrons [Ast20]. In the modern times of particle
physics, the standard model has been developed to explain many but not all of the
features of particles in the universe. One part of the standard model is quantum
chromodynamics (QQCD) which describes the interaction of quarks and gluons. These
among other things build up the protons and neutrons. The quarks and gluons carry
a so called color charge and QCD predicts a behavior called confinement which
allows only color neutral states to exist. This can for example be achieved by three
quarks with different colors or a quark antiquark pair with a color and corresponding
anticolor. Particles built up from three quarks or three antiquarks are called (anti-)
baryons and particles built up from a quark and an antiquark are called mesons.
Additionally to these two kind of particles, for which much evidence has been found,
in theory more combinations are possible. These are called exotic states and could
be states consisting of more quarks or even have a gluon as a constituent particle.

To get a deeper understanding of the standard model larger and more complex
experiments are needed. A big part of the research in particle physics is done in
particle accelerators one of which is the BEPCII in Beijing. BEPCII accelerates
electrons and positrons and brings them to collision inside the BESIII experiment.
The BESIII experiment was built for the purpose of 7- and charm- physics and
has produced many important contributions to this aspect of the standard model.

One part of charm physics is the investigation of the charmonium spectrum. A
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charmonium state is built up from a charm and an anticharm quark and in principle
its properties can be calculated from QQCD with some approximations. During the
measurement of the charmonium spectrum, particles were found that could not be
described as a charmonium state, like the X(3872) that was found in 2003 [CT03|.
Another possibly exotic state in the charmonium region is the Y (4260) that was
discovered two years later [AT05b]. The reason why these particles are believed to
be exotic is because their decay pattern does not fit into the expectations for a
charmonium state at the corresponding masses or they are simply supernumerary.
Additional research on the Y(4260) particle showed that the spectra produced by
the particle might in fact be the result of two particles Y (4220) and Y(4320) that
overlap [AT17b].

To get additional information on this puzzle, the reaction ete™ — ppw is investigated
in this thesis. This is done to see whether there are contributions of the Y (4260)
decaying to ppw. In order to do this, data that has been taken in the energy region
4.0GeV < /s < 4.6GeV in the period between 2011 and 2017 by the BESIII
experiment is analyzed. Criteria are developed to get data samples with preferably low
background. These data samples are then used to look at spectra of the subsystems
to identify underlying production processes. In the end, the cross section of this
process is calculated for the first time and a search for (exotic) resonances in ete™ —
Y — ppw is conducted. No significant signal is observed and consequently upper
limits are derived, both for the Y (4260) decay to ppw and for other possible exotic
states Y.



2 Theory

To understand the theoretical nature of the analyzed reaction many different models
have to be considered. The most used model is the Standard Model of particle

physics.

2.1 Standard Model of particle physics

The Standard Model of particle physics contains several particles that are displayed
in Figure[2.1] Furthermore, for each particle there is an oppositely charged antipar-
ticle. On the one hand there are fermions which have a spin of s = /2 and on the
other hand there are bosons with integer spin.

Bosons with a spin of s = 1 are called gauge bosons and are the carriers of the fun-
damental forces: The photon for the electromagnetic force, the gluon for the strong
force and the Z° /W= bosons for the weak force. Additionally there is the Higgs boson
which is scalar (s = 0) and is the reason for the mass of the quarks, the mass of the
charged leptons and the mass of the gauge bosons [Elel8|.

Fermions are divided into leptons (electron, muon, tau and the corresponding neutri-
nos) and quarks (up, down, charm, strange, top, bottom) and form the conventional
matter. The main difference between these two kind of particles is that quarks cannot
exist as free particles, which can be explained by quantum chromodynamics (QCD),
the theory of the strong interaction. In QCD, quarks carry a so called color charge
which can either be red, green or blue and antiquarks carry the corresponding anti-
colors. Leptons do not carry such a color charge. The strong interaction allows only
color neutral states, so called hadrons, to be observed freely. This feature of QCD
is called confinement. In this model there are several possibilities for hadrons to be
build up from quarks and antiquarks. The conventional hadrons are (anti)baryons
(see Section [2.1.1), consisting of three (anti)quarks and mesons (see Section 2.1.2)),
consisting of a quark and an antiquark. Additionally, QCD predicts so called exotic
states (see Section which are neither of the former two alternatives |Elel8§].
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Figure 2.1 — The Standard Model of particle physics consisting of six quarks, six leptons,
five gauge bosons and the Higgs boson [Mis06]. In the top left corner the values for mass,
charge and spin are listed . The masses of the neutrinos are part of physics beyond
the standard model.



2.1 Standard Model of particle physics

To systematically examine both the particles of the Standard Model and composite
particles it is useful to define some properties of the particles, these are called quan-
tum numbers. An important quantum is the parity P which describes the behavior
of the particles wave function under spatial point reflection. It can have eigenvalues
of P = +£1. For particles which are their own antiparticles, it is also possible to define
the so called charge parity (C parity), which describes the behavior of the particles
wave function when exchanging particles with their corresponding antiparticles. The
C parity also has eigenvalues of C' = +£1.

Additionally there are the so called flavor quantum numbers isospin 73, strangeness
S, charm C, bottomness B’ and topness T'. The isospin is a quantum number corre-

sponding to the up and down quark with

Tg(u) = —l—%, Tg(d) = —5 and
o i : (2.1)
T3 (u) = —57 T3 (d) = +§

The strangeness S is the quantum number for the strange quark with
S(s)=-1 and S(8)=+1. (2.2)

C, B' and T are defined similarly [Dem10].
In a composite state the constituents can have an angular momentum L relative to

each other. Together with the spin s the particle has a total angular momentum of
J=5+L.

2.1.1 Baryons

A baryon consists of three quarks forming a color neutral state. Since quarks carry
a spin of s = 1/2, for a baryon the spin can either couple to s = 1/2 or s = 3/a.
The particles build up from quarks can be sorted into so called multiplet. In these
multiplets the particles are categorized according to their quantum numbers. The
multiplets containing baryons build up from the three lightest quarks are shown
in Figure [2.2| Here, on the axes the third component of the isospin 73 and the

strangeness S are shown.
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-1 12 0 +1/2 +

n(udd) p(uud)

2

S =32 -1 -1/2 0 +1/2 +1 +3/2
T T T T T T T TS
T3
A~ A° A* AT
0 [ J [} [ J [ J
(ddd) (udd) (uud) (uuu)
Z—* ZO*
-1 ([ J [ J
(dds) (uds)
E—* EO*
-2 [ J [ J
(dss) (uss)
o
-3 1 [ |p, 3 N
(ss8) 2

(a) Baryon octet with J =1/2 and P = +1. (b) Baryon decuplet with J = 3/2 and P =

+1.

Figure 2.2 — Baryon multiplets made from u-, d- and s-quarks. On the abscissa the third
component of the isospin 73 and on the ordinate the strangeness S is shown. The particles
are indicated by a dot (or circle) including their name and quark content |[Dem10].

Following group theory and the Pauli exclusion principle there are eight possible

ground state baryons with a spin of s = 1/2 and ten with a spin of s = 3/2, each with

an angular momentum of L = 0. The J = 1/2 octet also contains the two well-known

nucleons (proton p and neutron n), which form the nuclei of the matter surrounding
us. In Table some of the properties of the proton are listed. For a baryon the
parity P can be calculated via [Won98|

P

Table 2.1 — Properties of the proton. All values taken from [T118].

= (-1~

(2.3)

p

Quark content

uud

Mass m (938.272 081 + 0.000 006) MeV /c?
Life time 7 > 2.1 x 10% years
Charge Q 0
1
[sospin ;; +/1j2
Strangeness S 0
Total angular momentum .J 1/2
Parity P +1




2.1 Standard Model of particle physics

2.1.2 Mesons
S |p — 0_ S IP = 1_
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(a) Meson nonet with J =0 and P = —1. (b) Meson nonet with J =1 and P = —1.

Figure 2.3 — Meson multiplets made from u-, d- and s-quarks. On the abscissa the third
component of the isospin T3 and on the ordinate the strangeness S is shown. The particles
are indicated by a dot (or circle) including their name and quark content [Dem10|, edited.

A meson is a state consisting of a quark and an antiquark. Here the spin of the quark
and antiquark can couple to either s = 0 or s = 1. With an angular momentum of
L = 0 these mesons are called pseudoscalar (J* = 07) or vector mesons (JX = 17).
The corresponding multiplets are shown in Figure[2.3l An example for a vector meson
is the w meson, which also plays a role in the analyzed reaction. In Table some
of the properties of the w are listed. Because of the relatively short life time of the
w meson of 7 = (7.75 £ 0.07) x 10723 s [T 18], it can only be detected indirectly via
its decay particles. The main decay channel of the w meson with a branching ratio
of BR(w — i n®) = (89.2 + 0.7) % |TT18], is the decay into three pions, which
are pseudoscalar mesons,

w — (2.4)

The second most common decay is the decay
w — iy (2.5)

with a branching ratio of BR(w — 7t%y) = (8.40 +0.22) % |T™18].
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In Table some of the properties of the pions are listed. The 7° coming from the

w decay is also detected via its decay particles. Here the main decay channel is
™ = vy (2.6)

with BR(® — yy) = (98.823 +0.034) % |T*18].
At higher energies additional quarks come into play, which can also form hadrons.
In this thesis the charmonium mesons, which are built up from a ¢ and © quark, play
an important role and they are described in detail in Section 2.2
Tables and also contain the parity P which can be calculated for a meson,
via [TT18|

P = (1)1, (2.7)

Additionally for mesons which are their own antiparticles the C' parity can be calcu-
lated via |TT18|
C = (1), (2.8)

This means that some combination of quantum numbers cannot be realized for

mesons, which are [TT18§]
JPC =07, (odd J)~ T, (even J)". (2.9)
These quantum numbers and particles carrying them are called exotic.

Table 2.2 — Properties of the w vector meson. All values taken from |T118].

w
Quark content \/Li (uﬁ + da)
Mass m (782.65 £ 0.12) MeV /c?
Decay width I’ (8.49 4+ 0.08) MeV /c?
Life time 7 (7.754+0.07) x 1075
Charge Q 0
Isospin T 0
T3 0
Strangeness S 0
Total angular momentum J 1
: P -1
Parity C 1




2.2 Charmonium spectroscopy and exotic states

Table 2.3 — Properties of the pseudoscalar 7t mesons. All values taken from [T118].

nt /e Y
Quark content ud / du % (ut —dd)
Mass m (139.570 61 + 0.000 24) MeV /c? | (134.9770 + 0.0005) MeV /c?
Life time 7 (2.6033 £ 0.0005) x 10~%s (8.52+0.18) x 10~ s
Charge Q +1/ -1 0
Isospin T ! 1
T3 +1 / -1 0
Strangeness S 0 0
Total angular momentum J 0 0
. P -1 -1
Parity c — )

2.2 Charmonium spectroscopy and exotic states

A hadron is called exotic if it has a quark content that is neither baryonic (¢qq /
Gqq) nor mesonic (qq). Possibilities for such states would be a tetraquark (¢gqq), a

pentaquark (qqqqq or qqqqq), a hexaquark (gqqqqq, 999qqq or qqqqqq) and more.
Additionally gluons g could also play the role of a constituent and form glueballs

(99, 9gg, ...) or a hybrid, which has quarks and gluons as constituents (¢gg, ...). For
most of these states possible candidates have been found, but in many of these cases
multiple explanations are possible. Examples for possibly exotic states are the so
called XYZ state, which were found first in the context of charmonium spectroscopy.
Charmonium spectroscopy is a part of hadron spectroscopy, in which the spectrum
of charmonium is studied. Here especially the mass and widths as well as quantum
numbers and possible decays are analyzed. In theory the spectrum of charmonium
can be calculated from QCD. Because of the high mass of the charm quark (compared
to u, d and s quark) the relative velocity of the two quarks in the charmonium is
non-relativistic which makes it possible to use non-relativistic potentials to study

the charmonium spectrum. An often used potential is the Cornell potential [CLKO0S8|

V()= +or (2.10)

r
where k and o are model parameters which are determined by a fit to the experi-
mentally found charmonium states. For small distances the Coulomb-like potential

—* dominates, for larger distances the linear potential or dominates which is re-

IFollowing the naming scheme used in the PDG until 2017.
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sponsible for the confinement. For precise calculations relativistic corrections are
applied [CLKO0S|. In Figure the charmonium spectrum is shown. Here the theoret-
ically predicted and experimentally observed charmonium states as well as predicted
but yet undiscovered states are shown. Additionally Figure shows the XYZ states
in the charmonium regio. These states appear to have c¢¢ quark content, but do
not fit in the charmonium spectrum because of quantum numbers or a decay pattern
which does not fit the expectation or are just supernumerary. Many of these XYZ
states are considered to be either exotic states like hybrids or tetraquarks or are some
kind of molecule of loosely bound D mesons |Ols15]. The XYZ state that was discov-
ered first is the X(3872), which was seen by the Belle experiment in 2003 as a peak
in the invariant mass spectrum of w7t~ J /1 in the decay B — Kntw=J /4 [CT03].
The reason why this particle is considered to be exotic is its relatively small width
of I' < 1.2MeV /c? [T*18|, which is not to be expected for a charmonium state with
its mass of (3871.69 & 0.17) MeV /c? [T*18|, which lies above the threshold for the
production of two D mesons. The decay into D mesons, which consist of a charm
quark and a lighter quark (u,d,s), should be possible via the strong interaction and
would lead to a much bigger decay width.

In the reaction analyzed in this thesis the annihilation of an electron and a positron
is used to produce the desired final state. This leads to the fact that any directly pro-
duced state has to have the quantum numbers of the photon which are J7¢ =17,
Here the Y(4260) was reported by the BaBar (B and B-bar) experiment in 2005 in
the reaction ete™ — ygrmm ™ J /P [AT05b]. yisr is a so called initial state radia-
tion (ISR) photon that gets emitted by either the electron or the positron before
the collision. Later the BESIII (Beijing Spectrometer III) collaboration published
a fit to data on the same reaction (without the ISR photon) but with significantly
improved statistics. In this fit, which can be seen in Figure 2.5 two resonances were
used to describe the Y(4260) peak, which leads to a reduced mass and width of
the Y(4260) [AT17b|. In Table the fit values from the BaBar experiment, the
BESIII experiment, as well as the mean value calculated from the Particle Data
Group (PDG) are shown. Considering the charmonium spectrum the Y(4260) is
supernumerary, because in that mass region all possible J7¢ = 17~ states have

already been found, which is the reason why it is predicted to be exotic [Ols15|.

2In the spectrum of bottomonium, which are bb states, similar states have been found.

10
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Figure 2.4 — Charmonium spectrum with the established cc states depicted in yellow,
predicted but yet undiscovered charmonium states depicted in grey and XYZ states depicted
in red and violet. On the abscissa the JP¢ quantum numbers and on the ordinate the
masses are shown. Additionally the threshold for the production of two D mesons and the
threshold for the production of a D and D* meson are shown as a dashed line. Figure taken

from |Ols15].
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Table 2.4 — Fit values and properties of the Y(4260) of a fit from the BaBar collaboration,
the BESIII collaboration and the mean values calculated by the PDG. Values taken from
[AT05b, AT17b, TT18|.

BaBar BESIII PDG
Mass m (4259 & 8T2)MeV /c? | (4220.0 + 3.1 + 1.4)MeV/c? | (4230 & 8)MeV /c?
Decay width T (88 £ 2375 )MeV /c? (44.1 £ 4.3 £ 2.0)MeV /c? (55 + 19)MeV /c?
Tot. ang. momentum J 1 1 1
. P -1 -1 -1
Parity C 1 1 1
150

— -

Q I

o

S -

S 100}
e N

e B

R R

+

B i

T 501

O B
+ -

()

~— o

© L

0 |—

Figure 2.5 — Measured cross section o of the reaction ete™ — 7~ J /1 with two different
fits. The fit in red was performed with a coherent sum of three Breit-Wigner functions
and the one in blue was done with a coherent sum of two Breit-Wigner functions and an
exponential continuum |[A*17b].
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2.3 Born cross section

2.3 Born cross section

e~ w

Figure 2.6 — Schematic diagram of the reaction ete™ — ppw.

One way to find evidence for a vector exotic state is the examination of the cross
section of the reaction, because a resonance in the analyzed process would be visible
as a certain structure in the cross section. A value that is often used in this case is
the so called Born cross section ope,. For this cross section only processes of lowest
order are considered, the corresponding schematic diagram is shown in Figure [2.6]
In the real process, as it is measured in the experiment, also higher order diagrams
contribute. On the one hand it is possible that one (or more) of the initial state
particles (et or e~ for the analyzed reaction) can emit a real photon (or several
photons). This process is called initial state radiation and a corresponding schematic
diagram is shown in Figure[2.7al On the other hand the virtual photon can produce
an electron positron pair which then annihilates again to a photon, this would be
called vacuum polarization and can be seen in Figure[2.7b|

The cross section o can be calculated from the number of events /N and the integrated

luminosity Lip:

N
Lint .

Here L;, is the integral of the luminosity L over time

(2.11)

g =

Lint = /L(t) dt. (2.12)
To obtain the Born cross opem section from this, correction factors for the two

mentioned higher order effects have to be applied:

(1+6)(140y)

(2.13)

OBorn =

13
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Here (14-6,) is the ISR correction factor and (1+0y) is the vacuum polarization factor,
both of which can be calculated in the theory of electromagnetic force [Jegl1,Mit14],
called quantum electrodynamics (QED).

In Equation the number of events N is used to calculate the cross section.
This number can be calculated from the number of observed events N, for the

analyzed reaction, this gives:

N — Nobs
- ¢-BR(w — mrrm0) - BR(n — yy)

(2.14)

Here, ¢ is the efficiency of the analysis including the acceptance of the detector and
BR(w — tt ) = (89.2 £ 0.7) % |TT18] and BR(7® — yy) = (98.823 + 0.034) %
|[T*18| are the branching ratios of the decay of an w meson into three pions and the
branching ratio of the decay of the 7° into two photons. Inserting Equations

and in Equation gives:

Nobs
Ling - € - (1 +6;)(1 +6y) - BR(w = 7t n0) - BR(1® — yy)

OBorn = (2.15)
To see, whether the analyzed final state is produced in resonance, this Born cross
section is ploted against the center-of-mass energy, so a resonance can be seen as a

structure above the continuum production.

e’ Yisr p

Y :

e~ w
(a) Initial state radiation. (b) Vacuum polarization.

Figure 2.7 — Higher order effects contributing to the observed cross section.

14



2.4 Relativistic kinematic

2.4 Relativistic kinematic

In particle physics it is useful to use four-vectors to describe the kinematic of a
relativistic process. An important quantity is the four-momentum P, which is defined

as:
E/c

P:(f(j): Pa 1 (2.16)
p Dy

&

Here p'= (ps, py, p-)" is the particle’s three-momentum and E = /m? c¢* + ¢?p? is
the relativistic energy of the particle. The squared norm of the four-momentum is

defined as:
2. (2.17)

? - — iny
Since the norm of a four-vector is invariant under Lorentz transformation, the right
side of Equation (2.17) has to be Lorentz invariant, too. The quantity my,, is called
the invariant or rest mass of the particle [Nol10].
In any reaction, energy and momentum of the particles, i.e. the total four-momentum,
is conserved. For a reaction of the kind a +b — ¢ 4 d + e (like the reaction that is

analyzed in this thesis) this means
P, + P, =P, + Py + P.. (2.18)

From Equation (2.18) it follows that the mass of a particle (for example particle e)

that cannot be detected in an experiment can be determined by:
1 1
Minve = —[|Pel| = ~[|Pa + Py — Pe — Pa]. (2.19)

Another case in which this notation can be helpful is when a particle cannot be
detected directly, but only via its decay particles (like the w meson). In the case that
the particle decays into three other particles (e — f + g + h) the decayed particle

can be reconstructed from the invariant mass of the system of daughter particles:

1 1
Mine = —[[Bell = Z [Py + By + Py | = g, (2.20)

15
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The concept of the invariant mass can also be used in the context of so called Dalitz
plots. For a reaction like the one considered in Equation (2.18) the differential cross
section do can be calculated as |Khol7|

d3ﬁc dgﬁd dgﬁe
(27)32E, (27)32F4 (27)32E,

1
do = (2m)%0 (P — P 2 2.21
7 = (2r)'6 (Bi— P) ol M| 221
Here 6 (P — P;) with Pf = P, 4+ Py + P, and P; = P, + Py, is the conservation of four-
momentum, F = 4,/(P, - P},)2 — m2m2c? is the flux factor, K = (2s, + 1)(2s, + 1)
with s; being the spin of particle j is the spin multiplicity of the incoming particles
and |M|? is the transition matrix element. It can be shown (see [Khol7|) that this

is equivalent to

do ~ dm?, dm?,, (2.22)

i.e. the differential cross section is determined by the invariant mass of two of the sub-
systems of the outgoing particles. In a Dalitz plot the number of events in dependence
of the invariant mass of two of the subsystems is shown®, If in the reaction interme-
diate resonances would play a role or there is some kind of final state interaction,

one would expect certain structures in the Dalitz plot [Khol7].

3 Another possibility is a Dalitz plot in dependence of the kinematic energy of the particles.

16



3 Experimental setup

The datasets that are analyzed in this thesis were collected at the BESIII experiment
which is located at the BEPCII (Beijing Electron—Positron Collider II) particle
accelerator. BEPCII is a part of the Institute of High Energy Physics (IHEP) in
Beijing. In the next sections BEPCII and BESIII will be described.

3.1 BEPCII

.\ 3 YN
BB, s -

"o M % . LN R .

(b) Picture of BEPCII buildings \\

(a) Schematic view of BEPCII \\

Figure 3.1 — Left: Schematic view of BEPCII with a zoom into the interaction point (IP),
here information on the crossing angle, the bunch spacing and size are listed. The red and
blue lines and dots are the beam line for the electron and positron respectively.

Right: A picture of the BEPCII buildings, including the buildings around the storage ring,
and the linear pre-accelerator in the top right.

BEPCII, which is an upgrade of BEPC built in the 1980s, is an electron positron

collider designed for eTe™ collisions at center-of-mass energies between 2 and 4.2 GeV
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3 Experimental setup

with a design luminosity of 1 x 10*3*cm™2s™! at /s = 3.78 GeV |Har06|. Later, the
energy region was expanded up to 4.6 GeV [Zwe09|. This energy region is suitable
for experiments to study charm and tau physics, amongst other things.

BEPCII has two beam lines, each with a circumference of 237.5m. The two lines,
one for electrons and one for positrons, depicted in red and blue in Figure [3.1a] cross
at the interaction point (IP), at which the BESIII experiment is built, at an angle
of 22mrad. In each line, 93 bunches with a spacing of 8ns (or 2.5m) and a length
of 1.5cm circulate simultaneously [A*10]. The design parameters of BEPCII are
summarized in Table

Electrons and positrons inserted into the storage rings are pre-accelerated in a 202.4 m
long linear accelerator up to £ = 1.89 GeV. In addition to its purpose as an electron-
positron collider BEPCII can be used as a source for synchrotron radiation. For this
purpose several experimental stations have been installed around the collider, where
the synchrotron radiation coming from the storage ring can be used in all kind of

experiments [Har06].

Table 3.1 - BEPCII design parameters. Excerpt from [AT10].

Center of mass energy /s 2 —4.6GeV
Circumference C 237.5m
Peak luminosity L 1 x10%3cm—2st
Number of bunches Nyunen 2 x93
Beam current [ 2x091A
Bunch spacing d 2.5m / 8ns
Bunch length o, 1.5cm
Relative energy spread og, . /Ebeam 5x 107*
Crossing angle « 22 mrad

3.2 BESIII

The BESIII experiment is an upgrade to the prior existing BES and BESII experi-
ments with new and advanced detector technologies. BES was build for the purpose
of T and charm studies and began operation in 1989. In 1996, it was then upgraded
to BESII which was in operation until 2004. The newest update to BESIII, which
was completed in 2009, was necessary to account for the significantly higher statistics
that was targeted [AT10].
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Figure 3.2 — Schematic view of the BESIII experiment with the beams coming from
left and right. The different parts of the detector are depicted in colors: The multilayer
drift chamber (red), the time-of-flight system (orange), the electromagnetic calorimeter
(violet), the superconducting solenoid (green) and the muon identifier (blue). Original

picture from \\ edited in [Kell7].
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The detector consists of several systems of subdetectors with the purpose of particle
identification, energy and momentum measurements as well as triggering. These
subsystems, which can be seen schematically in Figure are: The multilayer drift
chamber (MDC), the time-of-flight system (TOF), the electromagnetic calorimeter
(EMC) and the muon identifier. Additionally, the detector contains a superconducting
solenoid generating a magnetic field inside the detector. A summary of the achieved
resolutions as well as some additional parameters for the different parts, which will
be described in more detail in the next sections, are displayed in Table 3.2l Here and
in the following, the z-axis is the angle bisector of the beam lines with the origin at

the interaction point.

Table 3.2 — BESIII detector parameters. Values taken from |A ™10, Har06].

Spatial resolution in R — ¢ plane or_4 130 pm
MDC Spatial resolution in z direction o, 2 mm
Momentum resolution o, /p at 1 GeV /c 0.5%
Energy loss resolution o4g/4,/(dE/dx) 6 %
TOF Barrel time resolution o, 100 ps
End cap time resolution oy gc 110 ps
EMC Energy resolution op/FE at 1 GeV 2.5%
Spatial resolution o, at 1 GeV 6 mm
Muon Spatial resolution o, 16.6 mm
Cut-off momentum pog 0.4MeV /c
’ Solenoid \ Magnetic field B 1.0T ‘

3.2.1 Multilayer drift chamber

The multilayer drift chamber is a detector subsystem designed to determine the
momentum of charged particles and to help identifying the particle’s type via its
specific energy deposit %.

A drift chamber is composed of an array of wires at high voltage. The chamber
is filled with a gas mixture which in the case of BESIII is 60 % Helium and 40 %
propane (C3Hg) |Har06]. When a charged particle enters the drift chamber it ionizes
surrounding atoms or molecules in the gas. The produced ions and electrons are
then accelerated towards the wires while ionizing additional atoms or molecules on

their way. This results in a cascade which can be seen as charge pulses in the nearest
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3.2 BESIII

Figure 3.3 — Schematic view of the multilayer drift chamber, with the inner chamber in
green, gold and gray and the outer chamber as the transparent cylinder around it \\

wires. As the particle propagates, it produces many of these cascades allowing for
a reconstruction of the particle’s trajectory. In order to get a good probability to
reconstruct the trajectory, multiple layers of drift chambers are used.

In Figure the layout of the BESIII multilayer drift chamber is shown, it consists
of an inner and an outer chamber with radii of r; = 60mm and r, = 800 mm,
respectively. The inner chamber is built up from eight and the outer one is built
up from thirty-five cylindrical layers of cells with an average half-width of 6 mm
and 8.1 mm, respectively. This gives a coverage of the 6 angle of: |cosf| < 0.93.
The spatial resolution of the MDC has been measured to be og_s = 130 pm in the
R — ¢ plane and o, = 2mm in z direction [AT09]. The MDC is placed inside a
superconducting solenoid which produces a magnetic field of B = 1T. Because of
this, the trajectories of charged particles are helices with the helices parameters being
dependent on the particles momentum. This allows a calculation of the momentum
of the particle at the vertex. Here, a relative resolution of o,/p = 0.5% at 1 GeV/c

is achieved [AT09].
dE

In addition to the momentum of the particle, the energy deposit per distance F can

be determined from the intensity of the charge pulses in the wires. For the BESIII

MDC a resolution of Z‘}f/;; = 6% has been measured |[A109].
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3.2.2 Time-of-flight system

Figure 3.4 — Schematic view of the time-of-flight system, with the barrel built up of two
layers of eighty-eight staggered scintillating bars each and the two end caps built up of

forty-eight fan-shaped scintillators [Har06].

With the time-of-flight system information about charged particles are gathered.
These information can be used for the purpose of particle identification. Additionally,
the TOF system can be used as a trigger.

The TOF system consists of three parts: The barrel and the two end caps (as
shown in Figure . The barrel is built up from two times eighty-eight plastic
scintillators arranged in two layers at a mean radius of ¥ = 870 mm and each end cap
is composed of forty-eight fan-shaped scintillators with an inner radius of ; = 410 mm
and an outer radius of r, = 890 mm. Readout of the scintillators is performed via
photomultipliers mounted on both ends of each element. With the geometry of the
elements used in the TOF a coverage of the 6 angle of | cosf| < 0.83 for the barrel
and 0.85 < |cosf| < 0.95 for the end cap is achieved. For the time resolution

values of oy g = 100 ps for the barrel and o, gc = 110 ps for the end cap have been

determined [A110].

3.2.3 Electromagnetic calorimeter

In the BESIII electromagnetic calorimeter the energy and position of electrons and
photons is measured. This gives additional information on the four momentum of

electrons which is also measured by the MDC. For photons the four momentum can be
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3.2 BESIII

Figure 3.5 — Schematic view of the electromagnetic calorimeter, with the barrel part in
blue and the enc caps in turquoise [Har06|.

completely calculated from the angles and the deposited energy in the electromagnetic
calorimeter.

The BESIIT EMC consists of 6272 thallium-doped cesium iodide crystals formed as
truncated square pyramids with a side length of 5cm on the front face, 6.5 cm on
the rear face and a length of 28 cm (15 radiation lengths). They are divided into the
barrel part and two endcaps with the crystals pointing towards the interaction point,
as can be seen in Figure . The inner radius of the barrel part is r; 5 = 940 mm with
a total length of [, = 2750 mm and the inner radius of the end caps is r; gc = 500 mm
at a position of z = £1380 mm. This leads to an angular coverage for the barrel of
| cos 0] < 0.83 and of 0.85 < | cos@| < 0.93 for the end caps. The spatial resolution
is 6mm at £, = 1GeV |[Har06].

When an electron or a photon enters such a crystal they produce an electromagnetic
shower via bremsstrahlung and ete -pair production and therefore deposit their
energy in the crystals. These function as scintillators and the produced light is
measured via photodiodes. The energy can then be calculated from the light yield
with a relative resolution of 2.5% at E, = 1 GeV |A*10].

3.2.4 Muon identifier

As the outermost part of BESIII, the muon identifier system is installed inside an

iron return yoke. This system’s main purpose is the distinction of muons and hadrons
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Figure 3.6 — Schematic view of the muon identifier with the iron absorbers in red and the

resistive plate chambers in gray [Har06|.

(mostly pions) by their hit pattern in the yoke which has the purpose of containing
the magnetic field. Electrons and positrons, as well as strongly interacting particles
like pions cannot penetrate the iron and give therefore a different signature in the
layers.

Again, this subdetector is divided into a barrel part and two end caps. As can be
seen in Figure[3.6] the barrel part consists of nine layers of resistive plate chambers
(RPCs) and the end caps consist of eight layers of RPCs, each with a thickness of
4 cm. The single layers are separated by iron with increasing thickness: First three
layers with d = 3 cm, then two layers with d = 4 cm, followed by three layers with
d = 8cm and a last layer with d = 15cm).

A resistive plate chamber is a particle detector similar to the drift chambers where
the incoming charged particles ionize a gas mixture inside a volume that is enclosed
by electrodes under high voltage. The ionized molecules and the electrons produce a
cascade and can be measured as a charge pulse in the electrodes. Due to a segmenta-
tion of the electrodes a spatial information of the detected particles can be obtained,
which for BESIII gives a resolution of ¢, = 16.6 mm.

Since the muons already loose energy in the inner detector parts there is a cut-off mo-
mentum under which the muons cannot reach the identifier system and can therefore
not be detected. This cut-off is at pog = 0.4 MeV /c.
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3.3 Datasets

3.3 Datasets

The datasets analyzed in this thesis have been taken at the BESIII experiment in the
period between 2011 and 2017 for the purpose of XYZ studies. The center-of-mass
energies and the integrated luminosities are listed in Table [3.3] Since at the end an
energy dependent cross section will be calculated, only datasets with Ly, > 100 pb~*
are used, because in smaller datasets the expected statistics would be too small for

the chosen analysis strategy.

Table 3.3 — Datasets used in this analysis with their center-of-mass energy and integrated
luminosity.

Center-of-mass energy | Integrated luminosity
Dataset
V/'s/MeV Lin/pb~!
4040 4007.6 + 0.8 482.0 £4.8
4180 4178.4 + 0.8 3161.0 + 31.8
4190 4188.8 +0.8 522.5+3.4
4200 4198.9 4+ 0.8 524.6 + 2.5
4210 4209.2 4+ 0.8 518.1 4+ 1.8
4220 4218.7+ 0.8 514.3+1.9
4230 4226.3 £ 0.7 1056.4 + 7.1
4237 4235.7+ 0.8 530.6 +2.4
4246 4243.8 + 0.8 537.4+ 2.6
4260 4258.0 £ 0.7 828.4 £ 5.6
4270 4266.8 + 0.8 529.7 + 2.8
4280 4277.74+0.8 1755+ 0.9
4360 4358.3 + 0.7 543.9 £ 3.7
4420 4415.6 = 0.7 1043.9+ 7.1
4600 4599.5 + 0.8 586.9 + 4.0

In addition, for each of these center-of-mass energies a Monte Carlo generator
was used to create a simulation of 550000 signal events. The events were cre-
ated using the generators KKMC and BesEvtGen. KKMC is a generator for pro-
cesses of the type ete™ — ff +n -y with f = u,7,u,d,s,c,b at energies from
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KKMC BesEvtGen

Figure 3.7 — Schematic diagram of the process ete™ — X generated with KKMC and
BesEvtGen. The left part including the electron and positron propagation, initial state
radiation, as well as the production of a cc-state through a virtual photon are generated
with KKMC. The right part including the subsequent decay of the cc-state into multiple
particles is generated with BesEvtGen |Pin0§|.

E = 2m.c* = (3553.72 £ 0.24) MeV [T*18| to £ = 1 TeV [JWWO00|. The decays of
produced charmonium states are then modeled by the generator BesEvtGen [PP07].
This is shown schematically in Figure BesEvtGen is based on the Generator Evt-
Gen which was originally designed for the study of B physics [RT07]. In BesEvtGen
any possible decay chain of a charmonium state can be generated with a variety of

different models. For this thesis, the decay chain is

ete” — pPpw,

w — o, (3.1)

= vy,

with all decays being evenly distributed in phase space. The events that are created
with KKMC and BesEvtGen are then processed by the detector simulation software
GEANT4 |A103] to generate a simulation file that can be handled similar to real
data, but that also contains information on the generated values for momentum and
energy of the particles.

To perform studies on possible background reactions an inclusive Monte Carlo sample
at /s = (4178.4 + 0.8) MeV is used. In this sample all known possible reactions at
that energy are simulated with their measured cross sections. For reactions where
no cross section has been measured yet, it is estimated according to the Lund model
[AH99| with the program LUARLW |HTO1].
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4 Analysis

In this chapter, the analysis steps that were performed are presented, starting with
the basic event selection, followed by cuts used for background reduction. After that,
results for invariant mass spectra, Dalitz plots, efficiency and ISR correction are
shown. Finally, the Born cross section for the reaction e™e™ — ppw and an upper

limit on the Born cross section for the process ete™ — Y — ppw are presented.

4.1 Basic event selection
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Figure 4.1 - Number of accepted photons for a simulation of the reaction eTe™ — ppw.
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Each event that is considered in the analysis has to fulfill the signature

ete” — pptyy. (4.1)
This is achieved by demanding exactly one good proton, antiproton, 7t™ and 7t~ track
in the event. In order to get a better efficiency, the number of good photons does not
need to be exactly two, but has to be at least two. The reason for this is that often
additional photons are produced in the interaction of particles with the detector.
An example can be seen in Figure [4.1] where the number of accepted photons in a
simulation of ete™ — ppw is displayed. It is seen, that the number of photons has a
maximum at two, but extends to higher numbers, even if only the two photons from
the 7° decay and potentially ISR photons were generated.

In order for a track to be considered a good track it has to fulfill various conditions.
On the one hand, a vertex cut is used which means that a track has to have a point
of closest approach to the interaction point (the vertex) inside a cylindrical volume
around the interaction point. This is achieved by requiring the vertex coordinates
to be V, = /VZ+V? < lem and |V.] < 10cm. On the other hand, the geometric
constraints of the detector have to be satisfied: For a charged track the polar angle
in the MDC is constrained by |cosf| < 0.93 and for a photon the polar angle in
the EMC is constrained by |cosf| < 0.8 or 0.86 < |cosf| < 0.92. For photons
some additional conditions have to be fulfilled: A minimum energy deposit in the
EMC of Enng = 25MeV in the barrel and Ep,gc = 50MeV in the end cap,
a timing cut of tgme < 700ns and a cut on the angle between the photon and
next proton/antiproton of <((p/p,y) > 10°/30°. The larger angle with respect to
the antiproton track is accounts for the large showers originating from antiproton
annihilation inside the calorimeter.

To determine the type of a track, the BESIII particle identification system is utilized
which can use information from all parts of the detector to calculate a probability
for a track to be a proton, pion, kaon, etc. These probabilities are compared and
then used to assign the track’s type.

A summary of the basic event selection criteria can be found in Table [4.1]
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Table 4.1 — Summary of the basic event selection criteria used in the analysis.

Number of good p/p tracks N,/N; =1
Event Number of good 7" /7t~ tracks Np+ /Np- =1
Number of good vy tracks N, >2

V, <lcm

Charged tracks Vertex cut V.| <10cm
Polar angle cut | cos 0] < 0.93

. : Ep > 25MeV
Minimum energy deposit Foc > 50 MoV

| cos O] < 0.8

Photons Polar angle cut 0.86 < | cosOgc| < 0.92

Timing cut temc < 700 ns

_ <(p,v) > 10°

Angle to next p/p <(p.y) > 30°

4.2 Kinematic fit and background subtraction

In order to get the two y’s that form the best ¥ candidate a kinematic fit of the
tracks and y showers to the hypothesis

hy: ete” = ppr n®, ©°—vyy (4.2)

is applied. In a kinematic fit the measured momenta of the particles are altered to
get compliance with conservation of four-momentum (four constraints), which may
not be satisfied due to uncertainties of the detector in the measurement. In this case,
an additional constraint on the invariant mass of the i candidate is added to the
kinematic fit. It is required to be exactly the mass of the 7t’. So in total there are
five constraints (5C). The fit is done for every possible combination of two photons
and the one that yields the best y? is kept as the 7.

The invariant mass spectrum of the three pions that form the w for the dataset at
Vs = (4178.4 £ 0.8) MeV after the kinematic fit can be seen in Figure 4.2 A peak
around the w mass above a continuous background can be seen. To subtract the

background contribution a quadratic fit of the form

f(Mptr-—m0) =@+ b Mptp—mo + - mfﬁﬂ,ﬂo (4.3)
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is applied to the data excluding the peak region (720 MeV /¢? < Matr-no < 850 MeV /c?)

which gives
Events
2.5MeV /c?’
Events

2.5(MeV /c?)?’

a=(428+5.6)

b= (—0.174 + 0.014) (4.4)

Events
2.5(MeV /c?)3”
The spectra including the background fits for the other datasets can be found in
Appendix [A.1] The subtracted spectra are later used to calculate the number of
observed events (see Section [4.5).

c=(1.81£0.08) x 107*

—+— Data
———— Data with red. background

Quadratic background fit

Events / 2.5 (MeV/c?)
H
[e}
o

100 i— c=(18.1+ O.8)><105Events(2.5(M|e\|//C2|)3)|-1
" } H W il
60;— mh NW | 0 .|| ' | ‘

F i Wil
game il Hull ”N il WH |
oA A MWMM‘JWM

Mo | (MeVIC?)

Figure 4.2 — Invariant mass spectrum of the three pions after the kinematic fit. A quadratic
fit excluding the peak region is performed to subtract the background.

A possibility to investigate on any potential background surviving the kinematic fit,
is the usage of the inclusive Monte Carlo sample. With this sample it is possible to
see whether an event passing the kinematic fits is a signal or a background event.

This can be seen in Figure [4.3] where the invariant mass of the three pions is shown
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4.2 Kinematic fit and background subtraction

for data and for the inclusive Monte Carlo set. Here, additionally the background
contributions are highlighted. After scaling the signal contribution and the back-
ground contribution to the integral of the corresponding contribution in data they

show reasonable compliance.
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Figure 4.3 — Invariant mass of the three pions after the kinematic fit. In black the data
is shown. The contributing reactions determined with the scaled inclusive Monte Carlo
sample are depicted in colors.

Now a cut on the x? of the kinematic fit with the hypothesis h; is imposed and for
different values of x2,, a figure of merit is calculated, which can be seen in Figure 4.4|
Here the x? distribution for data, for the inclusive MC sample and the corresponding
background contribution are shown. These are used to calculate the figure of merit
(FOM) which is defined to be

FOM = — 2 (4.5)

VS+ B’

with S being the number of signal events and B being the number of background
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events surviving the x? cut. The reason for this definition of the FOM is the wanted
maximization of the significance of the signal above the background. In the resulting
plot no maximum can be observed which means that no improvement of the signifi-
cance of the signal can be achieved by introducing a cut on the x?. Consequently no
cut, apart from convergence, is applied. Only the fitted values for the momenta are
kept.

400 UL L L L L L LI L B I L
—|— data
350 o
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H |:| background
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Figure 4.4 — y? distribution for data (black) and for the inclusive MC sample (blue). The
background contribution is highlighted in red. Additionally the figure of merit for different
values of the y?-cut is shown.
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4.3 Examination of subsystems

After the initial event selection and the kinematic fit, the reconstructed four-momenta
can be used to fill Dalitz plots with the invariant masses of the subsystems pp, pw
and pw of the three final state particles. Assuming the w couples equally to the
proton and antiproton, the invariant mass of the pw system and the pw system are
filled in the same histogram. To eliminate contributions stemming from background
reactions the plots are filled on the one hand side for the signal region which is
defined to be 740 MeV/c? < Mmyrrm < 820MeV/c? and on the other hand for
the two sideband regions 620 MeV /c? < Mytp—po < 700 MeV /c? and 860 MeV /c? <
Myt -0 < 940 MeV /c?. With the assumption that the background behaves equally
in these regions the background contributions can be subtracted from the Dalitz plot
by subtracting the corresponding sideband plots weighted by a factor of 0.5. The
corrected Dalitz plot with m7,, and m2, plotted against m_; is shown in Figure[4.5] for
data and signal MC from the dataset at /s = (4178.4 4 0.8) MeV. The corresponding
Dalitz plots for data from the other datasets can be found in Appendix[A.2] In the
Dalitz plots for data an enhancement at small invariant masses of the pp-subsystem
can be seen in all datsets. The Dalitz plot for the signal MC events is flat, which was
to be expected, since the events were generated evenly distributed in phase space.
In Figure the corrected Dalitz plot in dependence of m?, and m2, is shown
for the dataset at /s = (4178.4 +0.8) MeV. The plots for the other datasets are
displayed in Appendix [A.3] In the plots an enhancement on a diagonal line on the
top right can be seen, which corresponds to the enhancement seen in Figure [4.5]
Again the Dalitz plot for signal MC is flat. This means that the efficiency of the
analysis and the acceptance of the detector do not depend on the invariant masses
of the particles and are therefore just a function of the center-of-mass energy of the
dataset.

Another possibility to investigate the different subsystems of the final state is the
consideration of events in dependence of just one of the invariant masses of the
subsystems. This corresponds to projections of the Dalitz plots in Figures and
onto the ordinate and abscissa. For the dataset at /s = (4178.4 £+ 0.8) MeV these
spectra are presented in Figure[4.7] The spectra for the other datasets can be found in
Appendices and[A.5| Here, again, the enhancement at low pp invariant masses can

be seen. These low masses correspond to a small relative motion between the proton
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34



4.3 Examination of subsystems

-+ Data
— Signal MC

80

i
1)
=]

7

r=)

e
+ ;
et

@
S

6

Events / 0.044 (GeV/c?)
3

Events / 0.044 (GeV/c?)

5

@
=}
=}

4

S

40 3

S

2

=]

Q[T T TTT T[T TITT [T T[T [TTIT[TTTT[T

20
10

e b b b b b b e e 1
18 2 22 24 26 28 3 32 34 36 ;.8
mp,ﬁm/(GeV/c)

L L L L L L L L L L L L n L L L L i
2 2.5 3 35 4 9
[y (GeVic?)

(a) pp-subsystem. (b) p/pw-subsystem.

Figure 4.7 — Invariant mass spectrum of the pp-subsystem (left) and the p/pw-subsystem
(right) for the 4180 dataset.

and antiproton where final state interaction might play a role. Another possible
explanation for this enhancement is the contribution of the possibly exotic particle
X(1835) that has been seen by the BES collaboration in the decay J/i» — ypp [BT03|
and was later also seen in other decays like J/ib — ymfn’ |[AT05al. It has a
mass of Mx(sss) = 1826.515 ) MeV |T*18] and a width of T'x(igss) = 242+12 MeV
[T*18]. In the spectrum of the p/pw subsystem an ascent towards higher invariant
masses can be seen which has its origin in the structure that can be seen in the
pp invariant masses. To get a better view of possible contributions of intermediate
resonances the invariant mass spectra are also filled for the sum of all datasets which
can be seen in Figure . For the structure of the p/pw invariant mass spectrum
many different nucleon resonances N* could play a role. The ones with the biggest
branching ratio for the decay into p/pw are the N(1895) with a branching ratio
of BR(N* = Nw) = (28+12) %, a mass of Myases) = (1895 £25)MeV and a
width of I'yases)y = (120 £40) MeV, as well as the the N(2100) with a branching
ratio of BR(N* — Nw) = (15 £ 10) %, a mass of My(2100) = (2100 & 50) MeV and
a width of I'n2100) = (260 £ 60) MeV [T*18]. Because of their huge width and their
corresponding overlap it is difficult to exactly identify these peaks. For a deeper

analysis of these spectra, a partial wave analysis (PWA) would be necessary.
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Figure 4.8 — Invariant mass spectrum of the pp-subsystem (left) and the p/pw-subsystem
(right) for the sum over all datasets.

4.4 Determination of efficiency and ISR correction

The ISR correction factor (1+46,), needed to calculate the Born cross section from the
measured cross section (see Equation (2.13))), is determined with the event generator
KKMC. The correction factor depends on the center-of-mass energy /s and also
on the behavior of the Born cross section opem(1/s). Because of this, the correction
factor is determined iteratively. For the zeroth iteration, a constant cross section
is used. The resulting correction factors are then used to calculate the Born cross
section which than is fed again into the generator. This is repeated until the radiation
correction factors converge. In Figure [4.9 the correction factor after the first, second
and third iteration is shown. Since the relative deviation from the third to the fourth
iteration is negligible and lies within the uncertainty of the third iteration, the third
iteration is kept as the final value for the correction factor.

To determine the efficiency ¢ = % the signal MC samples are used. For each
center-of-mass energy the number of reconstructed events N, is determined via a

fit to the invariant mass spectrum of the three pions.
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4.4 Determination of efficiency and ISR correction
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Figure 4.9 — Radiation correction factor (1 + d;) in dependence of the center-of-mass
energy /s for the different iterations.

For the fit a Voigt profile V (m+y-n0), which is a convolution of a normalized Breit-
Wigner distribution L(mq+,-»0) and a Gaussian G (M +,-n0), is used to describe the

spectrum. It is defined as

Viimainm) =1 [ G\ Lo = ') (46)
0 1 2 r .
= I/ { exp (_mQ)] {— 5 dm’.
2mo? 20 27 (Mt g0 — Mg — M) + T2

Here I is a scaling factor, mg is the position of the peak, I' is the full width at half
maximum of the Breit-Wigner distribution and o is the standard deviation of the
Gaussian. The Voigt profile is used to account for the resolvable width of the w of
I' = (8.49 £ 0.08) MeV/c? |[T"18|, which was fixed to the PDG central value in the
fit, and the nearly Gaussian-like smearing of the detector which should be of the

same order of magnitude.
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In Figure the Voigt fit for the MC sample at /s = (4178.4 + 0.8) MeV is shown.

The fitted values for the parameters are
MeV /c?’
mo = (782.83 £ 0.04) MeV /c?, (4.7)
o = (5.44 4 0.05) MeV /c?,
x?/NDF = 914.1/87 = 10.51.

I =(7.7940.03) x 10*

The huge x2, is produced by a slight asymmetry of the peak, which can not be
described by the chosen profile. To get the number of reconstructed events from this
a symmetric interval around the peak is determined containing 95 % of the area of
the whole peak. The fitted function is then integrated in this interval and divided
by the number of generated events to get the efficiency. The difference between the
fit model and the spectrum has only a negligible effect.

The calculated efficiencies for all datasets are presented in Figure [4.11] It can be
seen that the efficiency decreases towards higher center-of-mass energies. This can
be explained partly by the fact that the ISR correction factor increases towards
higher energies so the efficiency gets reduced. Because of this dependency the more
meaningful quantity, is the product of the ISR correction factor and efficiency, which
is also plotted in Figure [4.11] For the product the slope is much lower as for the
efficiency, however, in both cases there are outliers at the 4040, 4230, 4360 datasets
and a small one at the 4260 dataset. These sets were taken before 2014 while
the others were taken after 2014. This is an effect produced by changes to the

reconstruction algorithm of tracks.
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4.4 Determination of efficiency and ISR correction
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Figure 4.10 — Voigt fit to the invariant mass spectrum of the three pions for the signal
MC sample at /s = (4178.4 £ 0.8) MeV.
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4.5 Determination of the Born cross section for

ete™ — ppw
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Figure 4.12 — Voigt fit to the invariant mass spectrum of the three pions for the data
sample at /s = (4178.4 £ 0.8) MeV.

The last quantity that is needed to calculate the Born cross section oy, is the
number of observed events N,,s. To get this number, the invariant mass spectrum of
the three pions is fitted with a Voigt profile, this time for the data samples. This is
shown in Figure for the dataset at /s = (4178.4 + 0.8) MeV, with parameters:

Events
I =4241+120————
2MeV /c?’
mo = (783.9 + 0.3) MeV /c?, (4.8)

o= (6.340.4) MeV/c?,
x?/NDF = 30.27/25 = 1.21.

The fits to the other datasets can be found in Appendix
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4.5 Determination of ogm(ee™ — ppw)

Integrating over 95 % of the area of the peak gives a number of observed events of
Nops = 1569 £ 39. (4.9)

According to Equation this gives a Born cross section of
OBorn = (3.17 £ 0.10) pb. (4.10)

The number of observed events N, as well as all other determined values needed to
calculate the corresponding Born cross section o, for all datasets, can be found in
Table A plot of the Born cross section in dependence of the center-of-mass energy
can be found in Figure [4.13] Here, a decrease of the cross section towards higher
energies can be observed. No significant structure corresponding to a resonance can

be seen. Additionally a continuum fit of the form [A*17a]

o= (€)’ o

S

is shown. The fitted values for the parameters are

C = (22.8 £ 0.5) pb"/* MeV,
A=4.0+0.3, (4.12)
x?/NDF = 33.79/13 = 2.60.

In the next step the cross section is fitted again to get upper limits on the reaction

including an intermediate Y state.
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Table 4.2 — Summary of the determined values needed to calculate the Born cross section for the different data samples. The
values for the vacuum polarization factors have been taken from [BES15]|, missing ones were interpolated using a polynomial of
third order.

4 Analysis

V's/MeV Lini/pb~! Nops e/% (1+446y) (14 6,) OBorn/Db
4007.6 £0.8 482.0 £ 4.8 319+ 17 | 14.60 £ 0.05 | 1.044 £ 0.005 | 1.191 £0.011 || 4.13 +£0.24
41784+ 0.8 | 3161.0£31.8 | 1569 =39 | 13.10 £ 0.05 | 1.056 = 0.005 | 1.283 £0.012 || 3.17 £ 0.10
4188.8 £0.8 | H5225+34 2394+ 15 | 13.10 £ 0.05 | 1.056 £ 0.005 | 1.291 £0.013 || 2.91 £ 0.19
4198.9 £ 0.8 524.6 =+ 2.5 2324+ 15| 13.07 £ 0.05 | 1.056 £ 0.005 | 1.294 +£0.013 || 2.81 = 0.19
4209.2 £ 0.8 518.1+1.8 205+ 14 | 12.81 £0.05 | 1.057 £0.005 | 1.292 £0.013 || 2.57 £ 0.18
4218.7 £ 0.8 514.3 +1.9 2194+ 14 | 12.86 £0.05 | 1.057 £ 0.005 | 1.300 £0.013 || 2.73 £0.19
4226.3 £0.7 | 1056.4 £ 7.1 444 4+ 21 | 13.17£+£0.05 | 1.056 £0.005 | 1.320 &£ 0.013 || 2.60 &= 0.13
4235.7 £ 0.8 | 530.6 £2.4 196 £ 14 | 12.93 +0.05 | 1.056 & 0.005 | 1.320 = 0.014 || 2.32 £0.17
4243.8 £ 0.8 5374+ 2.6 207+ 14 | 12.83 £0.05 | 1.056 £ 0.005 | 1.330 £0.013 || 2.42 £ 0.17
4258.0 £0.7 | 8284 +£5.6 336 £ 18 | 12.81 £0.05 | 1.054 £ 0.005 | 1.330 £0.013 || 2.56 & 0.15
4266.8 £ 0.8 529.7 £ 2.8 168 £12 | 12.60 = 0.05 | 1.054 & 0.005 | 1.319 +0.014 || 2.05£0.16
4277.7 £ 0.8 1755 +0.9 43 £ 6 12.42 £0.05 | 1.053 £ 0.005 | 1.322 £0.013 || 1.61 £ 0.25
4358.3 £ 0.7 | 543.9+ 3.7 193 +£13 | 12.23+0.05 | 1.051 2 0.005 | 1.3754+0.014 || 2.28 £0.17
4415.6 £0.7 | 1043.9+£ 7.1 327+ 18 | 11.52 4+ 0.05 | 1.053 £ 0.005 | 1.412 £0.014 || 2.07 = 0.12
4599.5 £ 0.8 586.9 +4.0 122 +11 | 10.35+0.04 | 1.055 & 0.005 | 1.546 4+ 0.016 || 1.40 £0.13
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4.6 Upper limit determination of ogom(ete™ — Y — ppw)
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Figure 4.13 — Calculated Born cross section opgm with a fit of the form ocony = (%))‘

4.6 Upper limit determination of the Born cross

section for ete™ — Y — ppw

To get an upper limit for the reaction efe™ — Y — ppw a fit with the sum of a
continuum (see Equation (4.11)) and a Breit-Wigner profile is used. On the one hand
the sum is treated as a coherent sum and on the other hand as an incoherent sum

of the two summands:

2

mI )
Ocoh = ’\/O-con + \/UYm exp(@qf)) ) (4'13)
mI’ 2
incoh — Ucon - 5 . 4.14
Tincoh = Tcon + Ty s —m?2+iml ( )

Here 0., is the continuum cross section, oy is the resonant cross section, which is

required to be positive, m and I' are the mass and width of a Y particle and ¢ is
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4 Analysis

a relative phase between the continuum and the Y, which is defined in the region
from 0 to 2x. First these fits are done with the mass and width of the Y fixed to the
PDG values of the Y(4260). This can be seen in Figure [4.14l The fitted values for

the coherent sum are

C = (23.6 £ 0.6) pb'/* MeV,
A=37404,
¢=3940.3, (4.15)
oy = (0.018 + 0.010) pb,
x?/NDF = 20.53/11 = 1.87,

and for the incoherent sum

C = (22.8£0.5) pb™* MeV,
A=4.0+0.3,
oy = 0.007555 pb,

x?/NDF = 33.79/12 = 2.82.

(4.16)

In the fit of the coherent sum oy converges to a value that agrees with 0 pb within
less than 20, so an upper limit is calculated instead of taking this as the result for
the cross section. For the incoherent sum oy converges to 0 pb so again an upper
limit is calculated.

The coherent sum contains a possible interference between the continuum and the
Y (4260) with a relative phase ¢. Since it is possible that there are multiple continuum
reactions, where the proton, antiproton and w meson are not produced directly but
via a resonance which is not the Y (4260), with possibly different relative phases, also
the incoherent sum is fitted to the data. To determine the different phases a partial
wave analysis would be needed.

The upper limit on the cross section o"P for the reaction ete™ — Y(4260) — ppw at
the confidence level CL is calculated from the fitted values for oy and its uncertainty
Aoy via [AT17a

o"P

[ exp (~452") do
0

[exp (—4:22) da
0

= CL. (4.17)

44



4.6 Upper limit determination of ogom(ete™ — Y — ppw)
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Figure 4.14 — Calculated Born cross section oo with a fit of a coherent and an incoherent
sum of the continuum and a Breit-Wigner profile.

This gives upper limits at the 90 % confidence level of

o"P = 0.032pb, (4.18)
ol® = 0.037pb. (4.19)

In the next step the above fits are done with values of the width and mass of the Y

fixed to different values. The mass is fixed to values

my; = 4150 MeV /c¢® +i - 1 MeV/c®,  withi=0,1,...,200 (4.20)
and the width to

[y;=30MeV/c® +j-1MeV/c?, withj=0,1,...,110. (4.21)

For each of the combinations, the upper limit at the 90 % confidence level on the

Born cross section opem(ete™ — Y(my,;I'y ;) — ppw) is calculated according to
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4 Analysis

Equation (4.17). These limits can be found in Figure for the fit with a coherent
sum and in Figure for the fit with an incoherent sum. Some sporadic outliers
can be seen, which probably correspond to fits that converge to a local minimum of
the x? and therefore do not match the smooth behavior of the surrounding points.
Additionally, the position of the Y (4260) according to the PDG [T*18]| is shown with
its uncertainties. In both plots the Y(4260) lies in or near the minimum of the plot,
which means that the best upper limit with this procedure can be given exactly for
this state. The rise of the upper limit towards smaller masses can be explained by
the cross section point at /s = (4178.4 + 0.8) MeV which allows narrow peaks.
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4.6 Upper limit determination of opom(eTe”™ — Y — ppw)
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Figure 4.15 — Calculated values for the upper limits aé‘fh and ailﬂioh in dependence of the

mass my and width I'y of the Y particle. The position of the Y(4260) according to the
PDG [T*18] is highlighted.
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5 Conclusion and Outlook

In this thesis the reaction ete”™ — ppw was investigated with data samples that
were taken at the BESIII experiment in the period between 2011 and 2017 in the
energy range from 4.0 GeV to 4.6 GeV.

The desired reaction was isolated in the data samples via basic event selection criteria
and it was shown that it can be seen significantly above a remaining background. A
kinematic fit was used to determine the two best y candidates. In the inclusive Monte
Carlo set a figure of merit was defined to optimize the significance of the signal above
the background. Here, no maximum was observed in the FOM in dependence of the
cut on the x2. Consequently no cut apart from convergence of the fit was applied.
The background was subtracted using a quadratic fit to the m+,-0 spectrum.
The subsystems pp, pw and pw were studied using Dalitz plots and their projections
corresponding to the invariant mass spectra of pp, pw and pw where m,, and mgpe
were filled in the same histograms. In these spectra an enhancement at low pp in-
variant masses was observed. This enhancement might be produced by contributions
of the particle X(1835) that was previously seen in invariant mass spectra of pp in
the decay J/i» — ypp by the BES collaboration |[BT03|. The width of the structure
roughly matches the width reported in the PDG of T'x(1s35) = 242713 MeV [T*18].
To identify additional contributions of intermediate resonances and also get detailed
information on the X(1835), a partial wave analysis is necessary. In the spectrum
of the p/pw invariant mass one might expect the presence of N* resonances which
could also be resolved by a PWA.

The ISR correction factors were determined using the event generator KKMC. Con-
vergence of the used iterative method was observed after the third iteration. In the
determination of the efficiency signal Monte Carlo samples were used and the result-
ing invariant mass spectrum of the three pions was fitted using a Voigt-profile. It was
observed that the line shape in the simulation could not be fully described by the

Voigt profile because of a small asymmetry of the peak, resulting in a relatively large
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5 Conclusion and Outlook

X%q- A similar feature was seen in the spectrum gathered from the data samples.
This asymmetry is probably produced by detector effects since in the signal Monte
Carlo, where the w is produced perfectly symmetric the same effect can be seen. In
the behavior of the efficiency in dependence of the center of mass energy some outliers
were observed which were produced by changes in the reconstruction software of the
experiment.

In the last step, the number of events in the data samples was determined us-
ing again a Voigt fit. These values were then used to calculate the Born cross
section opom(ete” — ppw). The observed values are in the same order of mag-
nitude as in similar reactions like opom(ee™ — ppn) = (1.80 £+ 0.13) pb |Blo18§]
and opom(eTe” — ppn®) = (3.6 £0.4)pb |[AT17al, each at /s ~ 4190 MeV. To
get an upper limit on the Born cross section of the reaction efe™ — Y — ppw
a fit with a sum of a continuum and a Breit-Wigner distribution was used. The
= 0.022 pb and
= 0.050 pb, respectively. Additionally, the upper limits were calculated for

calculated upper limits for the Y(4260) were determined to be o,
up

Oincoh

varying masses and widths of a possible Y particle. Here, a smooth behavior with a
few outliers was observed, with the minimum being in the vicinity of the Y (4260).
The rise of the upper limits towards smaller masses can be explained by the point
at /s = (4178.4 £ 0.8) MeV, which allows peaks in this region.

All'in all in this thesis it was possible to get a clear signal of the reaction ete™ — ppw
in the datasets used. With the obtained Born cross sections it was possible to cal-
culate the first upper limit on the reaction ete™ — Y(4260) — ppw. To include the
possibility of identifying additional charmonium or charmonium-like states in the
cross section additional high luminosity data samples at energies between 4280 MeV
and 4600 MeV would be needed. Such data samples are already proposed to be taken
by the BESIII experiment in the next year. Another step to improve the analysis
would be the implementation of a partial wave analysis to get a better understanding
of the contributing intermediate resonances, so the different phases, that would be
needed for a rigorous treatment of the coherent sum of signal and background, can
be extracted. Additionally, until now only statistical uncertainties were considered

in the analysis, in future steps the systematic uncertainties should be determined.
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A.1 Background fits to the m_ .0 spectra
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A.l

Background fits to the m+,-0 Spectra
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Figure A.3 — Dalitz plot with the squared invariant masses m
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A.6 Voigt fits to the corrected m_ .0 spectra
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