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ABSTRACT

A detailed analysis of ¥(29) — Q~QF ( Q™ — AK~, A — pr—, QY — AK™* and
A — prt ) decay channel has been undertaken in this work. About 14 million 1(25)
decays recorded by Beijing Spectrometer II (BESII) at Beijing Electron Positron
Collider (BEPC), have been used. In earlier measurements of ¢(25) — Q~QF, no
significant signal of Q= or QF was found. Through a new technique of selecting
events with one missing charge track also, we report a first evidence of 2~ and Q7
signals with statistical significance levels of 5.3 ¢ and 4.6 o, respectively. A branching
fraction of 1(25) — Q~QF has been determined to be (3.21 + 1.25 4 0.97) x 1075.

The errors are statistical and systematic, respectively.
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Chapter 1

INTRODUCTION

High energy physics [1, 2] deals with theoretical as well as experimental techniques for
studying fundamental particles and their interactions. Theoretical approach includes
mainly the mathematical framework of quantum field theories ([3], [4], [5], [6], [7], [8],
9], [10]). On the experimental side, to probe the fundamental issues of the universe,
the accelerator and detector technology is playing an extremely important role ([11],
12), [13], [14], [15)).

In high energy physics laboratories, complexity of fundamental physics is investigated,
by running either fixed target ([16], [17], [18]) or collider experiments in desired energy
range ([11], [12], [13], [14], [15]). In these experiments, available energy of the system
is used to examine fundamental particles (quarks and leptons) and their properties.
Quarks have never been observed directly by the detectors [19, 20]. Instead, their
signatures are left in the form of their bound states called hadrons: baryons and

mesons [21, 22]. Hadrons are both stable or unstable. The unstable ones decay into



stable products that are observed directly by the detectors. Direct observations of
stable particles by the detectors, after necessary processing, are used to reconstruct
physics of their primary hadronic sources (23], [24], [25]). Physical aspects of partons:
quarks, antiquarks and gluons, are approximated, through characteristic study of
hadrons.

Among quark categories, Charm quark is of great importance. It is the first heavy
quark. Its properties can play a prototype role for other two heavy quarks: bottom
and top. At Charm Factories (such as SLAC, CLEO and BES), properties of Charm
quark and its antiquark are investigated through study of their bound states: the
charmonia [26]. 1(25) is one of these states whose decay dynamics is investigated to
determine physical quantities such as probability of 2~ production in (2S) decays.
We have studied 1(25) — Q~QF decay process, using 14 x 106 1)(2S) decays recorded
by BESII detector at Beijing Electron Positron Collider (BEPC) storage ring [27].
Analysis has been performed using dominant decay modes of Q= and QF ie., Q= —
AK~ and Ot — AK™*. Using a new analysis approach of selecting events with one
missing charge track also, first evidence of 1(25) — Q~Q7F is reported, with Q= and
Ot having statistical significance levels of 5.3 o and 4.6 o, respectively. A branching
fraction of this decay process is determined to be (3.21 £+ 1.25 + 0.97) x 107°. The
errors are statistical and systematic, respectively. Analysis details of this study are
provided in chapter 5. Before that, first of all, in chapter 2, we go through main
concepts of particle physics, especially meson and baryon multiplets, within the quark

model. The BESII experimental setup used for recording 14 million ¢(2S5) data is



described in third chapter. In fourth chapter we make a brief literature survey of
electron positron annihilations with special reference to formation of charmonium
states and their decays. In this chapter, important decay aspects of Q= and QF are
also discussed. In last chapter we discuss the analysis approach, physics results and

draw conclusions in a future perspective.



Chapter 2

PARTICLES AND THEIR

INTERACTIONS

Standard Model of Particle Physics, provides the best approach for understanding of
important physical aspects of fundamental particles and laws governing their inter-

actions [28, 29]. A brief of preliminary concepts, is given in the following sections.

2.1 Fundamental Particles

Basic constituents of matter comprise of twelve fundamental fermions (spin-1/2 par-
ticles); six quarks and six leptons. Quark flavors are: up (u), down (d), strange (s),
charm (c), bottom (b) and top (t) whereas leptons include: electron (e~), electron-
neutrino (v,), muon (=), muon-neutrino (v,), tau (7~) and tau-neutrino (v,). Cor-
responding to these fundamental particles, there are six antiquarks: anti-up (u), anti-

down (d), anti-strange (), anti-charm (¢), anti-bottom (b) and anti-top (£), and six

4



antileptons: anti-electron or positron (e*), anti-electron neutrino or positron-neutrino
(7), anti-muon (p*), anti-muon neutrino (7,), anti-tau (7+) and anti-tau neutrino
(7;). In each such pair, particle and antiparticle have equal masses but equal and
opposite quantum numbers like; electric charge(Q), lepton number(L), baryon num-
ber(B), etc.

Electrically charged leptons and antileptons experience electromagnetic as well as
weak force whereas neutral ones experience only weak interaction. Each candidate of
lepton family is assigned a lepton quantum number according to its generation; elec-
tron lepton number of 1 (L, = 1) for e~ and v, muon lepton number of 1 (L, = 1) for
p~ and v, and tau lepton number of 1 (L, = 1) for 7~ and v,. Corresponding to each
lepton generation, an antilepton generation is assigned a lepton quantum number of
-1. In this way, there are three separate conservation rules regarding; 'electron lepton
number’, 'muon lepton number’ and 'tau lepton number’, found satisfied one by one in
all electroweak processes, provided the corresponding neutrinos are massless [30, 31].
Additive quantum numbers along with mass estimates for known lepton generations
are given in Table 2.1.

Each quark flavor, in addition to the electric and weak charges, is assigned a color
charge, which accounts for strong interaction among the quarks. By convention,
quarks are assigned positive parity whereas antiquarks negative. In addition, quarks
have a baryon quantum number 1/3 and anti-quarks -1/3. Main additive quantum
numbers of quark flavors along with their constituent quark masses, are listed in Ta-

ble 2.2. These quantum numbers are related to charge ) of any quark flavor through



Table 2.1: Additive quantum numbers of leptons [30, 32]

Q| Le | L, | L; | Mass (MeV/c?)

e | =1|+1] 0| 0]=0511
ve | O] +1] 0] 0]<0.01
pm | =1 0| 41| 0|=10566
ve | 0 O|+1] 0]<0.16
=1 0| 0|41]|=1777

vy O 0 O|+1|<L18

generalized Gell-Mann-Nishijima formula:

B+S+C+Bt+T

:Iz )
@ + 5

where I,, B, C', Bt and T denote the quantum numbers: z-component of isospin,
Baryoness, Charmness, Bottomness, and Topness respectively. Conventionally, their

signs are taken as those of their electric charge @ [31].

2.2 Fundamental Interactions

Fundamental particles can interact through Strong, Weak, Electromagnetic and Grav-
itational forces. Two of these forces; Electromagnetic and Weak, unified into Elec-
troWeak force are studied in the framework provided by ElectroWeak theory [29]

(also known as the minimal Standard Model). The strong force is investigated in a



Table 2.2: Additive quantm numbers of quarks [31, 32]

d u S c b t
Electric Charge (Q) —3 +2 -3 +2 —3 +2
Isospin (I) : : 0 0 0 0
[sospin z-component (I) -1 +1 0 0 0 0
Strangeness (S) 0 0 -1 0 0 0
Charmness (C) 0 0 0 +1 0 0
Bottomness (Bt) 0 0 0 0 -1 0
Topness (T) 0 0 0 0 0 +1
Constituent Quark Mass (GeV/c?) | ~0.31 | ~0.31 | ~0.50 | ~ 1.6 | ~ 4.6 | ~ 180




theory called Quantum Chromodynamics (QCD) [29]. The extended Standard Model
includes ElectroWeak theory and Quantum Chromodynamics.The gravitational force
is not a part of the Standard Model. The forces are mediated through exchange
of intermediate particles of integer spin, called gauge bosons. Electromagnetic force
is mediated through photon (7). All the extra-nuclear physics such as; binding of
electrons with the nuclei and the intermolecular interactions in liquids and solids,
are due to electromagnetic force. Weak force is mediated through W=+ and Z°. Its
typical example is slow nuclear -decay process in which a radioactive nucleus emits
an electron and its antineutrino. Strong force is mediated through gluons. Mediating
gluons themselves have color charge and consequently interact strongly. The strong
force is responsible for keeping quarks and antiquarks bound inside hadrons [29]. The
Gravitational interaction is assumed to mediate through exchange of spin 2 gauge
bosons called gravitons. All the particles with non zero mass experience this force.
At quantum level, the strength of gravitational force is negligibly smaller as compared
to the strengths of other three forces. A rough comparison among the strengths of
these forces, for two protons just in contact, is as follows [32]:
Strong FElectromagnetic Weak — Gravity

)

a a x 1072 ax107" ax 10739

where a is the strength of strong force between the two protons. The comparison
indicates that the strong force is the prominent one. The hadrons formed under the
action of this force are categorized according to their quantum numbers.

As (25) — Q~QF involves mesons as well as baryons, it is important to know their

nature and properties amongst the known hadron families. For this purpose, in the



following two sections, we will explain the way hadrons are classified based upon their

properties acquired from constituent quarks and/or antiquarks.

2.3 Mesons

In quark model, bound state of a quark and an antiquark; ¢, is called meson, where
g and ¢ may be of same or different flavors. As quarks have baryon number 1/3
and antiquarks -1/3, mesons have baryon number zero. Total angular momentum
J (in this case spin) of a meson arises from its orbital angular momentum and spin
angular momentum of quark antiquark pair: J = L 4+ S. Spin angular momentum
quantum number j satisfies the inequality ||—s| < j < |I+s|, where [ is orbital angular
momentum quantum number and s is spin quantum number. As quark and antiquark
may be aligned or anti-aligned, s has two values: 0 and 1. Parity and C-parity or
charge conjugation of a meson are evaluated using the relations: P = (—1)*! and
C = (=1)"**. When isospin I of meson is also considered, relation for C-parity is
generalized to G-parity: G = (—1)""*5. Ground state mesons with [ = 0 and s = 0,
are called pseudoscalar mesons and their parity and C-parity are found to be —1 and
+1, respectively, giving j7¢ = 0~ *. For [ = 0 and s = 1, set of states is called

vector mesons for which j7¢ = 1= ~. For excited state mesons with n > 2, where

n is principal quantum number and [ = 0,1,2,...,n — 1, j¥¢ values are obtained in
the same way. Mesons with same j7¢ values are placed in same group called meson
multiplet. In this way, for three quark flavors: up, down and strange, for each of the

ground and excited states, there exists a nonet of mesons. The ground state mesons



Figure 2.1: SU(4) meson multiplets made of up, down, strange and charm quark
flavors. (a) SU(4) 16-plet for pseudoscalar mesons and (b) SU(4) 16-plet for vector
mesons. The nonets of pseudoscalar and vector light mesons make the central planes.
These planes also contain c¢ states [31].

10



with [ = 0 and s = 0, have three possibilities of strangeness: 0, +1 and —1. For
isospin, there are three possible values: 0, +1 and 1/2. With zero strangeness, there
will be five ¢¢ combinations including: u@, dd, ud, di and s5. They are subgrouped
using their isospin values i.e. 0 or +1. For isospin +1, there is a triplet of states: 7°
(I, =0), 7~ (I, = —1) and " (I, = +1). For isospin zero, there exist two isospin
singlet states called eta (1) and eta-prime (n') which are mixture of uu, dd and s3
combinations. With strangeness +1 and isospin +1/2, there is a doublet of states:
Kt (I, =+1/2) and K° (I, = —1/2). There is another doublet, for which isospin is
+1/2 and strangeness is —1: K~ (I, = —1/2) and K° (I, = +1/2). In this way, a
nonet of the pseudoscalar mesons is obtained [33]. For vector mesons; [ = 0, s = 1
thus j = 1, in one-to-one correspondence with the pseudoscalar mesons, there exists
a nonet [33].

When charm quark is included by extending SU(3) to SU(4), due to its much larger
mass, SU(4) is badly broken. By plotting third component of isospin, hypercharge
and charmness of sixteen mesons in SU(4) classification, the weight diagrams for
ground state pseudoscalar mesons with j7°¢ = 0~ * and ground state vector mesons

PC =1~ =, are as shown in Fig. 2.1 [31]. These diagrams contain 16-plets of

with j
pseudoscalar scalar mesons and vector mesons. SU(3) nonets of ground state pseu-
doscalar and vector mesons are found lying in central planes of the weight diagrams.
Final state pseudoscalar mesons of our decay channel; 7, 7=, K and K~ are in the

central plane of Fig. 2.1 (a).

We can also see that among the vector mesons, there is also a charmonium (c¢) state

11



called J/v or 1 (1S5) with mass of 3.097 GeV. It was discovered simultaneously at
BNL [34] and SLAC [35], in 1974. After ten days, another resonance: 1(25) (first

excited state of J/1) with a mass of 3.686 GeV, was also discovered at SLAC.

2.4 Baryons

Bound state of three quarks is called baryon. As quarks are fermions, baryons them-
selves also acquire fermionic nature. Total angular momentum of a baryon called
its spin (J), comes from its orbital angular momentum (L) and total spin of its con-
stituent quarks (S). Possible values for orbital angular quantum number [ are 0, 1, 2,
and so on. For [ = 0, total spin angular momentum quantum number for a baryon, is
either 1/2 (two quarks aligned and one anti-aligned) or 3/2 (all three quarks aligned).
With three quark flavors; up, down and strange, an octet and a decuplet of baryons
is obtained, for spin 1/2 and 3/2, respectively. The octet is sub-grouped depending
upon isospin and strangeness of baryons. For zero strangeness and isospin 1/2, there
are four quark configurations i.e., uuu, ddd, uud and udd. Two of them; wuu and
ddd, are forbidden by Pauli’s exclusion principle. Thus only two states; proton (uud)
and neutron (udd), are possible. With strangeness —1 and isospin 1, there are three
allowed states; ¥ (dds), X2° (uds) and X7 (uus). With zero isospin and one strange
quark, the hadron formed is A° (uds) baryon. Remaining baryonic states: 2~ (dss)
and Z° (uss), have strangeness —2 and isospin 1/2. In this way, an octet of ground

+

is obtained (4 indicating space symmetry of baryon wave

state baryons with JP = %

function) [33].
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Figure 2.2: SU(4) baryon multiplets made of up, down, strange and charm quarks.
(a) The 20-plet with an SU(3) baryon octet. (b) The 20-plet with an SU(3) baryon
decuplet [31].
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For baryons with spin 3/2, there is a decuplet or decimet. With zero strangeness and
isospin 3/2, a quartet of baryons; A~ (ddd), AY (udd), At (uud) and AT (uuw) is
formed. With strangeness —1 and isospin 1, the baryons are ¥*~ (dss), ¥*° (uds) and
¥* (uus). With strangeness —2 and isospin 1/2, the baryons found, are Z*~ (dss)
and Z*° (uss). Very unique and isospin singlet state with strangeness —3, is the Q~
baryon [33].

When ¢ quark is also considered, due to its larger mass as compared to light quarks,
flavor symmetry SU(4) is badly broken. SU(4) multiplets, containing octet and de-
cuplet of SU(3), are shown in Fig. 2.2. SU(3) octet and decuplet of baryons form
the lowest planes of SU(4) multiplets [31]. ©~ baryon is found at corner of the lowest
plane in Fig. 2.2 (b). Antibaryons; antilambda (A), antiproton(p) and antiomega
(21), can be found in octet and decuplet obtained from three antiquark flavors; anti-
up (), anti-down (d) and anti-strange ().

In following subsection, we highlight significance of {2~ baryon, with special reference

to credibility of quark model and color charge.

2.4.1 Discovery of {27 and its Physical Significance

According to quark model scheme, there are quark configurations; uuu and sss, that
match the properties of baryons: A™* (observed in 1951 by Fermi and collaborators)
and Q~ respectively. At baryon with spin +3/2 was assumed forbidden by Fermi-
Dirac statistics as it is only possible if three up quarks (spin 1/2) are aligned in their

ground state (I = 0). In addition to other problems faced by the quark model, this
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fiasco was resolved by introducing ’color’ quantum number for quarks, making three
up quarks distinguishable from each other such as ugugug. After mass and decay
modes of €2~ were predicted by quark model, it was searched for and thus discovered
in 1964 at Brookhaven National Laboratory (BNL) in a strong reaction: K~ 4+ p —
Q™ + KT + K° ten years before discovery of first charmonium state. Therefore,
first predicting properties of 2~ and then observing it accordingly was no less than
a crowning achievement of quark model. As properties of 2~ baryon match those of
sss quark configuration, its discovery further strengthened the belief in color charge
and thus in QCD. Searching for and thus observing Q= in 9(25) decays will further
enhance the credibility of quark model as well as QCD [33, 36]. In our work, we
report a first evidence of Q= and QF through analysis of ¥(25) — Q= Q7 using 14
million ¢ (2S5) decay events recorded by BESII experiment. Functional parts of this

experiment are described in the next chapter.
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Chapter 3

EXPERIMENTAL SETUP

In this chapter, we will begin with a brief overview of BEPC. We then move on
to highlight functional parts of BESII detector. At the end, a brief of; luminosity
measurements, detector background and detector performance has been included.
Detailed description has been avoided which is available in scholarly work such as

(37), [38] and [39).

3.1 Beijing Electron Positron Collider

Beijing Electron Positron Collider is situated on grounds of Institute of High Energy
Physics (IHEP) located on western outskirts of Beijing [27]. It was originally con-
structed between 1984 and 1988. Its first upgrading was carried out from 1993 to
1997, involving; reduction in horizontal beta function (%), replacement of Aluminum
beam pipe with Beryllium beam pipe in interaction region of BES detector, introduc-

tion of a separator at second interaction point (IP) etc [37]. Operating parameters
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of BEPC, after first upgrading, are shown in Table 3.1 [37], [38], [39], [40], [41], [42].
Its schematic layout is shown in Fig. 3.1. Mr. Derrick Kong, in his Ph.D thesis [37]
nicely described a detailed working of BEPC and BESII detector. A brief description
of the same is given below:

A 30 MeV Pre-injector ejects pulses of electrons to 120 MeV linear accelerator. These
pulses are injected into main linac or fired on a fixed target to produce positrons. Main
linac further accelerates the pulses to desired energy before sending them into storage
ring. Positrons are also accelerated in the same way before they are sent into storage
ring. Inside storage ring, beams of electrons and positrons rotate opposite to each
other. Once a particular luminosity level is reached, they are collided at center of

BESII detector, called Interaction Point (IP).

o 136 m =

. 22 m it m—."‘—ﬁb 11 =
~
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CHH H nd BES[] 76 m

\ \ Transportation r""fﬂr
Line
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Pre-injector Target
slorage .ﬂ'/,’ 0%
Ring Synchrotron
Radiation
Lines

Figure 3.1: Schematic diagram of Beijing Electron Positron Collider [37]
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Table 3.1: BEPC operating parameters after its first upgrade ([37], [38]).

Beam life time T (6—8)h
Beam momentum Per | (1.0 —2.5) GeV/c
Center of mass energy E (2—-5) GeV
Energy spread AE/E 2.64 x 1074
Circumference of storage ring C 240.4 m
Bunch spacing ty 801.888 ns
Natural length of a bunch o 5.2 cm
Frequency of revolution fo 1247.057 KHz
Horizontal Beta function at interaction point o 103.0 cm
Vertical Beta function By 5.5 cm
Size of horizontal spot at point of interaction oy 38.7 pm
Number of particles in one bunch at injection point Ny 6.8 x 1010
Beam-Beam inner radius at interaction point r 7.5 cm
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Figure 3.2: Side and end views of BESII detector ([38], [39]).

3.2 BESII Detector

BESII detector, was operated from 1997 to 2002. It is classified as a conventional
solenoidal detector [41]. Its side and end views are shown in Fig.3.2 ([38], [39]). During
its operation, energies of electron and positron beams were adjusted such that center
of mass system and laboratory system coincided with each other. Center of mass
energy of colliding beams; (2—5) GeV was ranged over charmonium states: J/¢(15),
¥(2S5) and ¥(3S5). Decay events of these vector charmonia have been measured by
BESI as well as BESII detectors. Charmonium data thus obtained has been analyzed
for study of: hadron production, open charm (D D) production and 777~ production
[38]. Analysis results reported in this thesis were determined using about 14 million
¥ (25) events recorded by BESII detector from 2001 to 2002 ([38], [43]), with an

integrated luminosity of (19.72 + 0.86) pb~" ([38], [44]).
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3.2.1 Beam Pipe

As described by Mr. Derrick Kong [37], beam pipe lies at core of BES detector. Elec-
trons and positrons move in an evacuated path provided by it. Ideally its thickness
should be as small as possible and material properties should be in favor of low par-
ticle scattering as well as reduced photon pair conversion. In the upgrade process, a
beryllium pipe having 9.8 cm diameter and 1.2 mm thickness was introduced in place

of original aluminum pipe.

3.2.2 Vertex Chamber

In BESII detector, outside the beam pipe, was vertex chamber (VC) [37]. Its main
purpose was to provide information about event vertices. Its operation in conjunction
with main drift chamber (MDC), was used to improve tracking acceptance and mo-
mentum resolution. It was introduced after refurbishment of original vertex chamber
used in MARK III detector [45]. There were 12 layers containing 640 straws within
inner and outer diameters of 10.8 cm and 26 cm respectively. These layers were di-
vided into three sections; from 1 to 4 and 9 to 12 were axial layers whereas from
5 to 8 were stereo type layers at an angle of about 3 degrees with the beam axis.
Vertex chamber was designed to operate up to 5 atmospheric pressure in Ar/C2H6
(50%/50%) working gas, but it worked at 3 atmospheric pressure and with a voltage
from 3.7 to 3.9 kV. Its average single hit resolutions for cosmic rays and colliding

beam data, are (73.4 £+ 8.4) um and 90 pum, respectively.
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3.2.3 Main Drift Chamber

Just outside the vertex chamber of BESII detector was main drift chamber (MDC)
[37]. This is main tracking part of detector that provides information about gas ion-
ization effects of charged particles, to reconstruct particle tracks with great precision.
Along with reconstruction of tracks, their bending inside the uniform magnetic field
is used to measure momentum values.

Like VC, it also has concentric cylindrical structure. Inner and outer radii of MDC
are 31 cm and 230 cm, respectively. Effective length of MDC is 212 cm, inside
tensioned endplates of 4 cm thickness. BESIT MDC had ten tracking layers provided
with 22,936 axial and stereo wires. Theses wires were arranged in 804 cells; ranging
in number from 48 to 128 in innermost layer to outermost layer. Even layers were
used to hold axial wires whereas odd layers were equipped with stereo wires; making
small angle with cylindrical axis. Wires were used for four tasks; 3,216 sense wires
for reading out signals, 11,468 field wires for providing constant electric field, 5,308
potential wires for maintaining separation between sense wires, reducing cross-talk
and enhancing stability and 2,944 guard wires to reduce field distortions at edges
of layers. FEach layer had some level of symmetry; first four layers had eight-fold
symmetry whereas remaining six layers had four-fold symmetry. Working gases inside
MDC were Ar/CO2/CH4 (89%/10%/1%). Solid angle coverage range was from 95%
of 47 for second layer to 70% of 4x, for tenth layer. Single wire efficiency was in
range of 85% — 95% with resolution of 198 — 224um in r — ¢ plane. Momentum

values measured for charge tracks had a resolution: Ap/p = 1.78%+/1 + p? , where
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p is momentum in GeV/c. Very important characteristic of MDC is resolution of
measured values of energy loss of charged particles moving through it, as a function
of particle momentum. Energy loss information as a function of distance traveled
(dE/dx) can be used to identify particles, because it depends upon mass of charged
particle. Performance of MDC of BESII detector, in particle identification through

dE/dx information is shown in Fig. 3.3.
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Figure 3.3: dE/dz (left) and TOF (right) resolutions at BESII [38], [39]

dE/dx resolution as measured via Bhabha events is 8.0%. From Fig. 3.3, it is clear
that K /7 and p/ K separation through dE/dx information is inefficient for momentum

values greater than 600 MeV /c and 900 MeV /c, respectively.

3.2.4 Time-of-Flight (TOF) System

Particle identification can be performed by using ionization energy loss (dE/dx) as
well as time of flight information of charged particles passing through MDC and

then hitting detector part responsible for measuring time of flight of particles. In
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order to measure time of flight, BESII Time-of-Flight (TOF) system (just outside
MDC) was divided into two categories; Barrel TOF and End-Cap TOF [37]. Basic
response elements in TOF were plastic scintillation counters whose output light is
passed on to a photomultiplier tube (PMT) via a clear Lucite light pipe. Barrel TOF
system was provided with 48 BC408 scintillation counters, arranged in cylindrical
shape, having length, width and thickness of 284 c¢m, 15.6 cm and 5 c¢m, respectively.
End-cap TOF system had two plates, each with 24 NE110 scintillation counters of
trapezoidal shape, with a height of 70 cm and width in range of 9 — 27.45 cm. End-
cap TOF system specifications were same as that of BESI end-cap TOF system. As
photomultiplier tubes were in magnetic field of solenoid, they were designed in such a
way so as to resist magnetic field effects. Time of flight resolutions for Bhabha events
(ete” — ete) and hadronic events, were 180 ps [46] and 200 ps, respectively, good
enough for separation among proton p, kaon K and pion 7, for momenta less than 1

GeV/c. TOF resolution at BESII is shown in Fig. 3.3.

3.2.5 Electromagnetic Shower Counter

An electromagnetic shower counter system just outside the TOF system of BESII
detector, was used to measure energies of photons and electrons passing through
it. This detector part was divided into two sections; barrel shower counter (BSC)
and end-cap shower counter (ESC). The BSC had twenty four layers made of self
quenching streamer (SQS) mode tubes, covering 80% of the solid angle. The BSC

layers were interleaved with 24 layers of lead absorber, each of 0.5 radiation length.
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Thus whole BSC was capable of providing 12 radiation lengths. The BSC made
energy and spatial measurements with resolutions: op/E = 0.22/VE (E in GeV)

and o4 = 4.5 mrad, oy = 12 mrad, respectively ([37], [38]).

3.2.6 Muon Counter

This is the outermost BESII sub-detector, adjacent to solenoidal magnetic coil. It
had three layers interleaved with iron flux return. Its function was to register signals
of muons having momentum greater than 0.5 GeV/c. Axial proportional tubes were
employed for measuring muon track position in ¢ and charge division was used to

determine z-coordinate of muon tracks ([37], [38]).

3.3 Luminosity Measurements

Perturbative Quantum Electrodynamics (PQED) can be used to calculate small angle
scattering of electrons and positrons. Comparison between such theoretical calcula-
tion and BESII measurement was used to determine luminosity with an uncertainty
of 3%. However, the number of ¢)(2S) events was determined in a different way: first
finding number of data events of ¥(2S) — J/¢r"7~ and then dividing the result by

known branching fraction of this channel [38].
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3.4 Detector Background

Detector background arises mainly from two sources: noisy electronics channels and
signal distortion due to unwanted interactions of decay particles with the detector.
Such background varies from experiment to experiment. In BESII, the signal dis-
tortion due to unwanted small angle scattering, energy losses, bremsstrahlung, pair
production and electronics deficiencies, is taken into account in Monte Carlo simula-

tion [38].

3.5 Detector Performance

BESII detector performance has been checked through its Monte Carlo simulations
based upon SIMBES (a GEANT3 based program). In these simulations, detector ge-
ometry and its response has been considered in detail. A reasonable consistency has
been found between data and Monte Carlo for many J/v and ¢(2S5) decays. Details
can be found in Ref. [47].

To review charmonium production (especially ¥ (25)), with special reference to elec-
tron positron annihilations, followed by hadron production, such as Q~QF, we move

to the next chapter.
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Chapter 4

LITERATURE REVIEW

4.1 Electron Positron Collisions

Tn electron positron collisions, lepton antilepton or quark antiquark pairs are pro-
duced in a clean environment. Having enough energy, these pairs make electroweak
or strong radiation. Consequent production of particles leads to 'final state particles’.
The final state information registered by a detector is used to reconstruct physics of
‘'parent particles’. The information thus obtained help in understanding the nature of
electroweak or strong interactions [36]. Information about the primary resonance is
therefore reconstructed by mapping the entire decay process. For conclusive physics
results, we need to analyze a large sample of decay events of that resonance. The sam-

ple is normally obtained through interaction of colliding beams at a particular center

IThe material in this chapter is not original and has primarily been taken from the scholarly
work cited in references. In view of the large amount of resource available in literature, many details
have not been included which are available on hep archives. Author apologizes to all whose scholarly
work could not be included or get the due share.
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of mass energy. Electron positron collider experiments at CLEO-c [48] and BESII
[47] have reported several interesting results about hadron spectroscopy. An upgrade
at BEPC of electron positron collision experiment, BESIII (http://bes3.ihep.ac.cn/ ),
has started providing samples of charmonium states: J/¢ and ¥(2S5). This exper-
iment will provide huge samples of charmonium states for exploring new physics
including precise measurements of interesting hadronic properties. During the past
three decade, a lot of work has been reported on experimental and theoretical side.
In this chapter we will give a brief sketch of the progress made so far. In doing so,
we primarily rely on the scholarly work detailed in references ([36], [47], [48] — [81])
without undermining the contribution of all others whose work is not cited directly

due to paucity of space.

4.1.1 Hadron Production

In electron positron collisions, the main process in hadron production is the leading
order process; ete™ — ¢q . Other higher order processes like; ete™ — qgg, ete™ —
qqq9g, ete™ — qgggg, etc have very low contribution to the hadron production at low
energies. Therefore, the leading order process is of special interest. The total cross
section for the hadron production from quark antiquark pair produced can be readily
obtained in analogy with the leading order QED process; e"e™ — putu~ whose cross
section is given as [36]:

L 4’

¢ ot = 5 (4.1)

ole
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where s and « are the squared center of mass energy of colliding electron and positron
and electromagnetic coupling constant, respectively. Taking into account the frac-
tional charges of quarks & antiquarks and their color charge, the cross section for

hadron production from a quark flavor is given as:

_ B dma®
e - qp) = 3200

o(et

where e, represents the charge of a quark flavor. When all the quark flavors are

considered for hadron production, the total cross section becomes:

2
S4ma

7 3s

o(efe” —qq) = 32 e
q
The above cross section can be written as:

o(ete” — hadrons) = 3262 x olete” — utu),
q

leading to an important ratio:

R— Oet+e——hadrons _ 32 :63

Oete——ptp— p
This result helps in obtaining information about the number of quarks, their flavors
and (three) colors [36] . It has been verified by comparing the predicted values of R
with the experimental data. In charmonium mass region, the ratio R versus /s ([38],
[49]) is shown in Fig. 4.1.

Having studied hadron production briefly, we now take up charmonium states and

their related physics.
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Figure 4.1: Ratio R as a function of center of mass energy /s, in the charmonium
mass region ([38], [49]).

4.2 Charmonium States

A Charmonium is a meson containing a charm quark anti-quark pair (¢¢). Charm
flavor of quarks was confirmed after a charmonium candidate, with central mass
value = 3.097 GeV/c?, was discovered simultaneously at BNL [34] and SLAC [35]
in November, 1974 (known as 'November Revolution’ in history of particle pysics).
The SLAC and BNL groups named this particle, ¢ and .J, respectively. Therefore,
in literature, this resonance is known by the combined name, J/¢. At SLAC, this

resonance was discovered in the following process:
et +e” — 1 — hadrons [33],
where as BNL group observed this resonance in the following process:

p+Be— J+X, J—et+e [33]
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In both observations, the central mass value and upper limit on the decay width were
determined, providing a convincing evidence of the resonance being studied [33].
Natural width of this particle was measured to be about 63 KeV, indicating long
lifetime of this resonance. .J/v is the lowest energy charmonium state with principal
quantum number n = 1, orbital angular momentum quantum number [ = 0, intrinsic
angular momentum quantum number s = 1 and total angular momentum quantum
number j = 1. Parity and C-parity of this state were determined as j7¢ = 17",

A charmonium state is a simplest bound state in QCD. In analogy with positronium or
a Hydrogen atom, there exists a series of charmonium resonances for allowed excited
states of c¢ pair, characterized by the quantum numbers n, [, s, 7, P and C. Such
states: 1(3097), ¥ (3686), 1(3770), 1»(4040), 1(4170) (radial excitations with different
principal quantum number but with same { = 0 and j = 1) and so on. These states
can be produced in electron positron annihilation because their j7¢ is conserved.
According to the non-relativistic spectroscopic nomenclature of charmonium states
[33], J/4 (1(3097)) is ground state and ¥ (2S) (¢(3686)) is its first excited state ([50],
[51]). Charmonium states can also be produced in other processes like; B-decays
([52], [53]), two photon collision process [54], etc. Charmonium states that can not
be produced directly in e~ et annihilations, are obtained from radiative and hadronic
transitions of their higher energy states e.g., radiative and hadronic transitions of
¥ (2S5) can provide samples of lower energy charmonium companions. This technique
of studying indirect charmonium states has been used by BES as well as CLEO

Collaborations [55]. Fig. 4.2 shows directly and indirectly accessible charmonium.
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Figure 4.2: Known charmonium states and their radiative transitions: electromag-
netic and hadronic. The dotted lines indicate threshold energy levels for charmonium
decays into pairs of charmed mesons [50].

A charmonium system can be used to probe important aspects of electroweak and
strong interactions, in different scenarios like; electromagnetic and hadronic transi-
tions among charmonium states, annihilation decays of charmonium states into light
hadrons and charmonium decays at or above open charm threshold (D°D° threshold)
([50], [51]). Charmonium investigation can provide detailed information about per-
turbative and non-perturbative regions of QCD. It is an ideal laboratory for making
precision tests of predictions of lattice QCD and effective field theory ([56], [57], [58],
[59]). The following subsections take up discussion on electromagnetic and hadronic

transitions among charmonium states as well as annihilation decays of .J/¢ and ¥ (25)
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resonances to light hadrons. More details are available in [50] and the references

therein.

4.2.1 Electromagnetic Transitions

An atom can emit or absorb photons of only specific wavelengths. Wavelengths
of photons emitted ( or absorbed) give rise to an energy spectrum which provides
characteristics of atom. An electromagnetic transition can be better understood by
considering Hydrogen atom, the simplest bound system of an electron and a proton. In
this atom, electron can attain only specific allowed energy levels. These energy levels
are possible through their transitions involving emission or absorption of photons
with particular wavelengths. In analogy, a charmonium state can undergo transition
to lower charmonium states by emitting a photon of specific energy. These are called
electromagnetic transitions of a charmonium state such as ¥(25). Fig. 4.3 elaborates
such transitions based on the data recorded by Crystal Ball detector at SPEAR (]60],
[61]). At or above a certain threshold energy, charmonium states become capable
of decaying into charmed and anticharmed mesons: D°D° and excited pairs. Such
states can be found among charmonium states grouped with respect to their orbital

angular momentum, as shown in Fig. 4.4 ([60], [62]).

4.2.2 Hadronic Transitions

Similar to electromagnetic transitions, hadronic transitions take place through inter-

action of charm quark or/and antiquark with gluons that hadronize into light mesons
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Figure 4.3: Electromagnetic decays of ¢ family [61]

(e.g., pions and eta). For hadronic transitions, the interaction of a non-relativistic
charmonium with the gluonic field can be described by using multipole expansion in
QCD [63]. Due to color neutrality, physical hadronic transition amplitudes arise in at
least second order interactions of the charm or/and anti-quark with the gluonic field.

Fig. 4.2, in addition to electromagnetic transitions, also shows hadronic transitionss.

4.2.3 Annihilation Decays

We will now take up the annihilation decays of J/¢ and 1(2S) charmonium reso-
nances. According to perturbative QCD, the c¢ pair of these resonances has substan-

tial probability to annihilate into three gluons or one photon ( Fig. 4.5 ) followed by
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Figure 4.4: The XYZs of charmonium at BES [62]

lepton or hadron production [64].

The decays are highly suppressed by OZI rule as compared to the electromagnetic
transitions. In this scenario, the annihilations can be placed in two categories: one
through electromagnetic interaction and the other via strong interaction. The elec-
tromagnetic annihilation decays are allowed mainly through the annihilation of cc

pair into a virtual photon leading to production of lepton pairs or light hadrons e.g

J/ — v — X and ¢(2S) — v* — X. About 25% of J/¢ ([31], [50], [65], [66]), and
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Figure 4.5: Charmonium annihilation decay through three gluons and one photon
[38]

about 3.4% of ¥(2S) ([50], [65]) decays take place through electromagnetic annihi-
lations. The strong annihilations involve conversion of ¢¢ pair into minimal number
of gluons i.e., three or more gluons. Annihilation to one gluon is prohibited due to
non-conservation of color charge while annihilation to two gluons is forbidden by non-
conservation of negative C parity [50]. The allowed gluon states subsequently lead to

the production of specific hadronic states.

YY)
N

(a) (b)

Figure 4.6: Feynman diagrams for charmonium annihilation decays: (a) strong an-
nihilation decay to baryon antibaryon pair (b) electromagnetic annihilation decay to
baryon anti-baryon pair [67].
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The hadronic products produced provide us an opportunity to investigate 'the char-
monium decays to baryon antibaryon (BB) pairs’ (Fig. 4.6). As argued by various
authors, ([67], [68], [69], [70], [71]) the dominant mechanism in the production of
BB pairs is the annihilation of ¢ pair into three gluons (the minimum number) that
materialize into three light quark antiquark pairs. These light quark antiquark pairs
hadronize into BB pair. This mechanism is well reflected in the narrow hadronic
decay width of the charmonium states [72].

For baryon antibaryon pair thus produced, there exist possibilities: BgBg (baryon
and antibaryon belonging to the octets), BioBio (baryon and antibaryon belonging
to the decuplets), BsBig (baryon belonging to octet and antibaryon belonging to the
decuplet) and ByBg (baryon belonging to decuplet and antibaryon belonging to the
octet). Recently, results on 1(25) decays into baryon antibaryon pairs, have been
reported using 3.95 x 10° ¥(25) events recorded by BESI [73], 14 x 10° ¢(2S5) events
recorded by BESII [74] and 3.08 x 10° ¢(2S5) events recorded by CLEO-c [75]. One
of the possibilities in the measurements at these laboratories is the production of
Q~Q7 (a decuplet baryon antibaryon pair) which is the focus of our analysis. In the

following section, we will briefly describe the main decay modes of Q= and Q+.

4.3 Non-Leptonic Decays of 2~ and Q7

As nicely described by Oleg Kamaev [76] (and the references therein), we briefly
overview the non-leptonic decay modes of 2~ and QF as below:

The Q- baryon is composed of three strange quarks (sss) in a totally symmetric
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flavor-spin-space state, whereas QF consists of three antistrange quarks (555). They
can decay only through weak interaction in which the strange quark (antistrange
quark) flavor is changed into an up or down quark (antiup or antidown quark) flavor,
giving Q= with an extremely long life time i.e., 7 ~ 8 x 107 !!s, as compared to other
hyperyons in the decuplet [77]. Although the weak interaction is well understood,
decay characteristics of strange quarks (antiquarks) making hadrons have not been
sufficiently understood. In this regard, experimental measurements and theoretical
calculations of the decay properties of Q= and QF are very helpful. In order to in-
vestigate as to how the weak decays of hyperons take place in the presence of strong
force, study of non-leptonic decays of hyperons as stressed by D. Wu and J. L. Rosner
[78], are essential.

The dominant decay modes of Q= and QF are: O~ — AK~ and QF — AK™, respec-
tively, each of branching fraction (67.8 £0.7)% [31]. The decay process: Q= — AK~
takes place when a strange quark of 27 is changed into an up or a down quark. First
of all, we see how the decay process proceeds forward through conversion of a strange
quark into an up quark. In this case, a W~ gauge boson is emitted by a strange
quark of €27, that subsequently produces a quark antiquark pair: du. The antiquark:
u combines with one of the two strange quarks of 2~ to form a K~ meson, and
the down quark combines with remaining quarks: one strange and one up quark, to
form A baryon. After the A baryon is formed, it predominantly decays into pm~ with
branching fraction of ((63.9 £ 0.5)%) [31], through conversion of its strange quark

into an up quark. In this case the emitted gauge boson: W™, again produces a quark
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antiquark pair: du. Subsequently, according to the requirement of color neutrality
of hadrons, a proton p(uud) and a pion 7~ (du) are produced, thus giving proton
p, kaon K~ and pion 7~ as the final decay products of Q. The antibaryon: Q%
decays on the same lines, to the final state comprising antiproton p, kaon K™ and
pion 7*, through change of antistrange quark into antiup quark. Secondly, a strange
quark is changed into a down quark. In this case, strange quark first transforms into
intermediate quark state: charm, bottom or top, by emitting W~ gauge boson. The
intermediate quark radiates a gluon that materializes into a uu pair. The intermedi-
ate quark subsequently absorbs the emitted W~ gauge boson and transforms into a
down quark. The color neutral combination of three quarks (uds) forms the A baryon
and the colorless combination of a quark-antiquark pair: su produces kaon: K~. The
decay of A, through change of strange quark into down quark, takes place in the same
way. The weak processes involved in changing strange quark into up or down quark,

are shown as Feynman diagrams in Fig. 4.7.

< Q

3
A

Figure 4.7: The left diagram (Tree-level diagram) represents change of strange quark
flavor into an up quark flavor and the diagram on the right (Penguin diagram) shows
how a strange quark flavor is changed into a down quark flavor [76]

In addition to the dominant decay mode: Q= — AK~ and Qt — AK™, there are rare

non-leptonic decay modes including: Q= — Zj5;,m°, Q7 — =%, QO - Ent71,
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079 etc, along with similar conjugate decay modes. These

QO —-=2n7, Q0 == 7
decay modes have very small branching fractions, thus providing only small data
samples. The dominant decay mode and the rare non-leptonic decay modes are the
first order weak decays, because only one strange quark is converted into an up or a
down quark. The second order weak decays of Q= and QF, such as Q= — A7~ and
QO+ — Ax™T, are predicted to have very small branching fractions within the Standard
Model. For example the predicted branching fraction for Q= — An~ is of the order
of 10717 [79], consistent with the recent upper limit: B(Q~ — Ar~) < 2.9 x 107
obtained using data of HyperCP experiment [80].

Search for Q= and QF in ¥(2S) decay products is therefore a challenging task in

view of very low probability of ¥(25) — Q~Q* process. In the next section, we will

encounter the efforts made in this regard.

4.4 Search for 2~ and Q" in ¢(2S) Decays

We described earlier that the dominant decay modes of 2~ and QF are Q= — AK~
and QY — AK™T, respectively. It is therefore favorable to look for Q= and QF
hadrons in ¢ (25) decay products through these decay modes. The upper limits
for 1(28) — Q~QF, at 90% confidence level have been reported by BESI [73] and
CLEO-c [75], Collaborations. The BESI result was based on 3.95x 10° 1(25) recorded
decay events. In this work, the dominant decay chains: Q= — AK~, A — pr~ and
Ot — AK*, A — prt were used, reporting an upper limit of 7.3 x 107 at 90%

confidence level. Fig. 4.8 shows the invariant mass of AK ™, for both the MC as well
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as the data events, left after all selection criteria. The Monte-Carlo events were nor-
malized to the data events obtained. The histogram bars represent the data whereas
crosses represent the MC candidate events. It is obvious from this figure that there
are no data events within 30 of the central mass value of Q~ i.e., 1.672 GeV/c? [31].
The second upper limit result, by CLEO Collaboration, was based upon a study of
3.08 x 105 (2S) decays [81]. This study also used the dominant decay chains of Q~
and Q7, giving an upper limit of 1.6 x 107, at 90% confidence level. The invariant
mass distribution of AK~ is shown in Fig. 4.9. BESI result for B(x(2S) — Q~Q7F)
was an improvement over the measurement of CLEO-c.

In order to search for Q~ and Q% in 1(29) decay events, we have performed a de-
tailed analysis based upon 14 million (2S) decay events recorded by BESII detector.
Details of our analysis, based on novel technique of selecting events with one missing

charge track also and used for the first time, are given in the next chapter.
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Figure 4.8: BES Result: Br(i(2S) — QQF) < 7.3 x 107° at 90% confidence level.

The crosses represent the MC invariant mass distribution of AKX~ normalized to the
data events. Within 3 o signal region there are no data signal events [73].
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Figure 4.9: CLEO Result: Br(¢(2S) — Q~QF) < 1.6 x 10~* at 90% confidence level.
Here, the invariant mass distribution of AK~ is only from data events [75].
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Chapter 5

STUDY OF ¢(25) — Q- QF

5.1 Introduction

'The production of ¥(2S) in eTe™ annihilation and its two body hadronic decays
can be used to test the predictive power of QCD [84]. As described above, 1(25)
predominantly decays either through cc annihilation into three gluons or a photon.
Gluons or photon leads to the hadron production. The hadrons produced may be
baryon antibaryon pair such as Q~Q%F. The decay process ¥(25) — Q7 QF is a
special case in which Q~ and Q% are predominantly produced from materialization
of three gluons or a photon into three ss quark antiquark pairs. Three s quarks
make up 0~ baryon whereas three 5 anti-quarks form QF. The earlier studies of this

decay channel; [73] and [74] have reported upper limits for its branching fraction,

'This chapter is based on our BESII analysis memo and draft paper, both titled First Fvidence
of ¥(2S) — Q~Q7, submitted to the BES Collaboration ([82], [83]). Similarity in the text, figures
and tables, with our analysis memo and draft paper is therefore inevitable. The analysis memo and
draft paper are available at BES publication page (bes.ihep.ac.cn, with restricted access).
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at 90% confidence level. The particles in the final state of 1(25) — Q~Q%, have
low momentum values (p < 0.8 GeV/c). Therefore the possibility of missing particle
track from the final state, increases. Taking into account this factor, we have used
a new approach to analyze this decay process by additionally using the concept of
one missing particle/track from the final state. In case of all 6 particles present in
the final state, the detection efficiency is found to be 1.7% whereas for 6 particles or
5 particles in the final state, the detection efficiency is found to be 8.3%. From our
study we obtain first evidence of 2~ and Q7 signals with statistical significance levels
of 5.3 0 and 4.6 o respectively. The branching fraction is first time determined to be

(3.21 & 1.25(stat) £+ 0.97(sys)) x 107°.

5.2 Monte-Carlo And Data Samples

The signal channel (¢(2S) — Q~Q7F) was studied by using the following MC and

data samples:

1. A sample of 10° inclusive MC events of 1(2S) — Q~QF, was generated by
using 'P2BB event generator’ [85] with a nominal value for angular distribution
parameter: o = 0. The events were generated such that 2~ and QF decay into

different final states, according to their relevant branching fractions available in

Particle Data Group (PDG) [31].

2. Detector simulation of the events thus generated was performed using SIMBES

V10403 program based upon GEANT3 [47]. The simulated data thus obtained

43



was saved in the form of a RAW file.

. Subsequently, the data saved was reconstructed to get useful information about

the MC events, in the form of an NDST file.

. An event selection program written in FORTRAN language, was used to se-
lect the signal events from NDST file. The events thus selected were used to

determine the detection efficiency and mass resolution for the signal channel.

. A set of NDST files containing 14 million 1 (2S5) data was used to select candi-

date events for the signal channel.

. Background analysis was performed using; a sample of 14 million ¥(25) inclusive
MC sample generated by Lund-Charm generator developed at BES ([86], [87])

and exclusive MC samples for different decay processes.

. Several other MC samples and data samples (such as J/1 sample) were used
for systematic error analysis.

The analysis details are provided in the next sections.

5.3 Initial Event Selection

The momentum values of final state particles in 1(25) — Q~Q7 lie below 0.8 GeV /c.

Tracks of particles lying in the low momentum range may not be reconstructed by

the detector. Thus, there is a large probability of missing particle tracks from the

final state. Taking into account this factor, we employed a new technique of selecting
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events with one missing track also.
Tracks of all selected events (including those with one missing track) were required

to satisty the following criteria:
e The tracks reconstructed from MDC should have good helix fit; MFIT=2.
e Polar angle of each charge track inside MDC, satisfies |cosf| < 0.8.

e Each track is required to have transverse momentum of 0.07 GeV/c at the

minimum i.e., P, > 0.07 GeV/c.
e The total momentum of each track satisfies p < 1.2 GeV/c.

e The number of charge tracks of an event satisfying above conditions (called

good charge tracks), is required to be 6 or 5.

e Net charge is required to be 0 (for 6 good charge tracks) and +1 or -1 (for 5

good charge tracks).

e The point of closest approach to the interaction region, for each track, should
satisfy the inequalities; Rxy = /23 + y2 < 0.2 m and |2| < 0.3 m, where x,
Yo and zy are the coordinates of the point of closest approach to the interaction

point.

5.4 Particle Identification

Each track of an event represents certain type of particle. Therefore all tracks of an

event passing successfully the above selection criteria, were passed through the process
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of particle identification. As particles in the final state of signal channel (¢(2S) —
Q~Q%) have low momentum values (p < 0.8 GeV/c), only ionization energy loss
(dE/dzx) information of tracks was considered more suitable for particle identification.
This is because for both dE/dx and TOF information, detection efficiency was found
to decrease. The dE/dx information was used to determine y? values for each of the

particle hypotheses (p, 7, K+ or p, 7=, K7 ):

. dE/dxmeas - dE/d'reiF ec(i) ’
X?lE/dm@) = ’

Y

Oap)dx (1)
where dE/dTmeqs, AE[/dTezpec(i) and 04p/4.(1) represent measured dE/dx, expected
dE/dx and dF/dx resolution for a particle hypothesis i, respectively. A particle
hypothesis was assigned to a track if the x2, Jdx value satisfies one of the following

inequalities:
e Proton (p) hypothesis:
XZE/dm(p) < XZE/dz(W+) && X?lE/dw(p) < XiE/dx(K+)
e Positive pion (7) hypothesis:
X?lE/dx(WJr) < X?lE/dm(p> && X?lE/dm(ﬂ+) < XZE/dr(K+)
e Positive kaon (K T) hypothesis:
XZE/dx(K+) < X(QiE/dx(W+) && X?lE/dz(K+) < X(QiE/dac(p)'

Hypotheses for negative charge tracks were decided based on similar criteria.
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5.5 Kinematic Fitting

After particle identification, an event with 6 or 5 identified particle hypotheses was

accepted for further processing. For an event with 6 particle hypotheses (N,

1, N5 =1, No- =1, No+w =1, Ng- =1, Ng+ = 1 and thus Ny = 6), a

four-constraint (4C) kinematic fit was applied imposing conservation of total energy

and momentum. An event with 5 particle hypotheses (N, < 1, N; < 1, N,- <
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Figure 5.1: The x? distributions [82]: (a) x3. distribution: the histogram is for MC

and the dots with error bars represent data events passing successfully through
kinematic fit (b) x3. distribution: the histogram is for MC and the dots with er
bars represent data events obtained after 1C kinematic fit.

4C

ror

1, Nyv <1, Ng- <1, Ng+ <1 and Ny = 5), was subjected to a one-constraint

(1C) kinematic fit imposing total energy conservation, under one of the hypotheses

about the final state particles: ppr7n~ KT (K~ missing), ppr*n~ (KT missing) K,

pprt (77 missing) KTK ™, pp (7 missing) 7~ KK~ p (p missing) 77~ KK~ and
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(p missing) prt7~ Kt K~. Important information about the event passing 4C or 1C
kinematic fit, was obtained in the form of x? distribution of kinematic fit, momentum
distributions of final state particles & their parent resonances and invariant mass
spectra for primary and intermediate resonances etc. The A, A, Q~ and QF resonances
were investigated by using invariant mass spectra: M (pn~), M (pr™), M(AK™) and
M (AK™), respectively. All the signal MC and data events were subjected to kinematic
fit to obtain samples of events for final selection. A comparison between MC and
data x? distributions (from 4C and 1C kinematic fits) is shown in Fig. 5.1. These
distributions seem not very well consistent with each other, because x? distributions of
data represent both the signal as well as background events whereas x? distributions
of MC represent only the signal events.

The momentum distributions of final state particles for signal MC are shown in Fig.
5.2. These distributions indicate that the momentum values of final state particles
of the signal channel: ¥(25) — Q~Q*, lie below 0.8 GeV/c. The momentum values
of 7™ and 7~ lie below 0.4 GeV/c and those of K™ and K~ can be seen lying below
0.6 GeV/c. The proton and antiproton have comparatively larger momentum values,
below 0.8 GeV /c. As described in section 3.2.3, BESII detector has good performance
in /K separation (below 600 MeV/c) and p/K separation (below 900 MeV/c), by
using dF /dx information. Therefore, in our case, using only dE/dx information for
particle identification, is not bad. Using sets of MC and data events obtained from
kinematic fit, we reconstructed important invariant mass spectra including those of

pr~, prT, AK~ and AK*. These mass spectra are shown in Fig. 5.3 to Fig. 5.6.
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Figure 5.2: Momentum distributions (GeV/c) of final state particles: (a) proton (p)
(b) antiproton (p) (c¢) kaon (K*) (d) kaon (k7) (e) pion (7+) and pion (7~), of MC
signal events passing successfully 4C or 1C kinematic fits, without any mass or y?

constraints [83].
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any mass or x? constraints [83].

20



1200

g

Events/ (5 M eV/cZ)
8

| C M@m) Gevic) |

f (0

5 -

20 -

15

I

Il Il Il Il
1.05 11 115 12 125 13

M (prt') (GeV/c?)

Events/ (5 M eV/cz)

Figure 5.4: pr' invariant mass spectra (GeV/c?)reconstructed from four momenta
of antiproton (p) and pion (77) belonging to the events obtained from 4C or 1C
kinematic fit: (a) from signal MC and (b) from data , without any mass or x?
constraints [83].

o1



8

. @

400 -

Events/ (10 M eV/cz)
g

200 —

18
6 -
14+
2 -

0 -

Events/ (10 M eV/cZ)

O L L Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il
16 17 18 19 2

M(AK") (Gev/c?)

Figure 5.5: AK~ invariant mass spectra (GeV/c?) obtained by using four momenta
of reconstructed A and K~ for events passing 4C or 1C kinematic fit: (a) from signal
MC and (b) from data, without any mass or x? constraints [83].

52



1200

8

800 (a)

400 —

Events/ (10 M eV/cz)

200 —

Il Il Il L L L
16 17 18 19 2

18
6 -
14+
2 -

0 -

Events/ (10 M eV/cZ)

‘ Il Il ‘ Il Il Il ‘ Il Il Il
17 18 19 2

M(AK™) (GeV/c)

Figure 5.6: AK +_invariant mass spectra (GeV/c?) obtained by using four momenta
of reconstructed A and K™ for events passing 4C or 1C kinematic fit: (a) from signal
MC and (b) from data, without any mass or x? constraints [83].

93



5.6 Determination of A(A) and Q2 (") Mass Reso-

lutions

The mass resolutions (o) of A(A) and Q™ (QF) were estimated by making single gaus-
sian fits to the peaks of relevant invariant mass spectra obtained from signal MC.
The mass resolutions approximated are 0.004 GeV/c? and 0.0085 GeV/c?, for A(A)
and Q~(Q%), respectively. The mass resolutions were used for deciding mass limits
for A(A) and Q= (QF). The detail about the mass limits will be provided in section

5.8, as a part of criteria for final event selection.

5.7 Optimization of i,

From 4C or 1C kinematic fit we obtained a sample of 309 data events. Only 6 events
were obtained from 4C kinematic fit (all having x%- < 20). Remaining 303 events
were obtained from 1C kinematic fit with x}, ranging from 0 to 50. Due to low
statistics of data events obtained from 4C fit, x%. < 20 was selected as a part of final
selection criteria. y?, was optimized for maximum value of \/%, where S and S+ B

represent the signal and signal plus background, respectively. A cut of x3, < 10.0

(Fig. 5.7) was decided to be used in final event selection.
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5.8 Final Event Selection

In addition to x3, < 20 and x%, < 10 constraints, mass cuts were decided for final
selection of events. The mass constraints of about 3 ¢ from the central mass values,
were used as a part of final selection criteria. xj. < 20 was used for events obtained
through 4C kinematic fit whereas x3, < 10 was applied for events coming from 1C

kinematic fit. The criteria for final selection of invariant mass spectra: M (pr~),
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Figure 5.7: Optimization of y?,: S represents the signal events whereas S+B rep-
resents signal plus background events. That x3, cut is decided which optimizes the
ratio: S/v/S + B. In this way, the optimized cut is chosen to be xi, < 10 [83].

M (prt), M(AK~) and M(AK™), is given as:
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e The pr~ invariant mass spectrum was obtained under following constraints:

1. X3c <20 or x3, <10

2. |Mpr+ — M5| < 0.012 GeV/c?, where Mz = 1.115683 GeV /c?
e The prt invariant mass distribution was obtained under following constraints:

1. X3 <20 or xi, < 10

2. [My- — Mp| < 0.012 GeV/c?, where My = 1.115683 GeV/c?
e Invariant mass distribution of AK~ was obtained under following criteria:

1. X3 <20 or x, < 10
2. |My— — My| < 0.012 GeV/e?
3. [Myre — My| < 0.012 GeV/c?

4. |Mzg+ — Mg+| < 0.025 GeV/c?, where Mg+ = 1.672 GeV/c?
e For AK* invariant mass distribution, the following constraints were imposed:

1. X3 <20 or x3, < 10
2. [My— — Mp| < 0.012 GeV/c?
3. [Myrs — My| < 0.012 GeV/c?

4. |Myg- — Mg-| < 0.025 GeV/c?, where Mqg- = 1.672 GeV /c?

The invariant mass distributions thus obtained are shown in Fig. 5.8 to Fig. 5.11.
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The scatter plot of AK~ versus AK* is shown in figure 5.12, under the constraints:
| M- — My| < 0.012, | M+ — M5| < 0.012 and x5, < 20 or x5, < 10. A cluster of

events can be clearly seen in the central mass region of Q= and Q* (Fig. 5.12).
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Figure 5.12: Scatter Plot of AK™ versus AK~ for data events, under the constraints:
| M- — My | < 0.012 GeV /2, |Mp+ — M5z| < 0.012 GeV/c? and x3 < 20 (for those
events which are obtained through 4C kinematic fit) or x3, < 10 (for events obtained
via 1C kinematic fit) [83].

5.9 Background Analysis

After final selection of AK~ and AK* invariant mass distributions, several 1(295)
decay channels were investigated to examine background in the signal and sideband

regions. For this purpose, we used 14 x 10° ¢(2S5) inclusive MC as well as exclusive
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MC samples. From the inclusive MC sample, negligible background was found in
the signal region. The sideband regions are slightly affected by the decay process
¥(25) — AA$(1020) with $(1020) — K+ K. In exclusive background analysis, we
used some t(2S5) decay channels: ¥ (2S) — AAxt 7~ (25) — AA$(1020), ¢ —
KTK=, ¥(29) — 225,27 — An",Z* — Arnt and ¢(2S) — ApKTntn~. In
each case, MC sample of 10000 events was obtained by using HOWL generator.
Background events normalized to 14 million ¢ (2S5) data, were found to be negligible,

as shown in Table 5.1.

Table 5.1: The background estimates for 1(25) — Q~QF Q- — AK~, QT — AK*
[83]

Channels Nyen | Br (x107) | Nys | (Normalized to 14 M)
¥(28) — AAnt7~ 10000 | 2.8 £0.6 0 0

¥(2S) — AA¢(1020) | 10000 — 8 —

¥(2S) — ApK*ntn~ | 10000 | 1.8+0.4 0 0

»(25) — =-EF 10000 | 1.5+0.7 | 0 0

5.10 Statistical Significance of )~ and Q' Signals

After background analysis, we determined statistical significant levels of 2~ and

Q. As negligible background was found, phase space background from (25) —
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AAKT K~ was taken as background shape in making fits to AK~ and AK™* invariant
mass spectra. In order to determine the significance levels, we made two types of
maximum likelihood fits to each of the AKX~ and AK™ invariant mass distributions
(Fig. 5.13 to Fig. 5.16). First fit was made by using respective fixed Monte Carlo
histogram as signal shape and phase space background shape obtained from 0.25 mil-
lion MC sample of 1(2S5) — AAKTK~. The second fit was made using phase space
background shape only, assuming no signal. In order to obtain the significance levels,

the values of log likelihood from the two fit types, were used in the following relation

88]:

S = V/|2In[Lnaz(5 + )] — 210[Lax (D)]], (5.1)

where —2In[-Zq:(s + b)] represents the value of maximum log likelihood when both
the signal as well as background are used in the fit and —2In[.Z,,.(b)] represents
the maximum log likelihood value when no signal is used. The statistical significance

levels of O~ and Q7 signals were determined to be 5.3 ¢ and 4.6 o, respectively.

5.11 Detection Efficiency

The MC invariant mass distributions of AKX~ and AKT were used to determine de-
tection efficiencies of Q= and Q7 signals. Under final selection criteria the detection
(reconstruction) efficiency of 2~ was determined to be 8.3%.

Detail about the detection efficiency of {2~ is given as:

The number of €2~ events obtained under final selection criteria were used in the
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following relation:

MC

Nsel
EMC = Ng]\gg X 100,

NMC

s 1s for number of selected MC

where €;¢0 represents the MC detection efficiency,

events after final selection and N)!¢ denotes total number of exclusive MC events of

the signal channel. The value of N, ;ﬁf is calculated as below:

NMC — [Br(Q~ — AK7))? x [Br(A — pr)]? x NM¢ (5.2)

gen incl

where NM¢ =105, Br(Q~ — AK~) = (67.8 £0.7)% [31], Br(A — prn~) = (63.9 &

incl T

0.5)% [31], NM¢ = 1564 (for a = 0) under final selection criteria. The value of NM¢

sel gen

is determined to be 18769.8. Thus the detection efficiency is calculated to be 8.3%.

5.12 Determination of Branching Fraction

The value of Br(¢(2S) — Q~QF) was determined using the following steps:

e A likelihood fit was made to the invariant mass distribution of AK ~, taking fixed
MC histogram as signal shape and phase space invariant mass distribution of
AK~ as background shape (Fig. 5.13). The fit result gave ratio of number of
signal events in data sample to the selected number of signal events in MC i.e.,

NData
]\fﬁc = (4.50 & 1.75) x 107>

sel

e The branching fraction was calculated considering the following relation [74]:

_ NData
Br(y(2 0 0% = obs .
rw(a8) = ) = B = AR x [Br(h — pro )N
(5.3)
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Substituting the value of €j;¢, relation 5.3 can be written as:

_ NData
Br(¥(25) — Q707) = o
NZ”Z? [Br(2~ — AK)]?2 x [Br(A — pﬂ—)]QNf(‘;?)
(5.4)
Now relation 5.4 can be arranged as:
M e
Br((25) — Q~QF) = Moot I (5.5)

[Br(Q~ — AK- )2 x [Br(A — pr—)2PNDg

As

MC
Ngen MC

[Br(2= — AK~)]2 x [Br(A — pr))? = Nindl »

the relation 5.5 becomes:
Br(¢(2S) — Q_Q+) = =L (5.6)

Data .
Substituting the values of ]X;’?%, Nind and NwDég?) in relation 5.6, we obtain

(4.50 £ 1.75) x 1073 x 10°

Br(p(28) — Q~Q) = e

= (321 £1.25) x 107°,

where the error is statistical.
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MIMNUIT Likelihood Fit to FPlot 7&0
File: omom.his 24-MAY-2008 20:22
Plaot Area Total/Fit 8.0000 ¢ 2.0000 Fit Status 3
Func Area Total/Fit 8.0005 / B.0005 E.D.M. 1.282E-07
Likelinood = 9.5
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Function 1: Histogram 5 0 Mormal errors
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Figure 5.13: Fit to AK~ invariant mass spectrum, using signal MC histogram of
AK ™ invariant mass spectrum as signal shape and histogram of AK ™~ invariant mass
spectrum from (25) — AAKTK~ as phase space background shape. The squares
with error bars represent data. Background in the signal region is negligible as shown

in the figure ([82], [83]).
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MIMUIT Likelinood Fit to Plot T&D

File: omorm_his 24-MAY-2008 20:23
FPlot Area TotalFit 8.0000 / 2.0000 Fit Status 3
Func Area Total/Fit T.999E /T 2903 E.D.M. 5. 815=-09
Lizkelihc:od = 37.1
E = B29for 50- 1dorf, CL=0176 %
Irors Parabolic Mimos
Function 1: Histogram g 0 Mo errors
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Figure 5.14: Fit to AK™ invariant mass spectrum using only histogram of AK™
invariant mass spectrum from ¢(25) — AAK* K~ as phase space background shape
(assuming no signal). The squares with error bars represent data ([82], [83]).
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MINMUIT Likelinood Fit to Plot 70

File: omaom_his 24-MAY-2008 20:58
Flot Area Total'Fit Fit Status 3

11.000 ¢ 11.000
Func Area TotalFit 11.000 ¢ 11.000 E.D.M. 2. 525E-08

Likelihnood = 19.5
*é": 21.2for 48 - 2d.o.f, C.L=954%
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Function 1: Histogram 5 0 Mormal errors
MNCORM 4. G4165E-03 + 1.8425E-03 - 0.000 + 0.000
Function 2: Histogram 3 0 Mo errors
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Figure 5.15: Fit to AK* invariant mass spectrum, using signal MC histogram of
AK™ invariant mass spectrum as signal shape and histogram of AK T invariant mass
spectrum from (25) — AAKTK~ as phase space background shape. The squares
with error bars represent data. Background in the signal region is not so large as
shown in the figure ([82], [83]).
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MIMUIT Likelihood Fit to FPlot T&0
File: omaom_his 24-MAN-2008 20:57
Flot Area Total'Fit 11.000 / 11.000 Fit Status 3
Func Area Total/Fit 11.000 /4 11.000 E.D.M. 3.B05E-10
Likelihood = 407
EEZ 67.7 for 48 - 1 d.of, C.L= 26%
Irors Parabolic Minos
Function 1: Histogram 3 0 Mo errors
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Figure 5.16: Fit to AK™ invariant mass spectrum using only histogram of AK+
invariant mass spectrum from ¢(25) — AAK+ K~ as phase space background shape
(assuming no signal). The squares with error bars represent data ([82], [83]).
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The overall detection efficiency for the signal channel ¥(25) — Q~QF, under mass
and y? constraints, obtained from 4C or 1C fit is 8.3%. The detection efficiency from
4C fit is 1.7% and that from 1C fit is 6.6%. We use either 4C or 1C fit for an event
with six or five identified particles, therefore contributions to the total systematic
error from 4C and 1C fits will be according to their proportion of detection efficiency.
There will be two total systematic errors; one when 4C fit is used and the other when
1C fit is employed. These total systematic errors are determined separately and then
added directly to get total systematic error in branching fraction. The total system-
atic error for 4C fit result is estimated to be 36% through quadrature rule (Table 5.2),
while the total systematic error for 1C fit results is estimated to be 28.5% (Table 5.2)
[89].

In order to determine total systematic error in the branching fraction, we first calcu-
late the total systematic errors for 4C and 1C fit results, separately, into the branching
fraction. The systematic error for 4C fit result and 1C fit result, is calculated by con-
sidering Br(¢(25) — Q=QF) = (3.21 £ 1.25) x 107°:

Total systematic error in the value of branching fraction, for 4C fit results
1.7 5 -
=3.21 x 33 x 0.36 x 1072 = 0.24 x 10
Total systematic error in the value of branching fraction, for 1C fit results
6.6 s _5
=3.21 x 33 x 0.285 x 107° =0.73 x 10

Now the total systematic error can be estimated by directly adding them i.e., 0.24 +

0.73 = 0.97. Therefore Br(1(25) — Q~0F) = (3.21 £1.25(stat) +0.97(sys)) x 107°.
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5.13 Systematic Error Analysis

The candidate events for the signal channel have been selected in two ways; events
with six charge tracks or events with five charge tracks (one charge track missing).
For events with six charge tracks, we perform 4C kinematic fit, whereas for events
with five charge tracks we perform 1C kinematic fit. Therefore the systematic error
analysis for 4C kinematic fit results and 1C kinematic fit results is made separately.

In the systematic error analysis, the following sources of uncertainties are considered.

Models of hadron interaction

Track identification

MDC tracking

4C kinematic fit

1C kinematic fit

Angular distribution of events

Monte Carlo statistics

Intermediate branching fractions

Total number of 1(2S5) data events

These sources of uncertainty are described in the following subsections:
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5.13.1 Models of Hadron Interaction

The systematic error was obtained by using MC statistics obtained from two hadron
interaction models; GCALOR [90] and FLUKA [91]. The value of detection efficiency
varies with the type of these models of hadron interaction. In order to estimate
the systematic error due to hadron interaction models, we generated 4 pairs of MC
samples for « = 0, @« = 0.5, « = 1.0 and o = —1.0. Each pair of MC sample was
obtained by using GCALOR and FLUKA hadron interaction models for each value
of a.. For each value of «a, the systematic error between GCALOR and FLUKA MC
samples was estimated, thus getting four values for the systematic error for 4C and
1C kinematic fit results separately:

For 4C kinematic fit results these errors are; 8.4% for a = 0, 11.3% for a = 0.5,
9.2% for a = 1.0 and 22.6% for « = —1.0. The largest of these four values i.e., 22.6%
was taken as systematic error for 4C kinematic fit results.

For 1C kinematic fit results these errors are; 7.2% for a = 0, 9.9% for o = 0.5,
15.4% for a = 1.0 and 11.9% for @« = —1.0. The largest of these four values i.e.,

15.4% was taken as systematic error for 1C kinematic fit results.

5.13.2 Particle Identification

The systematic uncertainty arising from particle identification of charge tracks for p,
p, m, w7, Kt and K, was taken as 6% for 4C kinematic fit results and 5% for
1C kinematic fit results, at the rate of 1% per charged track, from earlier systematic

error analysis results [47].
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5.13.3 MDC Tracking

There are six charged particles in the final state of 1/(25) — Q~QF, Q= — AK—, QT —
AK™*, namely; p, p, 7*, 7=, K+ and K~. The selection of candidate events involves
events with six charge tracks or events with 5 charge tracks. Therefore, according
to the detailed study of error analysis, already performed, a systematic error of 2%
per charged track was adopted as MDC tracking error [47]. Thus an error of 12% for

4C kinematic fit results, and 10% for 1C kinematic fit results was used as systematic

error due to MDC tracking.

5.13.4 4C Kinematic Fit

The systematic error from 4C kinematic fit was studied through analysis of J/¢ —
EEY(ZE - An, Ef - Ar", A — pr~ and A — prt) decay channel. The
systematic error in this case (for 6 charge track system)was estimated to be 19.1%

by comparing relative efficiencies of MC and data results, obtained with and without

4C fit.

5.13.5 1C Kinematic Fit

Systematic error due to 1C fit was estimated by comparing the MC and DATA relative
efficiencies of results without kinematic fit (no 4C kinematic fit) and 1C kinematic fit
results obtained from the analysis of J/¢p — Z°=F (27 — Ar~, =F — Ant, A —

pr~ and A — prT). The error was estimated to be 14.6%.
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5.13.6 Angular Distribution of Events

In order to estimate this systematic error, we obtained four MC samples by using
GCALOR model for four values of « i.e 0.0 (uniform distribution), 0.5, 1.0 and -1.0.
The statistics in AK~ invariant mass distribution for a = 0.0 after final selection
criteria was compared with those for a = 0.5, = 1.0 and a = —1.0, thus getting
three values for the systematic error due to angular distribution for 4C kinematic fit
results and 1C kinematic fit results separately:

For 4C kinematic fit results, these error values are; 14.4% for « = 0 and o« = —1.0,
0% for = 0 and o = 0.5 and 8.7% for @« = 0 and @ = +1.0. Thus giving maximum

error value of 14.4%.

For 1C kinematic fit results, these error values are; 14.7% for « = 0 and o = —1,
4.3% for « = 0 and o = 0.5 and 3.4% for a = 0 and & = +1.0. Thus giving maximum

error value of 14.7%.

5.13.7 Monte Carlo Statistics

For estimating uncertainty from this source, we generated 250,000 inclusive MC events
by using P2BB generator. It gave 46,975 MC generated events for the signal channel;
P(28) — QO QT Q" — AK—, Q" — AKT A — pr—,A — pr*. The monte carlo
statistical error was estimated by using the detection efficiency (from MC results of
GCALOR with a = 0.0) and the total number of events of ¥(25) — Q=QF, Q= —

AK—, Qt - AK—, A — pr~ and A — prt generated by using P2BB generator, in
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the following relation:

MC statistical error

where € and NV, é‘f,f represent the detection efficiency and total number of signal MC
generated events. The overall detection efficiency (from 4C as well as 1C kinematic
fit results) is 8.7%.

For 4C kinematic fit results, the detection efficiency is 1.7%, thus giving MC statistical
uncertainty of 3.5%.

For 1C kinematic fit results, the detection efficiency is 7%, therefore giving 1.7% as

MC statistical error.

5.13.8 Intermediate Branching Fractions

The systematic uncertainty arising from the branching fractions of intermediate res-
onances was obtained from the uncertainties in these branching fractions, according

to their PDG values [31]:

Br(QQ” — AK™7) = (67.8£0.71)%
Br(A — pr™) = (63.9£0.5)%

Because Qt — AKT and A — prt are also involved, the uncertainties from [Br(Q~ —
AK™))? and [Br(A — pr7)]? are calculated as 2.1% and 1.5% respectively. Their
combined effect is evaluated through quadrature rule [89] to be 2.4% (same for 4C

kinematic fit results as well as 1C kinematic fit results).
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5.13.9 Total Number of ¢(2S5) Data Events

While calculating branching fraction of (2S) — Q~QF, we used 14 x 10° as total
number of ¢(25) data events. The total number of 1(2S5) has been estimated to be
(14 £0.6) x 10° by using inclusive events of hadrons with an uncertainty of 4.3% [74]
(for each of 4C kinematic fit results and 1C kinematic fit results).

Systematic uncertainties obtained for 4C kinematic fit results and 1C kinematic fit
results are listed in Table 5.2. For 4C kinematic fit results, the total uncertainty
from quadrature rule [89] comes to be 36% and for 1C kinematic fit results, the total

uncertainty through quadrature rule is 28.5%.
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Table 5.2: Systematic uncertainties (%) in the branching fraction ([82], [83])

Source of Uncertainty

4C Fit Uncertainty

1C Fit Uncertainty

Models of Hadron Interaction 22.6 15.4
Particle Identification 6 5

MDC tracking 12 10
Kinematic Fit 19.1 14.6
Angular Distribution 14.4 14.7
MC Statistics 3.5 1.7
Intermediate Resonances 2.4 2.4
Total Number of ¢)(2S5) events 4.3 4.3

Total = 36 Total = 28.5
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Chapter 6

DISCUSSION AND

CONCLUSIONS

Current work is of prime importance both from theoretical and experimental point of
view. This study will help us in strengthening our belief in QCD and quark model.

Some of the immediate implications of the evidence of this decay process are:

1. Quark model has always played an important role in the understanding of
‘strong physics’. It is interesting to note that during the past four decades,
many experimental observations in particle physics were consistent with the
quark model. At its earliest stage, quark model predicted some hadrons along
with their properties which were only possible through violation of famous "Pauli
exclusion principle’. These hadrons were discovered experimentally with prop-

erties as predicted by the quark model, leaving a clue about something new:
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either Pauli’s exclusion principle was wrong or some physics was hidden be-
hind the existence of such hadrons like 27. From the experimental verification
of such hadrons, it was imperative to think about some new property of their
constituents called quarks, while maintaining our faith in Pauli’s exclusion prin-
ciple. Consequently the 'color quantum number’ of quarks was introduced to
justify the existence of the anomalous hadron species including €2~. The evi-
dence or observation of {2~ in any decay process is therefore of prime importance

in our belief in color quantum number and thus QCD.

. Evidence of the current decay process strengthens the position of strange hadrons
in the quark model. It is because, 2~ accompanied with QF is prominently
produced through strong decay of ¢(25) and can decay only through weak in-
teraction. Thus, with large statistics, the weak interaction can be better studied

through this process.

. As Q7 is produced mainly through strong interaction and decays through only
weak interaction, it may leave a hint about the relationship of weak force with
the strong force. As weak and electromagnetic forces are already unified, there-
fore, a clue about the unification of three forces may be found through study of

the current decay process using huge statistics of data.

In view of the importance of this decay mode, an in-depth analysis with high precision

is necessary. As a start in this direction, several measures were taken. As mentioned

earlier, in order to determine the possibility of observation of 1(25) — Q~QF decay

process by BESII detector, we have used the dominant decay modes of Q= (QF):
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QO — AK~- (QF - AK*) and of A (A): A — pr~ (A — prT). The final state of
$(2S) — Q~Q7 has six charged particles: proton (p), pion (77), kaon (K ), antipro-
ton (p), pion (77) and kaon (K ™).

In the first step, candidate events were obtained through Monte Carlo detector simu-
lation of the signal process. As the purpose of a detector simulation of certain process
is to mimic 'real events’, the simulation results should approximate well the 'real de-
cay process’. In this pursuit, detection efficiency of 1(25) — Q~QF was improved
to minimize the chances of loss of events. It was achieved by placing a special focus
on low momentum particles which are prone to be 'missed out’. Some of the low
momentum particles may not be recorded by the detector due to insufficient mea-
sured information. Due to such a loss in measurement by MDC or TOF system of
the detector, some of the actual events may be skipped. Thus, for low momentum
particles, the chances of loss of events is increased. In order to minimize the loss of
‘actual events’, some important steps were taken. An important and very significant
step was to consider candidate events with missing particles from the final state. We
have considered the case of events having one missing particle in the final state. As a
result of this selection, the detection efficiency increased from 1.7% (for events hav-
ing all six charge tracks in the final state) to 8.3% (for events having either six or
five charge tracks in the final state). The increased detection efficiency enhances the
chances of background events. However, due to resonances of very small decay widths
i.e., 27, QF, Aand A, when mass and x? constraints are applied to get invariant mass

distributions of AK~ (for Q~) and AK™* (for Q*), the chances of background events
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were reduced.

For greater detection efficiency, in addition to consideration of events with one miss-
ing track, the particles in the final state were identified by using only their dE/dx
information. When both the dE/dx information and TOF information is used in par-
ticle identification, the detection efficiency was found to decrease. It is because the
particles having low momentum may lack TOF information, increasing the chances

of incorrect assignment of particle hypothesis to a charge track.

6.1 CONCLUSIONS

In the light of our analysis results and above mentioned discussion, the following

conclusions are drawn:

1. Using 14 million ¥ (2S) decays recorded by BESII detector at BEPC, the branch-
ing fraction of 1¥(25) — Q~QF decay process, is determined to be (3.21 £
1.25(stat) +0.97(sys)) x 107°. The statistical significance levels of Q= and QF

signals, were determined to be 5.3 o and 4.6 o, respectively.

2. Our result of Br(y(25) — Q%) is consistent with the upper limits reported

by BES and CLEO Collaborations at 90% confidence level: 7.3 x 10~° and
1.6 x 1074, respectively. This consistency expresses that technique of selecting

events with one missing track also, has been very successful.

3. Precise measurements of high energy processes demand large amount of data.
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This can be achieved/enhanced through improved experimental setup with bet-
ter detector resolutions. Alternately, this task can be achieved by increasing de-
tection efficiency with minimum possibility of background events. In our study
the technique of selecting events with one missing particle also, was employed.

This resulted in four-fold increase in detection efficiency.

. The systematic error in the branching fraction will be reduced by using large
data statistics at BESIII and better analysis tools: MC generators, GEANT4

detector simulation toolkit and reconstruction software etc.

. BESIII experiment will provide huge statistics of ¢(2S) decays in the near fu-
ture. About 200 million v (2S) events have already been recorded. This number
is expected to further increase by about an order of magnitude. The data will
thus help us perform more precise measurement of Br(i(25) — Q~QF), with

low statistical error.
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