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Abstract

Using 14 million ψ(2S) decay events registered by Beijing Spectrometer II commonly
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Chapter 1

Introduction

High Energy Physics deals with the study of fundamental particles and their inter-

actions. In this regard, both the theoretical as well as experimental approaches are

used [1]. On the theoretical side, ’Standard Model’ of Particle Physics is the best

framework. It provides mathematical tools to investigate the electroweak and strong

interactions among fundamental particles [2]. In the electroweak sector, this the-

ory is highly successful. On the other side, many high energy physics experiments

use the accelerator and detector technology to create environment necessary for the

study of fundamental physics. The experimental setup might involve fixed target or

colliding beams. BESII is one of the leading high energy physics experiments. In

this experiment, electron positron beams were collided at 2-5 GeV energy range. In

addition to other physics agenda, large samples of charmonium states (containing

1



charm anticharm pair): J/ψ, ψ(2S) and ψ(3S) were produced. The ψ(2S) sam-

ple consists of about 14 million events. The decay dynamics of charmonium states

like ψ(2S) can be investigated to test the laws of symmetries claimed by the ’Stan-

dard Model’. These laws include conservation of different quantum numbers such as

baryonness, strangeness, charmness, bottomness, isospin, etc. As far as law of con-

servation of baryon number is concerned, until now, it is followed by electroweak as

well as strong reactions. However, law of ’conservation of strangeness’ is not obeyed

in weak interactions. According to Quantum Chromodynamics (QCD), ψ(2S) de-

cays predominantly through electromagnetic and hadronic transitions. There is also

large probability of strong decays of ψ(2S), in which its charm anticharm (cc̄) pair

first annihilates into three gluons or one photon. Then the gluons or the photon

materializes into hadronic states (stable or unstable) ([3], [4], [5]). There is no QCD

prediction about the strangeness violating decay of ψ(2S), meaning such decay pro-

cess has zero chances. Looking for strangeness violating decay of ψ(2S) is actually

looking beyond the ’Standard Model’. In order to test the ’Standard Model’ for

strangeness violation in ψ(2S) primary decays, we have performed a detailed study

of ψ(2S) → ΛΛ̄K0
s . Our study reveals that, as predicted by the ’Standard Model’,

both the isospin as well as strangeness are violated from the origin. Only isospin

violating process J/ψ, ψ(2S) → ΛΛ̄π0 has been studied by BES and DM2 (Magnetic

Detector 2) Collaborations ([6], [7], [8]). However, no study of strangness violation

exists in literature for our decay process. At BESI and BESII ([6], [7]), the study of

2



J/ψ → ΛΛ̄π0 has been reported with a branching fraction and an upper limit of the

branching fraction, respectively. Our study confirms isospin and strangness violation

in ψ(2S) → ΛΛ̄K0
s , with an upper limit of 9.3×10−5 at 90% confidence level through

Bayesian approach, for branching fraction.
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Chapter 2

Fundamental Concepts

2.1 Brief History

Scientists have always been attempting to discover the internal structure of matter

and the forces which bind the matter together. At first, atom was considered as the

fundamental building block of matter. As the research proceeded it was found that

atom itself had an internal structure. The existence of electron was confirmed in

1897 by J.J. Thomson in the study of cathode rays ([9], [10]). According to his ’plum

pudding model’ an atom consisted of electrons dispersed in a rather homogeneous

positive sphere. The atomic structure was discovered by Rutherford in an experiment

of protons striking piece of gold foil. He concluded that electrons which are negatively

charged particles, revolve around positively charged nucleus. Later on, proton and

neutron, were discovered forming nucleus. In 1930’s, Pauli gave the idea of neutrinos,

4



to account for the energy and momentum missing in nuclear β decay ([3], [10]).

Later studies indicated that even protons and neutrons themselves have substructure.

Efforts to discover and understand the fundamental particles went on throughout the

last century. In this persuit, we now know that the basic constituents of matter and

their properties can be well studied in the framework of ’Standard Model’. High

energy physics experiments are looking to confirm the predictions of the Standard

Model, and beyond. Similar efforts are ongoing at BEPC and our work focuses on an

important aspect of the same in the domain of ”strong interactions”. The following

section provides a brief description of some important aspects of the Standard Model

which are related to our work.

2.2 The Standard Model

’Standard Model’ is a set of quantum field theories that provides a theoretical frame-

work to study fundamental particles and their interactions. The fundamental particles

are of two types: quarks and leptons. Each of the quarks and leptons has correspond-

ing antiparticle called antiquark and antilepton, respectively([2], [3]). There are four

known interactions: electromagnetic, weak, strong and gravitational. The gravita-

tional force is negligible at quantum level as compared to other three types. Thus

we are left with only three forces working among the fundamental building blocks

of matter. Leptons interact through only electromagnetic and weak forces. While

5



quarks due to color property, interact in all the three ways. Electromagnetic inter-

action takes place among electrically charged particles, through exchange of photons

(γ). The weak force is mediated by three types of bosons: W+, W− and Z0. The

strong force is mediated via exchange of gluons. Electromagnetic and weak forces

have been unified into the electroweak force which is studied in the framework of

electroweak theory. Efforts to explore the properties of strongly interacting particles

within the Standard Model are ongoing.

Main properties of the fundamental forces and their gauge bosons as described in

reference 4 is reproduced in Table 2.1.

Table 2.1: The Boson Mediator[4]

Force Mediator Mass (GeV/c2) Range (fm) Spin/Parity

Strong Gluon (g) 0 ∼ 1 1−

Electromagnetic Photon γ 0 Infinite 1−

Weak Z0 91.186± 0.0021 ∼ 10−3 1+

W± 80.403± 0.029 ∼ 10−3 1−

In the following sections, we review the basic concepts of quarks and leptons, with

a special focus on the bound states of quarks and/or antiquarks called hadrons([3], [5], [9],

[11], [12]).

6



2.3 The Quark Model

Initially, the purpose of quarks was just to explain flavor patterns of particle masses.

There was no postulate that quarks are actual physical objects. Later on, theoret-

ical and experimental investigations indicated that quarks are real physical objects,

although there is no direct experimental evidence of these entities [13]. Currently,

according to the quark model, there are six quarks and six leptons, each having spin

1/2. By convention quarks are assigned positive parity and antiquarks a negative

parity. In addition, each quark has baryon number 1/3 and antiquark −1/3. The

six quark types (flavors) are: up, down, strange, charm, bottom and top. The lepton

types include: electron (e), electron neutrino (νe), muon (µ), muon neutrino (νµ), tau

(τ) and tau neutrino (ντ ). The properties of quarks and leptons as described in Parti-

cle data booklet [14] are listed in Tables 2.2. and 2.3. The additive quantum numbers

of quarks are associated with their electric charge through the following generalized

Gell-Mann-Nishijima formula([14], [15], [16], [17]):

Q = I3 +
B + S + C +Bf + T

2
, (2.3.1)

where B the baryon number, Q is the electric charge, S the strangeness, C the charm-

ness, T the topness, Bf the bottomness and I3 the third component of isospin of any

quark type.

In the minimal quark model, baryons (antibaryons) are composed of three quarks (an-

tiquarks) and mesons are made up of quark antiquark pair. Therefore each baryon

7



Table 2.2: Fundamental Fermions [14]

Particle Mass (GeV/c2) Electric Charge

Quarks

u ∼ 0.0015− 0.004 +2/3

d ∼ 0.004− 0.008 -1/3

c ∼ 1.15− 1.35 +2/3

s ∼ 0.08− 0.13 -1/3

t 174.3 +2/3

b ∼ 4.1− 4.3 -1/3

Leptons

e 5.1× 10−4 -1

νe 0

µ 0.11 -1

νµ 0

τ 1.8 -1

ντ 0

8



Table 2.3: ”The additive quantum numbers of the quarks”. [14]

Property Quark d u s c b t

Q (charge) -1
3

2
3

-1
3

2
3

-1
3

2
3

I (Isospin) 1
2

1
2

0 0 0 0

I3 (3rd comp.) -1
2

1
2

0 0 0 0

S (Strangeness) 0 0 -1 0 0 0

C (Charm) 0 0 0 +1 0 0

B (Bottomness) 0 0 0 0 +1 0

T (Topness) 0 0 0 0 0 +1

9



(such as proton (p), neutron (n), Λ, ∆, Σ, Ξ, Ω,...) has baryon number +1. In the

same way, the baryon number for each antibaryon (such as antiproton (p̄),antineutron

(n̄), Λ̄, ∆̄, Σ̄, Ξ̄, Ω̄, ...) is -1. The baryon number for each meson is zero. All of the

additive quantum numbers are conserved in strong interactions. The strangeness is

an exceptional additive quantum number helpful in distinguishing weak processes

from strong and electromagnetic reactions, because its conservation is only violated

in weak interactions. By convention, each strange quark is assigned a strangeness of

-1 and antistrange quark +1 ([15], [16], [17], [18]).

When extended to SU(4) or SU(5), the quark model can include all quark-antiquark

combinations allowed by QCD ([13], [18], [19], [20]) , i.e. all colour neutral config-

urations: tetraquarks (qq)( q̄q̄), meson-molecules (qq̄)(qq̄) and pentaquarks (qq̄qqq).

However, Glueballs (gg) or hybrids (qq̄g) are not included in the quark model frame-

work, since there are no explicit gluons in the quark model.

The decay process which we intend to analyze in this work, namely ψ(2S) → ΛΛ̄K0
s ,

involves both the baryons as well as mesons in the primary, secondary and ter-

tiary level decay products. We will therefore focus on the their formation from

quark/antiquark constituents in the following subsection. The mesons and baryons

are grouped depending upon their similar properties such as jPC , where j, P and C

represent total angular momentum, parity and charge conjugation, respectively.
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2.3.1 Meson Multiplets

As described earlier, meson is a bound state of quark antiquark pair, characteristics of

which (such as parity, C-parity, G-parity, spin j etc), are described by the properties

of its constituents. Parity of a meson is obtained through the following relation [21]:

P = (−1)l+1

C-parity and G-parity of a meson are obtained using the following relations:

C = (−1)l+s

and

G = (−1)I+l+s. (2.3.2)

The spin quantum number j of a meson satisfies the following relation:

|l − s| < j < |l + s|

where l is the angular momentum quantum number and s is the spin angular momen-

tum quantum number of meson. In case of antiparallel quark and antiquark spins;

s = 0 and for parallel quark and antiquark spins; s = 1. The angular momentum

number l can have values 0, 1, 2 and so on. The value l = 0 corresponds to ground

state mesons. Mesons are grouped according to their jPC values. The groups thus

obtained are called meson multiplets [14].

Three quark antiquark flavors (u, d and s) make up nine qq̄ combinations for light
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Figure 2.1: ”SU(4) weight diagram showing the 16-plets for the pseudoscalar”
(a) ”and vector mesons (b) made of the u, d, s and c quarks as a function of
isospin I, charm C and hypercharge Y = S + B − C/3 . The nonets of light
mesons occupy the central planes to which the cc̄ states have been added”
[14].
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as well excited mesons, giving an octet and a singlet [14]:

3⊗ 3̄ = 8⊕ 1

If c quark is also included, sixteen meson states are obtained which form a 15-plet

and a singlet [14]:

4⊗ 4̄ = 15⊕ 1

The ground state mesons include both the pseudoscalar as well vector mesons. The

nonets of these mesons make up the central plane of Fig.2.1 (a) and Fig 2.1 (b) [14].

The nonent of Fig. 2.1 (a) includes the pseudo scalar mesons of our decay channel

i.e., K0
s , π

− and π+ whereas that of Fig. 2.1 (b) includes the vector meson J/ψ. The

vector meson resonance involved in our decay process ψ(2S) is the first excited state

of the J/ψ meson.

2.3.2 Baryon Multiplets

In minimal quark model, baryon is a bound state of three quarks, with fermionic

nature. Baryon spin (j) is sum of its orbital angular momentum (l) and total spin (s)

of quark constituents. For l = 0, with two quarks aligned and one anti-aligned, the

spin is 1/2, and with all quarks aligned, spin is 3/2. For spin 1/2, an octet of baryons

is allowed, whereas for spin 3/2, a decuplet of baryons is formed. When charm quark

is included among three light quarks, a 20-plet for each of the baryons with spin 1/2

and spin 3/2, is obtained. These 20-plets of baryons, plotted with respect to their

hypercharge, third component of isospin and charmness, are shown in Fig. 2.2. The
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Figure 2.2: ”SU(4) multiplets of baryons made of u, d, s, and c quarks”. (a)
”The 20-plet with an SU(3) octet. (b) The 20-plet with an SU(3) decuplet”.
[14].
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octet and the decuplet allowed for light quarks, are clearly found as lowest planes in

Fig. 2.2 (a) and Fig. 2.2 (b) ([14], [21]). Fig 2.2 (a) also includes the baryons of our

decay process: lambda (Λ) and proton (p).

The properties of unstable hadrons such as ψ(2S) can be studied through analysis of

their final decay products. As described above, our analysis uses 14 million ψ(2S) de-

cay events recorded by BESII experiment. Before going to the details of our analysis,

first of all, we will describe the BESII experimental setup in the following chapter.
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Chapter 3

Experimental Setup

3.1 Beijing Electron Positron Collider (BEPC)

1The Beijing Electron Positron Collider (BEPC) ([22], [23]) was constructed on the

grounds of Institute of High Energy Physics (IHEP), Beijing, China, from 1984 to

1988. Its purpose was to produce electron positron beams for collisions at the center

of mass energies in the range: (2-5) GeV.

From 1993 to 1997, the collider (and detector) was upgraded [23] to BEPCI (and

BESII), the focus of our study. The running parameters of BEPCI are listed in Table

3.1 [25]. An overview of different parts of BEPC is shown in Fig. 3.1.

The details about different parts of BEPC can be found at: ”http://www.

ihep.ac.cn/english/E-Bepc/index.htm”. The upgraded setup was used to record data

1Material presented in this chapter has been taken from scholarly work whose references are
given. Author does not have any intention to own any material reported without references.
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Table 3.1: The running parameters of BEPC [25]

Parameter Operation values

Operation momentum, Pe± 1.0-2.5 GeV/c

Energy spread ∆E/E 2.64× 10−4

Circumference 240.4 m

Bunch number 1 e− and 1 e+

Bunch length ∼ 5 cm

Beam lifetime 6-8 h

Luminosity at 1.89 GeV 1031 cm−2s−1
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Figure 3.1: Schematic view of BEPC [26].
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from 1997 to 2002. The data recorded for ψ(2S) events [27] comprise of 14 million

registered from 2001 to 2002, at cm energy of 3.686 GeV. This data has been used

for studying many electroweak and strong processes [28]. The current study has also

been carried out using this data. Keeping in view the importance of the detector

setup used to record data, it is necessary to describe its functional parts. Therefore,

the functionalities of different parts of BESII detector are described in the following

sections.

3.2 BESII Detector

It is a solenoidal detector, consisting of several parts for measuring specific information

about particles of data events produced at its middle from electron positron collisions

([23], [29], [30]).

Figure 3.2: End and side views of the BESII detector ([30], [31])
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When data events are produced, their final state particles move outwards traversing

through different parts of the BESII detector. These parts include a vertex chamber

(VC), a main drift chamber (MDC), time-of-flight (TOF) system, electromagnetic

shower counters (ESC) and the muon counters. The position and order of the detector

parts can be seen in its side and end views, as shown in Fig. 3.2. Main detector parts

have been explained elegantly by Mr. Taiki Yamamura in his PhD thesis [31]. In the

following subsections we describe their main aspects.

3.2.1 Vertex Chamber

The VC was configured around the Beryllium beam pipe of diameter 9.8 cm and

thickness of 1.2 mm. It works with MDC to improve the acceptance and momentum

resolution. When used with TOF system for triggering events, it reduces cosmic ray

background. Its quarter section is shown in Fig. 3.3 ([29], [32]). From this figure it

can be seen that there are 12 layers of straw-tube chambers of two types: axial and

stereo chambers. The inner 4 layers and outer 4 layers are of axial type whereas the

middle 4 layers are stereo type. The stereo type layers have tilting angle of ±3 degrees

with the beam axis. Each straw-tube chamber has position resolutions of (73.4±8.4)

µm and 90 µm, for cosmic ray and colliding beam data, respectively [31].
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Figure 3.3: End view of quarter section of the Vertex Chamber ([29],[31])

3.2.2 Main Drift Chamber

The MDC ([29], [31], [33]) is a concentric cylindrical chamber surrounding the VC. It

is a large tracking detector, the heart of BESII. In addition to the trigger information

of the events, it also measures the trajectory, momenta and energy loss (dE/dx) of

the charge tracks. The structure of MDC is shown in Fig. 3.4.

It had a 40 layer open cell geometry covering 85% of the solid angle. It had one

single gas-filled volume with 3216 sense-wires for readout and 19720 field-wires for

field shaping. Its principle is similar to the straw-tube chamber: a charged particle

passes through it and creates ionization along its way. Being in an electric field, the

ionization electrons are collected and amplified on the sense wires.

Consequently a signal is read out as an electric pulse at the end of these wires. Inside
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Figure 3.4: Cell structure of MDC ([29],[31]

Figure 3.5: The dE/dx resolution of BESII detector [30].
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a 0.4 T magnetic field, the momentum resolution of BESII detector was σp/p =

1.78%
√
1 + p2 where p is in GeV/c. In addition to rϕ -coordinate information, the

MDC also provides dE/dx information used in particle identification. The dE/dx

value depends upon the particle momentum, thus being unique for each particle type

(Fig. 3.5). The greater the energy loss, the more ionizations occur, resulting in larger

electric pulse.

3.2.3 Time of Flight Counter

After VC and MDC, comes the TOF system at a radius of 1.15 m. It is divided

into two parts: the Barrel-TOF and Endcap-TOF. It has 48 scintillation counters to

signal as charged particle hits its counters [29].

To supplement particle identification, the mass of the particle is deduced by using

flight time from the interaction point to the TOF and the momentum information.

The time resolution for Bhabha events [34] (e+e− → e+e−) was 180 ps and for hadrons

200 ps, enough for a reasonable separation of charged kaons, pions and protons below

1 GeV/c (Fig. 3.6) [31].

3.2.4 Shower Counter

The shower counter consists of both the barrel-shower-counter (BSC) and end-cap-

shower-counter (ESC) ([35], [36]). The BSC lies between barrel TOF and the magnetic

coil whereas ESC was between end-cap TOF and magnet yoke. It covered 80% and
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Figure 3.6: Time of flight resolution at BESII [30]

13% of the solid angle for BSC and ESC, respectively. Fig. 3.7 and Fig. 3.8 show

schematic views of BSC and ESC, respectively [31].

The BSC consists of 24 layers of self-quenching streamer mode (SQS) tubes interleaved

with 24 layers of lead absorber (0.5 radiation length each). The SQS-tubes were

mounted axially with readout on wires. The position along the z-axis was determined

by charge-division, i.e. by comparing the signal strength from both ends of the wire.

The BSC was used to measure energies of photons and electrons over 80% of the solid

angle. The ESC consisted of 24 layers of self-quenching streamer (SQS), interleaved

with 23 layers of lead sheet [31]. It was used to measure energies of electrons and

photons over 13% of the solid angle.
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Figure 3.7: Schematic view of the barrel shower counter ([31], [35])

Figure 3.8: Endcap shower counter ([31], [36])
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The performance of the shower counter was tested by using Bhabha events. Shower

position resolution was estimated to be σϕ = 7.9 mm and σz = 36 mm for BSC

while σx = 15 mm and σy = 17 mm for ESC. The energy resolution was △E/E =

21.0%/
√
E and △E/E = 22.1%/

√
E (E in GeV), respectively [31].

3.2.5 Muon Counter

The outermost sub-detector [37] was a 3-layer muon counter interleaved with the

iron flux return outside the magnet coil. Its purpose was to identify muons with

momentum greater than 0.5 GeV/c. Their proportional tubes were used to measure

the track position in terms of azimuthal angle ϕ, and z-coordinate was determined

through charge-division [31].

3.2.6 Luminosity measurements

The luminosity monitor [38] was mounted on both sides of the intersection region,

close to the beam line. The Luminosity was determined by measuring Bhabha scat-

tering rate at small angle with the detector. The measured value was compared with

the theoretical value obtained through perturbative QED, giving an uncertainty of

3%. The luminosity monitor system is shown in Fig. 3.9. It has four group of coun-

ters, each consisting of two scintillation counters and one calorimeter. One of the

scintillation counters is a defining counter P and the other one is an auxiliary counter

C. The calorimeter is used to measure the shower electromagnetic energy [31].
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Figure 3.9: Luminosity Monitor System ([31], [38])

3.3 Software and Physics Analysis Tools

The software used for generating Monte Carlo (MC) simulation is called GENSIM

and it was developed by BES group. GENSIM consists of two main drivers; GENBES

and SIMBES ([39], [40]), where GENBES is the event generator and SIMBES per-

forms the BESII detector simulation. GENBES is used within SIMBES to provide

kinematic information for primary events. For simulating various J/ψ and ψ(2S) ra-

diative decays, the original MC generators were developed at MARK-III experiment.

BESII detector simulation was based on GEANT3 [41] for simulating various physical

processes. GENSIM produces a raw data file. This data file is used to reconstruct

important physical information about the events [31].
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3.4 Detector background

Detector background such as noisy electronics channels or signal distortion from un-

wanted interactions between the detector and the decay particles, varies from ex-

periment to experiment. In BESII, unwanted particle interaction with the detector

such as pair-production, small-angle scattering, energy-losses and bremsstrahlung,

and electronics deficiencies such as noisy and dead channels are taken into account in

the Monte Carlo simulation [42].
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Chapter 4

Charmonium Study - A Literature
Survey

As described earlier, there are six quark flavors: up, down, strange, charm, bottom

and top ([3], [5]). This list has come out in decades of theoretical and experimental

investigations [43]. Before November 1974, the list consisted of only three quark fla-

vors: up, down and strange (light quark flavors). By that time charm quark had been

predicted theoretically [44]. A quest for this quark was therefore going on in high

energy physics laboratories. On 11th November, 1974, known as November revolution

in the history of particle physics, two high energy physics laboratories (Stanford Lin-

ear Accelerator Centre (SLAC) [45] and Brookhaven National Laboratory (BNL) [46])

announced the discovery of a new resonance with central mass value of 3.097 GeV/c2.

It was concluded that this resonance is a composite state of a charm-anticharm pair

also known as charmonium. This resonance is now known as J/ψ, with jPC = 1−−,

because it was given different names: J by BNL and ψ by SLAC. It had a very narrow

width with comparatively longer lifetime of 7.2× 10−21 sec.
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The J/ψ resonance was observed in the following reactions:

At SLAC

e+e− → ψ → hadrons

At BNL

p+Be→ J/ψ + anything

with

J/ψ → e+e−

Observation of J/ψ thus provided a first experimental evidence of the fourth quark

i.e., charm. Second experimental confirmation of charm quark came after 10 days

when a second charmonium state ψ(2S) was discovered at SLAC [3]. Later on, more

charmonium states (ψ(3S), ψ(4S), ...) were observed experimentally, further con-

firming the existence of charm quark. J/ψ is the ground state of its family whereas

ψ(2S) is its first excited state [44].

The charmonium states can decay via electromagnetic or hadronic processes involv-

ing radiative transitions or annihilation decays. The radiative transitions have mainly

two types: electromagnetic and hadronic. Electromagnetic transitions involve the de-

cay of charmonium states to their low lying charmonium states by emitting photons.

In hadronic transitions, the charmonium states are converted into lower states via

emission of lighter mesons such as π and ρ. The annihilation decays are of mainly
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two types: hadronic and electromagnetic. In hadronic annihilation of charmonium

states such as ψ(2S), hadrons are predominantly formed from three gluons (Fig. 4.1).

The hadronic decay modes of ψ(2S) are strongly suppressed. This suppression is in

accordance with OZI rule ([47], [48], [49]), justifying long lifetime of this resonance.

Due to this strong suppression, the probability of electromagnetic decays of ψ(2S)

become comparable with that of the hadronic decays. That is why, its leptonic de-

cays have significant branching fraction. In electromagnetic annihilation the hadrons

are formed from the photons produced due to the annihilation of charm-anticharm

pair (Fig. 4.1) ([42], [44]). The annihilation decays are mainly divided into two or

three body intermediate state decay processes. Two body decays involve a meson

pair or a baryon antibaryon pair. Three body decays may involve three mesons or a

baryon antibaryon pair accompanied by a meson ([50], [51]). These decay modes pro-

vide excellent opportunities to search for hybrids, study properties of light hadrons,

investigate excited hadronic states, measure mixing angles of SU(3) and probe the

possibility of decay processes violating conservation laws such as lepton flavour vio-

lation, isospin violation, strangeness violation and CP violation ([7], [45], [46], [52],

[53], [54]).

Many ψ(2S) decay processes have been studied recently by BESII [28] and CLEO-

c [55], and by old experiments such as BONANZA, MARKI, DASP, MARKII, DM2

and MARKIII ( [56], [57], [58], [59], [60], [61], [62], [63]). The studied decay modes in-

clude both the two body and three body intermediate state processes. Some analyses
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Figure 4.1: Charmonium decays through three gluons, through one photon
and through one photon and two gluons [42]

deal with finding the probability of decay processes which violate certain conservation

laws ([7] [64] [65] [66]).

The violation processes can also be studied using three body intermediate state pro-

cesses such as isospin violating process (J/ψ, ψ(2S)) → ΛΛ̄π0 studied at BESII [7].

Theoretically, formation of three hadrons in the intermediate state can be explained

within the ’diquark model’ [67]. According to this model, three body intermediate

state may arise from the combination of quark (anti-quark) and diquark (anti-diquark)

pairs formed from three gluons produced in cc̄ pair annihilation. Fig. 4.2 shows a

Feynman diagram representing the hadronization of three gluons into a three body

intermediate state containing a baryon antibaryon pair and a meson [67]. The for-

mation of such intermediate state may involve scalar diquark, vector diquark or both

[67], such as ψ(2S) → ΛΛ̄π0 decay process involves only scalar diquark.
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Figure 4.2: Feynman diagram representing ’diquark model’, for the formation
of a baryon antibaryon pair and a meson, from three gluons [67]
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Our study is aimed to probe the isospin and strangeness violating decay process

ψ(2S) → ΛΛ̄K0
s . The intermediate state of this decay process involves a baryon

antibaryon pair (ΛΛ̄) and a pseudoscalar meson (K0
s ). The three hadrons in the

Figure 4.3: Feynman diagram representing ’diquark model’, for the formation
of a ΛΛ̄ pair and a K0

s meson, from three gluons [67]

intermediate state can be formed only through violation of strangeness and isospin.

According to ’diquark model’, Fig. 4.3 shows a possible Feynman diagram for the

formation of ΛΛ̄ pair and pseudoscalar meson K0
s . The intermediate state shown in
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this figure arises through violation of strangeness and isospin at gluonic vertex g1.

We have probed the possibility of this strangeness and isospin violating process by

using 14 million ψ(2S) data recorded by BESII experiment. The details of our study

follow in the next chapter.
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Chapter 5

Analysis of ψ(2S) → ΛΛ̄K0
s

5.1 Introduction

1The ψ(2S) state is a non-relativistic bound state of cc̄ pair. According to QCD pre-

dictions, ψ(2S) decays predominantly via cc̄ annihilation into three gluons or a virtual

photon [42]. These gluons or photon lead to hadronic states obeying or violating con-

servation of important quantum numbers such as baryon number (b), strangeness

(s), isospin (I), etc. On the non-conservation side, isospin non-conserving decay

mode J/ψ → ΛΛ̄π0 has been studied at BESI, BESII and DM2 ([7], [8], [6]) and

ψ(2S) → ΛΛ̄π0 at BESII [7]. To the best of our knowledge, no study exists in litera-

ture about the strangeness violating decays of any charmonium state such as J/ψ or

ψ(2S). The analysis of ψ(2S) → ΛΛ̄K0
s is therefore of prime importance as it would

be the first study in this direction. The isospin violating process ψ(2S) → ΛΛ̄π0

has been reported with an upper limit at 90% confidence level [7]. In our study, the

case is different, because ψ(2S) → ΛΛ̄K0
s violates the conservation of isospin as well

1Results reported in this chapter are based upon BESII analysis memo entitled Search for
ψ(2S) → ΛΛ̄K0

s .
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as strangeness. Keeping in view that the decay mode of ψ(2S) which violates only

isospin conservation is found with an upper limit, we decided to investigate some

decay mode which violates isospin as well as strangeness. The objective in making

such study was to probe the probability of such decay mode. Such type of studies will

help to authenticate the credibility of standard model or to look for any hint beyond

the standard model. The analysis of the current decay process was carried out by

using about 14 million ψ(2S) events registered by BESII. Details of this analysis are

described in the following sections.

5.2 Monte Carlo Simulations

As indicated in section 3.3, the Monte Carlo samples of signal decay process ψ(2S) →

ΛΛ̄K0
s and exclusive background channels were obtained by using ’GENSIM’ program.

This program is divided into two parts: ’GENBES’ and ’SIMBES’([39], [40]). These

programs control the process of MC event generation and detector simulation of the

generated events, respectively. In order to run these programs in a sequence, ’gensim’

card was used. This card has two parts: ’genbes’ and ’simbes’. The ’genbes’ card

is used to specify MC generator name and the prerequisites for this generator. The

’simbes’ card provides important options regarding BESII detector([39], [40]). Physics

of simulated events is then reconstructed by performing the following steps:

• The ’gensim’ command is used to generate a file of raw simulated data.

• The simulated data is then reconstructed to get an ’ndst’ file by using a ’DRUNK’
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(Display and ReconstrUctioN Kit) card, through ’drunk’ command. The ’ndst’

file thus reconstructed contains important information about the particles of

reconstructed events, such as decay vertices of resonances, polar angle, energy

loss, momentum, etc.

• The reconstructed events contain information that can be used to select events

satisfying specific criteria. The events which do not satisfy the selection criteria

are skipped.

In the following section, we outline the criteria for initial selection of events from

’ndst’ file.

5.3 Initial Event selection

Charged particles of the candidate events for the signal process: ψ(2S) → ΛΛ̄K0
s ,

were required to satisfy the following conditions [68]:

• Each charged track is reconstructed from MDC with good helix fit (Mfit=2)

• Each charged track satisfies the vertex constraints: Rxy < 12cm , |Rz| < 30cm

• Transverse momentum of each charged track is such that Pxy > 50 MeV/c

• Polar angle for each track in MDC satisfies |cosθ| < 0.8

• The total number of charged tracks satisfying above conditions should be six

with net charge 0.
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5.4 Particle Identification

After initial selection of events, it is required to reconstruct the signals of Λ, Λ̄ and

K0
s from the information of each selected event. For this purpose, each track of an

event, was assigned a particle hypothesis through the process of particle identification.

The process of particle identification was based on two types of information: energy

loss (dE/dx) and TOF. Their theoretical and measured values were used to obtain

χ2
dE/dx and χ

2
TOF . First, the measured values of dE/dx and TOF were corrected, then

the corrected measured values and the theoretical ones were used in the following

relations:

χTOF (i) =
TOFmeas − TOFexp(i)

σTOF (i)

χdE/dx(i) =
dE/dxmeas − dE/dxexp(i)

σdE/dx(i)
,

where TOFmeas, TOFexp(i), σTOF (i), dE/dxmeas, dE/dxexp(i) and σdE/dx(i) represent

the corrected measured values, expected values and resolutions of TOF and dE/dx,

respectively, used for a particle hypothesis i.

Using the above relations, the χ2
dE/dx(i) and χ

2
TOF (i) values were obtained for a parti-

cle hypothesis i assumed for each track in the event. For a positively or a negatively

charged particle, three pairs of values for χ2
dE/dx(i) and χ

2
TOF (i), were evaluated. A

combined χ2 value was calculated for each hypothesis i, by adding the individual

values for that hypothesis:

χ2(i) = χ2
TOF (i) + χ2

dE/dx(i),
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where i represents proton(p) or positive pion (π+) or positive kaon (K+) for a positive

particle hypothesis and anti-proton (p̄) or negative pion π− or negative kaon (K−)

for a negative particle hypothesis. Once the combined χ2 values were ready for each

particle hypothesis, each track (particle) of an event was identified as a particular

hypothesis by using the following comparisons:

• Positive pion (π+) was identified if the following inequality was satisfied:

χ2(π+) < χ2(K+) and χ2(π+) < χ2(p).

• Proton identification was performed through the following inequality:

χ2(p) < χ2(K+) and χ2(p) < χ2(π+).

• Negative pion (π−) was identified by using the following inequality:

χ2(π−) < χ2(K−) and χ2(π−) < χ2(p̄).

• Anti-proton (p̄) was identified through the following comparison:

χ2(p̄) < χ2(K−) and χ2(p̄) < χ2(π−).

Success of particle identification process was based on the criteria that there should

be two positive pion, two negative pion, a proton and an anti-proton, meaning all

particles are identified.

5.5 Secondary Vertex Fit

After successful particle identification, the pion belonging to Λ, Λ̄ and K0
s were deter-

mined through secondary vertex fitting. As we know that there are two positive pion
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and two negative pion in the final state of ψ(2S) → ΛΛ̄K0
s , we applied vertex fitting

to the possible pπ−, p̄π+ and π+π− combinations, by using ’KLAMS’ vertex fitting

algorithm, for searching decay products of Λ, Λ̄ and K0
s . The combinations passing

vertex fitting and with minimal value of |Mpπ− −MΛ|+ |Mp̄π+ −MΛ̄|+|Mπ+π− −MK0
s
|,

were accepted for kinematic fitting.

5.6 Kinematic Fit

After getting pπ−, p̄π+ and π+π− combinations successfully from vertex fitting, we

applied four-constraint (4C) kinematic fit to the hypothesis ψ(2S) → p p̄ 2(π+) 2(π−),

imposing conservation of total energy and momentum and χ2
4C < 50. All the MC and

data events were passed through 4C kinematic fit. The events passing 4C fit success-

fully were used to reconstruct the invariant mass distributions pπ−, p̄π+ and π+π− to

represent the Λ, Λ̄ and K0
s . Samples of these invariant mass spectra, alongwith χ2

4C ,

the Λ, Λ̄ and K0
s decay lengths, etc, were saved into ’HBOOK’ files. A comparison of

χ2
4C distributions of MC and data events is shown in Fig. 5.1.

5.7 Determination of Mass Resolutions

After 4C kinematic fit, the invariant mass spectra of pπ−, p̄π+ and π+π− were fit with

single gaussian function. From the fit results as shown in Fig. 5.2 and Fig. 5.3, mass

resolutions of Λ, Λ̄ and K0
s , were determined to be 0.0024 GeV/c2, 0.0024 GeV/c2

and 0.0078 GeV/c2, respectively [68].
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Figure 5.1: Comparison of χ2
4C distributions: the dotted histogram is for MC and the

solid one represents data [68].
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5.8 Final Selection Criteria

For making final selection of events, the Λ, Λ̄ and K0
s mass constraints were decided

by using their mass resolutions. Their invariant mass spectra were constrained to be

within 3σ from the corresponding central mass values, where σ represents the mass

resolution. In this way the following mass constraints were decided:

• |Mpπ− −MΛ| < 0.008 GeV/c2

• |Mp̄π+ −MΛ̄| < 0.008 GeV/c2

• |Mπ+π− −MK0
s
| < 0.02 GeV/c2,

where MΛ,Λ̄ = 1.1156 GeV/c2 and MK0
s
= 0.4976 GeV/c2.

In addition to mass constraints, the cuts for secondary vertices of Λ, Λ̄ and K0
s were

also decided as a part of final selection criteria. To reject the backgrounds from the

channels which don’t include Λ butK0
s , we required the vertex constraint Rxy > 5mm

(where Rxy is the distance from reconstructed vertex of Λ(Λ̄) to the original point of

Λ(Λ̄)).

Similarly, to reject the background from channels which don’t include K0
s , we required

Rxy > 5mm [69]. One more constraint was included in the final selection criteria i.e.

χ2
4C < 25. This constraint was decided, through optimization of χ2

4C , by applying

all mass and secondary vertex constraints (as described above). The χ2
4C value that

maximizes S√
S+B

, was chosen for χ2
4C constraint, where S represents the MC signal

and (S+B) represents signal plus background from data. The optimized χ2
4C is shown
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in Fig. 5.4.

5.9 Final Event Selection

The final selction of invariant mass spectra pπ−, p̄π+ and π+π− was made under

χ2
4C < 25 as below:

The invariant mass plot of pπ− (Fig. 5.5 (a, b)) was selected under the following

constraints:

• |Mp̄π+ −MΛ̄| < 0.008 GeV/c2

• |Mπ+π− −MK0
s
| < 0.02 GeV/c2

• |Rxy(Λ)| > 0.005 m

• |Rxy(Λ̄)| > 0.005 m

• |Rxy(K0
s )
| > 0.005 m

The invariant mass plot p̄π+ after the following cuts is shown in Fig. 5.5 (c, d):

• |Mpπ− −MΛ| < 0.008 GeV/c2

• |Mπ+π− −MK0
s
| < 0.02 GeV/c2

• |Rxy(Λ)| > 0.005 m

• |Rxy(Λ̄)| > 0.005 m

• |Rxy(K0
s )
| > 0.005 m
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The invariant mass plot π+π−, after the following cuts is shown in Fig. 5.5 (e, f):

• |Mpπ− −MΛ| < 0.008 GeV/c2

• |Mp̄π+ −MΛ̄| < 0.008 GeV/c2

• |Rxy(Λ)| > 0.005 m

• |Rxy(Λ̄)| > 0.005 m

• |Rxy(K0
s )
| > 0.005 m

By using the above selection criteria, clear signal of Λ and Λ̄ is seen in data, as shown

in Fig. 5.5. But in case of K0
s there is no obvious signal seen in data. Comparison of

data and MC are also shown in Fig. 5.5. For further investigation the scatter plots

of Mπ+p̄ versus Mπ−p and Mπ−p versus K
0
s , are shown in Fig. 5.6. One can easily find

the signal of Λ and Λ̄ from Fig. 5.6 (b). But, in case of K0
s signal, it is not clear as

shown in Fig. 5.6 (d). In order to know the sources of events in the signal region,

background study was performed as described in the next section.

5.10 Background Analysis

5.10.1 Exclusive Background Estimation

There exist several methods for background estimation: one way is to check the similar

final state of ψ(2S) decays listed in Particle Data Group (PDG). The background may

come from ψ(2S) → Ξ(1321)−Ξ̄(1321)+, ψ(2S) → Σ(1385)+Σ̄(1385)− and ψ(2S) →
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Figure 5.5: Invariant mass plots of Λ, Λ̄ and K0
s : (a) Mpπ− in MC.

(b) Mpπ− in data (c) Mp̄π+ in MC. (d) Mp̄π+ in data (e) Mπ+π− in
MC (f) Mπ+π− in data [68]

.
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Figure 5.6: Scatter plots: (a). Mπ+p̄ versus Mπ−p (MC), (b). Mπ+p̄

versus Mπ−p (data), (c). Mπ+π− versus Mπ−p (MC), (d). Mπ+π−

versus Mπ−p (data) [68]
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ΛΛ̄π+π− channels. For these channels, the invariant mass plots of pπ−π−, pπ−π+

and ΛΛ̄ from data are shown in Fig. 5.7(a), Fig. 5.7(b) and Fig. 5.8. From Fig.

5.7(a), we found the signal near 1.321 GeV/c2 which is for Ξ(1321) and same is

for the p̄π+π+. From these plots, it is clear that main background is coming from

ψ(2S) → Ξ(1321)−Ξ̄(1321)+ and ψ(2S) → J/ψπ+π− process. However, prominent

contribution amongst these two channels is from plot of ΛΛ̄, which emerges from J/ψ

(Fig. 5.8).

To suppress these background channels, we generated 50,000 MC events using HOWL

generator and found the mass resolutions of Ξ− and J/ψ, by fitting pπ−π− and ΛΛ̄

invariant mass spectra, as shown in Fig. 5.9 and Fig. 5.10.

To suppress the background from two main channels ψ(2S) → J/ψπ+π−, with J/ψ →

ΛΛ̄ and ψ(2S) → Ξ(1321)−Ξ̄(1321)+, we used 3 σ mass cuts:

|MΛπ− − 1.321| > 0.012 GeV/c2

|MΛ̄π+ − 1.321| > 0.012 GeV/c2

|MΛΛ̄ − 3.0976| > 0.02 GeV/c2

5.10.2 Inclusive Background estimation

Background study was also carried out using MC sample of 14 M ψ(2S) → anything,

generated by Lund charm generator [70]. In this study, the K0
s mass window was used

to look for background channels. The background channels with |Mπ+π− − 0.4976| <

0.02 GeV/c2 are:
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1. ψ(2S) → Λ̄K∗−p, where K∗− → K̄0π
− and K̄0 → K0

s

2. ψ(2S) → J/ψπ+π−, where J/ψ → Λ̄Σ0 and Σ0 → Λγ

3. ψ(2S) → J/ψπ+π−, where J/ψ → ΛΛ̄

4. ψ(2S) → Σ∗−π+Λ̄ + c.c, where Σ∗− → Λπ−

The contribution from these channels is very small. The number of events from

first two channels is one, from third channel is four and from fourth is six. The

channel two and three are suppressed by imposing the mass cut of J/ψ in the range

of |MΛΛ̄ − 3.0976| > 0.045 GeV/c2, which is taken from MC of ψ(2S) → J/ψπ+π−,

where J/ψ → Λ̄Σ0 and Σ0 → Λγ as shown in Fig. 5.11. We see from Fig. 5.10

and Fig. 5.11 that there are two different mass resolutions corresponding to J/ψ

invariant mass of ΛΛ̄. Another approach is used to remove the background from J/ψ

resonances by taking the recoil mass of π+π−. In this way, the ’mass resolution’ of

recoil π+π− mass is found from inclusive MC, within 3σ, to be 0.02 GeV/c2. The

recoil mass plots of MC and data are shown in Fig. 5.12 and Fig. 5.13, respectively.

After using the final selection criteria, the invariant mass plot π+π− obtained from

ψ(2S) → anything is shown in Fig. 5.14. Events within the mass window of K0
s are

due to the background channels: ψ(2S) → Σ∗−π+Λ̄ + c.c, where Σ∗− → Λπ−, shown

in Fig. 5.15.
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5.11 Final Invariant Mass Spectra After Background

Subtraction

In our analysis channel ψ(2S) → ΛΛ̄K0
s , the invariant mass spectra: pπ−, p̄π+ and

π+π−, under final selection criteria and background elimination, are shown in Fig.

5.16. In K0
s mass spectrum, survived events satisfy the following selection criteria:

• |Mpπ− − 1.1156| < 0.008 GeV/c2

• |Mp̄π+ − 1.1156| < 0.008 GeV/c2

• |Rxy(Λ)| > 0.005 m

• |Rxy(Λ̄)| > 0.005 m

• |Rxy(K0
s )
| > 0.005 m

• |MΛπ− − 1.321| > 0.012 GeV/c2

• |MΛ̄π+ − 1.321| > 0.012 GeV/c2

• |RecoilMassπ+π− − 3.0976| > 0.02 GeV/c2

From Fig. 5.16, it is clear that no obvious signal of K0
s is found, so we determined

an upper limit of branching fraction at 90% confidence, by using Baysian approach.
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Figure 5.16: The invariant mass distribution of (a) Λ → pπ−(MC),
(b) Λ → pπ−(data), (c) Λ̄ → p̄π+(MC), (d) Λ̄ → p̄π+(data) (e)
K0
s → π+π−(MC), (f) K0

s → π+π−(data) in ψ(2S) → ΛΛ̄K0
s after

all cuts [68].
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5.12 Fit Results of Mπ+π−

In ψ(2S) → ΛΛ̄K0
s decay channel, we have very clearly found the signals of Λ and

Λ̄ but K0
s signal is not obvious. We performed fit to π+π− invariant mass spectrum,

taking MC histogram as signal function and Legendre polynomials as background

functions. From the fit, we determined the number of events in the signal region. We

performed fitting in two different mass ranges: (0.4−0.6) GeV/c2 and (0.425−0.575)

GeV/c2, using two different background functions - Legendre polynomials of 2nd and

3rd order. Results for ’the maximum likelihood’ for (0.4 − 0.6) GeV/c2 range with

background function of 3rd and 2nd order Legendre polynomials, are shown in Fig.

5.17 and Fig. 5.18, respectively.

According to the result depicted in Fig. 5.17, number of signal events is 1.35±2.8 and

the maximum log likelihood is −2lnL = 28.6. From fit result of Fig. 5.18, the number

of signal events is 1.24 ± 2.9 and maximum log likelihood is −2lnL = 30.2 . Next,

considering the second fit range: (0.425−0.575) GeV/c2, the results are shown in Fig.

5.19 and Fig. 5.20. Considering both the signal and background contributions from

Fig. 5.20, the number of signal events is 1.35 ± 3.32 and maximum log likelihood

is −2lnL = 18.6. From Fig. 5.19, the number of signal events is 1.30 ± 3.53 and

maximum log likelihood is −2lnL = 18.6.
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PARM02 -0.80910 ±  0.9094 -   0.000 +   0.000
PARM03 -4.18535E-02 ±   1.401 -   0.000 +   0.000

Figure 5.19: Fit result of M(K0
s → π+π−) with 3rd order Legendre

polynomial as background function [68].
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Fit Status  3
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χ2=    17.5 for  15 -  4 d.o.f., C.L.=  9.4%
Errors Parabolic                     Minos
Function  1:  Histogram     15   0 Normal errors
NORM  2.57527E-04 ±  6.8390E-04 -   0.000 +   0.000
Function  2:  Legendre Polynomial of Order 2
NORM   65.101 ±   26.67 -   0.000 +   0.000
PARM01 -0.24009 ±  0.4651 -   0.000 +   0.000
PARM02 -0.81064 ±  0.8610 -   0.000 +   0.000

Figure 5.20: Fit result of M(K0
s → π+π−) with 2nd order Legendre

polynomial as background function [68].
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5.12.1 Determination of Upper Limit Events

From above four kinds of fit results, it is concluded that there is no clear signal of

K0
s . With the Bayesian approach [71], the upper limit on the number of events at

90% confidence level, was calculated. Fig. 5.21 (a, b, c, d) illustrates the plots for

the maximum log likelihood and events. These plots correspond to the Mnfit results

shown in Fig. 5.17, 5.18, 5.19 and 5.20. The upper limits on the number of events for

K0
s are closer to each other, so we take the average number of upper limit numbers,

at 90% confidence level, to be 7.5. The results are listed in Tables 5.1 and table 5.2.

5.12.2 Detection Efficiency

For detection efficiency, 2 × 105 MC events were generated using HOWL generator

with GCALOR hadronic model. After the final selection criteria, the number of

survived events is 5203, with detection efficiency 2.6% [68].

5.13 Systematic errors

Uncertainties in this analysis are mainly from the following sources of error: MDC

tracking, Particle Identification (PID), kinematic fit, intermediate branching frac-

tions, K0
s reconstruction, Λ and Λ̄ reconstruction and the ψ(2S) total number. These

are described in the following subsections:
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Figure 5.21: Plots (a) and (b) are corresponding to (0.4-0.6)GeV/c2

mass range with 3rd and 2nd order Legendre polynomial respectively,
Plots (c) and (d) are corresponding to (0.425-0.575)GeV/c2 mass
range with 3rd and 2nd order Legendre polynomial respectively [68].
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Table 5.1: No. of upper limit events using background of 3rd order Legendre Poly-
nomial [68]

Fit range(GeV/c2) No. of upper limit events at 90% C.L.

0.4− 0.6 6.5

0.425− 0.575 8.0

Table 5.2: No. of upper limit events using background of 2rd order Legendre Poly-
nomial [68]

Fit range(GeV/c2) No. of upper limit events at 90% C.L.

0.4− 0.6 7.0

0.425− 0.575 8.0
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5.13.1 MDC Tracking

Efficiency of MDC tracking has been studied by using decay processes such as J/ψ →

ΛΛ̄, ψ(2S) → π+π−J/ψ and J/ψ → µ+µ−. The MC and data tracking efficiencies

for each charged track agree within 1 to 2% [40]. In decay of ψ(2S) → ΛΛ̄K0
s , 12%

is regarded as the error caused by the MDC tracking of six charged tracks.

5.13.2 Particle Identification (PID)

Particle identification efficiency of K, π and p has been studied carefully by BES

collaboration [40]. Only one charged track was identified as a proton or an antiproton

and the systematic error is less than 2% (≈ 1%). Therefore, 6% was taken as PID

error when we account for all the six particles.

5.13.3 MC Model

There are many hadronization models used for simulations of hadronic interactions

with detector, each of which gives different detection efficiency. Their differences are

taken as the systematic errors. By using the GCALOR [72] and FLUKA [73] models,

we generated MC events for determining their efficiencies. We found 14.9% as the

MC model error [68].
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5.13.4 Kinematic Fit

4C-kinematic fit error is studied by selecting the decay channel J/ψ → Ξ−Ξ̄+. We

generated 100,000 events using phase space generator. After reconstruction with and

without 4C-fit, in data and MC, the relative efficiency difference is 6%.

5.13.5 K0
s vertex finding

For theK0
s secondary vertex error, we use the channel J/ψ → K∗−K+, where (K∗− →

K0
sπ

−). We found that with and without Klamcorr, the relative efficiency difference is

3.57%. In [74], the efficiency of vertex finding is studied by using J/ψ → K∗(892)K̄+

c.c. giving an error of 4.1%.

5.13.6 Λ and Λ̄ vertex finding

J/ψ → ΛΛ̄ is chosen to study Λ and Λ̄ vertex findings error. After reconstruction

with and without Klamcorr for data and MC, the relative error was found to be 2.0%.

This error was also studied in [75] and the error was determined as 1.2% for each of

Λ and Λ̄.

5.13.7 Intermediate Branching Fractions

The branching fractions of Λ → pπ−, Λ̄ → p̄π+ and K0
s → π+π− are taken from

PDG [14]. We have taken the errors on these branching fractions as the systematic

errors in our measurement. This error is about 1.5%.
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Table 5.3: The Systematic Errors for ψ(2S) → ΛΛ̄K0
s [68]

Sources Relative Error(%)

MDC Tracking 12.0

PID 6.0

MC Model 16.0

Intermediate Decay Br. 1.5

ψ(2S) Number 4.0

Kinematic fit 6.0

Λ reconstruction 2.0

K0
s reconstruction 4.0

Total error 21.8
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5.13.8 ψ(2S) Total Number

The total number of ψ(2S) events has been determined to be Nψ(2S) = (14.0± 0.6)×

106, using inclusive hadronic events [76]. The uncertainty in ψ(2S) events is 4.0%

and was taken as systematic error.

The above uncertainties are also listed in table 5.3. The total systematic error is

determined to be 21.8%, by adding the individual uncertainties in quadrature.
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Chapter 6

Results, Discussion and

Conclusions

6.1 Determination of Upper Limit of the Branch-

ing Fraction

The upper limit of the branching fraction at 90% confidence level is determined, by

using the following relation:

B(ψ(2S) → ΛΛ̄K0
s ) <

NUL
obs

Nψ(2S).[B(Λ → pπ−)]2.B(K0
s → π+π−).ϵ.(1− σsys)

,

where NUL
obs , Nψ(2S), ϵ and σsys represent the upper limit on the observed signal events,

total number of ψ(2S) data events, detection efficiency and total systematic error,

respectively. Using their values and those of intermediate branching fractions in the

above inequality, the upper limit value is evaluated to be Br(ψ(2S) → ΛΛ̄K0
s ) <

9.3× 10−5.
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6.2 Significance of Upper Limit for the Branching

Fraction

As elaborated in the first chapter and section 5.1, our objective in performing current

analysis is ’to probe the probability of isospin and strangeness non-conserving decay

process ψ(2S) → ΛΛ̄K0
s ’. Keeping in view the importance of our work, we have

undertaken an in-depth study of the current decay channel, by including detailed

background analysis and maximum possible sources of uncertainties for error analysis.

Significance of the upper limit for the branching fraction is highlighted as:

• Before going to set an upper limit on the signal events from data, we have looked

for maximum number of background channels from exclusive as well as inclusive

MC samples of 14 million ψ(2S) events. After finding the background channels,

their contribution in the signal region was subtracted by applying appropriate

mass constraints which eliminate the mal-signal contribution of the background

channels.

• In order to determine upper limit of signal events in data, we have used Baysean

approach. Invariant mass spectra used by this approach were obtained after sub-

tracting the contributions from maximum number of background sources. The

upper limit of data events is determined carefully, by considering number of fit

ranges and Legendre’s polynomials of different orders as background functions.

The upper limit numbers (6.5, 7.0, 8.0, 8.0) on the data events thus obtained
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were found to be with an uncertainty of (13-20)% from their average is 7.5.

• As described above, in addition to detailed background analysis and careful de-

termination of upper limit of signal data events, we have considered large num-

ber of uncertainty sources to approximate total systematic uncertainty. Total

uncertainty value thus obtained has been used in the formula meant for setting

an upper limit for the branching fraction of ψ(2S) → ΛΛ̄K0
s .

From the above highlights, we report that the upper limit for the branching fraction

has been determined very carefully. After detailed consideration of almost all aspects

of analysis, it is found that the upper limit result (9.3× 10−5) is not so small.

6.3 Future Perspective for the Branching Fraction

Result

In the light of our analysis for the upper limit of ψ(2S) → ΛΛ̄K0
s , the following

conclusions are drawn. In doing so we have also taken in to account the future

perspective at BES III with the availability of the huge amount of data for further

analysis. We thus conclude:

• In this work we could only report an upper limit for the branching fraction of

ψ(2S) → ΛΛ̄K0
s due to paucity of event/data. A relatively large value of upper

limit (9.3 × 10−5 ∼ 10−4) which can not be ignored indicates the significant

probability of occurrence of the signal channel when more data will be available
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at BES III. Our upper limit result is therefore of prime importance as it would

provide an evidence or observation of current decay process which may lead

to new physics on charmonium decays. As shown in Fig 4.3, strangeness and

isospin non-conserving decay mode, if observed, will open a new chapter of

weak interaction of charmonium states below DD̄ threshold. Importance of

this study can be further understood in the sense that it indicates significant

chances (∼ 10−4) of isospin and strangeness non-conserving mode.

• Upper limit result demands further investigation by using large statistics of

ψ(2S) data. In this direction, BESIII has recorded a huge samples of J/ψ as

well as ψ(2S) so far. At the time of writing of this thesis, BESIII has already

reported 100 million of J/ψ and about 200 million ψ(2S) data events. Data

samples of J/ψ and ψ(2S) are expected to grow further in the near future. Huge

sample of ψ(2S) data events will be of immense importance.

• However, if the current decay mode is not observed when the BES III data is

fully available for analysis, it will further enhance the credibility of the standard

model. Any evidence or observation will provide a hint beyond the standard

model. An observation of the current decay process will indicate that char-

monium state ψ(2S) can decay through strong interaction followed by weak

interaction involved at gluonic level as depicted in Fig. 4.3.

• Systematic error for the branching fraction of the current decay processes will
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be investigated precisely by using better BESIII analysis tools such as MC

event generators, GEANT4 (a detector simulation toolkit), event reconstruction

software, etc.
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