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Abstract

Quantum Chromodynamics (QCD) is the theory of strong interaction,
which is a fundamental force to hold nucleons inside the nucleus. The
coupling strength is very large at low momentum transfer regime of QCD
compare to high momentum and hadrons are the degrees of freedom in this
regime. So, the study of hadronic decay of different light mesons(7°, 1, eta’)
is very useful tool to explore the low energy regime of QCD. Photoproduc-
tion of the " meson has been studied in the present work using Continuous
Electron Beam Accelerator Facility(CEBAF) and the CLAS detector setup
at Jefferson Lab, USA. Tagged photon beam of energy from 1.2 GeV to
5.5 GeV and hydrogen target of length 40cm and radius 2cm have been
used for the photoproduction of light mesons (7,w,n,7’, ¢) in this experi-
ment. Main physics motivation of this project is to determine differential
cross-section of the " meson using the channel n° — nrt7~ from beam
energy 1.2 GeV to 5.5 GeV. All the final state charged particles(p, 7, 77)
and neutral particles are detected by the CLAS spectrometer. Finally two
charge particles and any number of neutral particles along with proton (p)
have been used as a selection criteria for data skimming from huge data
set. A missing mass technique from the kinematical information of proton,
and two pions 7", 7~ has been used to reconstruct the 1 meson of final
state. Missing mass of the n meson from mean (1 = 548 GeV/c?) to +30
(0 = 10MeV/c?) and invariant mass of 777~ 0.3 GeV to 0.6 GeV have
been selected to reduce background from other channels. Total number
of the ' meson has been estimated after the efficiency correction. Then
differential cross-section has been calculated and compared with previous

published measurement.
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Chapter 1

Introduction

To know and understand, what is inside the matter at its most fundamental
level(atom), it is necessary to probe or scatter the atom. As Rutherford
performed the experiment by scattering beam of energetic particles with
Gold foil, and able to measure recoilling byproduct using detector. On the
basis of outcome he was able to demonstrate that there is a tiny positive
region centered to the atom consists of whole mass of atom.

After his proposal people thought that, if nucleus is consist of more than
one positive charge(proton); why they can’t escape from nucleus because of
repulsion? Why combination of nucleons form a bound state? Is there any
other force acting between them, which is more stronger than electrostatic
force? Yukawa formulated an elegant theory [?] known as Yukawa’s me-
son theory, which tells that there is a strong force acting between nucleons
mediated by meson(middle mass particle). The muonyu was discovered in
1936 [?], shortly after Yukawa’s theory was published. It carries the same
electrical charge as electron, but mass about hundred times the mass of
electron. After these discoveries, there were another long “strange meson”
so called kaon K found. With these discoveries, the landscape consisted
nearly a dosen of ’elementary particles’, all of which were required experi-
mental results. Thus suspicions were mounting that these states were the
expression of a more fundamental physics. After this exposure there had

been so many particles discovered as the time went on.

1.1 The Quark Model

After discovering so many particles, people tried to fit them in a pattern

like periodic table of atom. Astonishingly particles were followed the pat-



tern eg. Eightfold way as shown in Figure ??. The Eightfold way arranged
the baryons and mesons into weird geometrical pattern according to their
charge and strangeness.Here in Figure 7?7 eight lightiest baryons fit into
a hexagonal array. This group is known as baryon octet. Similarly eight
litest mesons fill in hexagonal pattern, forming meson octet.

But the very success of Eightfold way begs the question: why do the
hadrons fit into these bizare pattern? So; to resolve this problem Gell-Mann
and Zweing independently proposed that all hadrons are infact composed
of more elementary particles called quark [?]. The next job was to arrange
quarks arithmetically. In doing this people got some particles which were

not member of supermultiplet eg. 1', and it is singlet state [?].

930MeV S=0

M, =1115MeV S=-1

Mg=1193MeV

1318MeV \_S=-
Q=+1\

Figure 1.1: The baryon octet having eight lightiest baryon. They arranged
in a pattern. The charge is -1 to +1 from left to right, and strangeness is
0 to -2 from top to bottom.

The entire gesture of particle physics is not over. What are the theory
associated with different interactions? The theory that belongs to Electro-
magnetic force is Electrodynamics, and for Strong force the theory is Chro-
modynamics. At their quantum level these theories are so called Quantum
Electrodynamics(QED), and Quantum Chromodynamics(QCD). The QED
is well devoloped theory, and is spectacularly successful in explaining the
experimental results, where as QCD is still in puzzle and undetermined.
As for as my job is concern, it is basically fall in the era of high energy. The

high energy is actually the amount of energy by which we can probe inside



the nucleus, I mean we can go where the strong interaction is envolved. So

the theory associated with my experiment is QCD.

1.2 Quantum Chromodynamics(QCD)

Unlike the interaction in QED where mediator is photon and coupling
strength is constant o = 1/137 ; In QCD the mediators are gluons and
coupling strength ay is varying according to the momentum transfer. It
varies around 1, eg. as «g determined from force between two protons,
it is greator than 1, and the bigness of this number has plagued particle
physics for a decade. Due to this variation, there are two important feature
associated with QCD.

(1) Quark Confinement

(2) Asymtotic Freedom

In the Figure 7?7, the variation between «, and Q(the momentum
transfer between nucleons or quarks) looks like, the value of «ay is very
large when momentum transfer QQ is very less. On the other hand if Q
is very large, a, is very less, and it is asymtotically constant. For larger
value of a, quarks are confined into hadronic state, where as for small
as quarks are free from bound state of hadron. So at high energy the
Perturbative QCD is theory working, as the coupling strength oy is small.
Where as for small energy the coupling strength «y is large, the theory
of Nonperturbative QCD comes into picture. As for as our experiment is
concern, it is actually the energy domain which is well above the region
controlled by low energy theorem [?]. On the other hand, it is for below
the region of perturbative QCD [?, 7, 7, ?]. This energy range is important,
because in this domain the various baryon resonance and coupled channel
effect may play an important role in strangeness photoproduction. It is
also important to conduct strangeness production experiment, to establish
the quantum number of known states, as well as to search missing baryon

resonarce.



In our experiment, we analysed the channel ' — na* 7, which is more
relevant than channel n° — 777, because in former case more phase
space is available. We will discuss this in Chapter[3]. On the otherhand we
can illustrate OZI rule. Which states that the production mode is supressed

due to disconnected quark graph [?].
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Figure 1.2: The variation of coupling strength a; with momentum transfer
Q in strong interaction.

Moreover, charges are positive and negative in QED where as in QCD
there is another quantum number called color charge including positive and
negative charge. The strong force is mediated by gluons. These gluons
carry color and anticolor combination, because of this they are eight types,

and they can interact with eachother Figure ?7.

1.3 Eta () and Etaprime (1) meson

Eta (n) and Etaprime (1) mesons are members of fundamental meson
nonet. There are few properties associated with them shown in Table 77
Eta n and Etaprime 7" are pseudosalar mesons. They consist scalar
property because they are spin zero particles. On the otherhand they
transform like a vector under parity, because their corresponding parity

eigen value is -1 [?]. As such they share many motivations of the exten-
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Figure 1.3: The interaction between quark-quark and gluon-gluon in strong
interaction.

Quark Mean Main

S.N. | Particle | Content Mass Life Decay
7

ol 9es | DAT.862 (5+0.3) | 777,

1 n vt dd—255 +0.01MeV/c* | #1079 | 7= nt 70

V6

T

, s 957.78 (32402) | 77ty

2 n M\/%Z—FSS +0.02MeV/c* | %1075 7070y

Table 1.1: Properties of Eta(n) and Etaprime(n’) mesons

sive pion(m)photoproduction. These mesons differ from other mesons as
they are consist of strange quarks. However, their strangeness number is
zero/no net strangeness. This difference could help to determine the role
of strange quark in the quark model properties of nucleons. Futhermore,
isospin selectivity of n and n' mesons provide a tool to deconvolute the
nucleon resonance spectrum in order to better isolate N* nucleon reso-
nance [?].

The data to be presented here is g-12 data, were obtained at the Thomas
Jefferson National Accelerator Facility(J-Lab). In this analysis the beam
energy is lying between respective threshold upto 5.4GeV. All the data
taken by CLAS(CEBEF Large Acceptance Accelerator Facility). The
unique capability of CLAS offered a great opportunity to provide differ-

ential cross-section of 7 and 7.



1.4 Physics Motivation

The basic idea of deep exclusive meson photoproduction is that at Q? >>
1GeV? the meson is produced predominantly in configration of a tranverse
size much smaller than its natural hadronic size i.e 7 << Rpagron ~ (1fm).

The photoproduction thus probes the structure of nucleons locally
and can be thought of as “local operator”. This local operator thus in-
duces transition between nucleon states. So by choosing the meson with
approperiate quantum number, one can in this way probe nucleon struc-
ture with operator that are not accessible through the usual transverse spin
structure , matter vs. charge distribution etc. Also, measurement of n and
7 meson photoproduction on the proton target are supplying an “isospin
filter” to nucleon resonance spectrum, due to isoscalar nature of these me-
son. This is because there are two types of interactions taking place in
photoproduction experiment. Initially, when photon interacts with sta-
tionary proton the interaction known as electromagnetic interaction. The
resonance state thus can be spin 1/2 or 3/2 as there ristriction on spin
conservation in electromagnetic interaction. However, resonace state can
only follow strong interaction beacause of their life time. Therefore, the
spin zero final eg.( n and n') with proton only come from spin 1/2 resonace
states. So, finding differential cross-section is an indirect tool to study the

resonace spectrum.



Chapter 2

Experimental setup

The data used described in this project was accessed from CLAS experi-
ment JLab. This data acquired during the experimental run period ‘gl2
by CLAS detector. The whole setup is located in Newport News, Virginia.
The aerial view of whole experimental setup is shown in Figure ?7. It con-
sists of two main components.

(a) Continuous Electron Beam Accelerator Facility(CEBAF).
(b) CEBAF Large Acceptance Spectrometer(CLAS).

Figure 2.1: Aerial view of JLab

In this chapter we will discuss about parts of CLAS the experimental

setup one by one.
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2.1 Accelerator

CEBAF is an accelerator providing continuous wave of electron beam with
energy up to 6 GeV. It also provides about 200uA of electric current to
three experimental Hall A, B and C.

In CEBAF, a Superconducting Radio Frequency(SRF) cavities have been
used to provide the acceleration gradient. Superconducting material is used
here, because due to this, there is no resistive heating or unwanted things
happen. It is made up of two niobium klystrons.

A positive potential is applied across each cavity so that as electron beam

passes through it, provide constant acceleration gradient. The full dia-

gram of CEBAF has been shown in the Figure 77. CEBAF was the first

Figure 2.2: Continuous Electron Beam Accelerator Facility

accelerator that used in large scale application of superconducting radio
frequency to investigate the quark structure of hadrons [?]. It consists of a
polarized electron source, an injector and SRF. Two superconducting RF
linear accelerators connected to each other by two arc sections containing
steering magnet, with total track length of around 1400 m. CEBAF used
liquid helium to cool SRF cavities to about 2K. This low temperature re-
moves resistive consequences and allows system for most efficient transfer
of energy to the electron.

The electron beam has been generated by illuminating GaAs photo-
cathode with laser pulses. The laser pulses are temporally such that each
experimental hall is able to receive electron bunches. The CEBAF operates

at frequency about 1500 MHz. It is delivering beam to each experimental



hall at frequency around 500 MHz, i.e. one third of CEBAF frequency.
This allows each hall to operate simultaneously. This also delivers beam
with 120 degree in phase [?]. Since the pulses are so short and close together
that their propagation seems continuous.

The injector used in CEBAF is having elements related to bunching
and timing of the beam so that work function match of element matches
with beam. The beam started with 100 KeV from photo-cathode goes
to the prebuncher cavity followed by emittance limiting apparatus. The
chopper controls to the initial timing of beam and its longitudinal struc-
ture. The chopper operates at 500 MHz, so that any beam outside this
window would not go forward through bunching process. The buncher
starts bunching the beam coming after chopper. The capture section pro-
vides energy up to 500 KeV to the beam. In the next the beam further
energies to 5 MeV by two SRF cavities. At the end there are two acceler-
ating modules, each associates 8 SRF cavities. Therefore, the beam passes

through it gained energy up to 68 MeV. The acceleration of beam through

’ Chopper Cryomodules
Prebuncher

) 2 B i

‘ PCup Al A2

Guni#3

Gun#2

Injection Chicane

Figure 2.3: Injector with photo producing, bunching and accelerating com-
ponents for electron beam

SRF is based on attraction phenomenon. A standing electromagnetic wave
has been induced to accelerate the beam. The acceleration gradient caused
by each sell of SRF reflect as energy in beam. Actually, the acceleration
gradient is the ability to boost the energy of electron by a given amount
within given length.

Moreover, the SRF cavity kept at very low temperature, so that it can

take care of increase in temperature due to generated heat from acceleration



Figure 2.4: A picture of typical cavity used in CEBAF, made up of super-
conducting niobium klystron. An alternating potential is applied in this,
provide standing electromagnetic wave within the cavity. The supercon-
ducting wall ensures that the energy of electromagnetic wave, only transfer
to the beam passing through it.

gradient. After coming out from SRF cavity, the beam arrives at bending
arc, which is located at both ends of linac. There are five bending arcs on
one side and four on the other side, as shown in Figure ??7. It is magnetic
re-circulating arcs bend and re-circulate the beam. These magnetic arc re-
quires different magnetic field strength depending upon energy of incoming
electron beam. In bunch of electrons, there are different sets with different
energy. A chicane magnet(magnet used as temporary barrier, specially one
design to reduce speed) at the end of each linac, separates the beam into
their different mono-energetic path. After completing different path the
beam merged back at same energy. This process is called recombination
of beam which is done by the re-combiner magnet. The recombined beam
then passes through another linac. The linac further accelerates the beam.
This accelerated beam further passes through arc of second side. Again
by the similar way the beam separated and recombined to acquire same
energy. After completing one cycle the beam gained by 1.2 GeV. So that
at the end of fifth cycle the beam acquires 6 GeV energy. This beam en-
ergy is considerable for our reaction purpose. After completing this much
amount of energy, the beam allowed to go to different halls. There are
three halls associated with experimental setup named as Hall-A, Hall-B
and Hall-C for different purpose. Some of them is for electro-production

and Hall-B is specially for photoproduction. Thus CEBAF can work both
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way, in electro-production as well as photoproduction. For our case the
experimental purpose is to photon beam to interact with target. So after

here we will only talk about photoproduction and Hall-B.

Hall-B houses two detectors, a photon tagger and CLAS. The tagger
measures the event and beam energy in the photoproduction experiment.
Where as CLAS i.e CEBAF Large Acceptance Spectrometer is the spec-
trometer use to detect final state particles.

Tagger:- It consists of dipole magnet combined with hodoscope. The
dipole field allows to pass electrons with energy(F.) between 20% to 95%
of beam energy delivered by CEBAF.

The beam after passing through tagger incident on the radiator of
gold foil. This type of radiation is called bremsstraghlung radiation. The
bremsstraghlung radiation is the radiation occurs when electron bean ac-
celerates by magnetic field of nuclei. In our experiment gold nuclei is used
because it very ductile and it’s atomic size is large. The less thickness re-
duces secondary emission and larger size reduces interaction among electron
of beam and electron of atom. The energy of bremsstraghlung photon can
calculated by using energy conservation. If F;, is the energy of incoming
electron and E,,; is the energy of outgoing electron, the energy associated

with outgoing photonE, will be.

EW = Ein - Eout

But after electron beam interacts with radiator, the outgoing one have
mixture of photons as well as scattered electrons and un-scattered elec-
trons. We now need to separate these electrons from beam and allow to
collimate the bremsstraghlung photons. To remove the outgoing electrons
from outgoing beam a dipole magnet is used; it does affect the photons.
This bremsstraghlung photon then allowed to in interact with liquid hy-
drogen target.

11



2.2 Liquid Hydrogen Target

The target used in gl2 experiment was cylindrical in shape as shown in
Figure 77; it’s length and diameter was 40cm and 4 cm respectively. It
is positioned at the centre of CLAS spectrometer. This position enables
the optimization of CLAS for small angle track detection. The target used
as proton, because we can avoid interaction between electron of hydrogen

and photon. The density of the target used in gl12 is shown in Figure 77?7

Figure 2.5: The liquid hydrogen target used as proton target for experi-
mental purpose.

After interaction from proton target, there are different types of particles

G12 Run Number vs. Target Density

g
T

Run Average Target Density

=]
a 00718

Average Target Density: 0.0711398 + 1.74003e-05

0.0718

G12 Target Denstity Systematic 0.0244593 %

III\IlHI|

0.0714;
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0.0704;
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Figure 2.6: The liquid hydrogen target density used in gl2 experiment.

produced, depending upon their threshold energy. The beam photon energy

is shown in Figure ??. It is varying inversely proportional to beam photon
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energy.

j—gj x Eiv (2.1)
Where:
N.: Number of outgoing photon
E,: Lab energy of bremsstrahlung photon
Similarly:
o o)
Where:

W: Energy in CM frame; W = /m2 + 2m, E.,.
After production of different types of particles(e.g. charged, neutral), we

22000
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14000
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Figure 2.7: Variation of N, vs. E,

have to detect these particles. To detect particles,there are different ele-

ments have been used in CLAS detector setup.

2.3 CLAS Detector

“CEBAF Large Acceptance Spectrometer” abbreviated by “CLAS” is used
to detect produced particles. As for as it’s name is concern, it covers almost
47 solid angle, apart from some “dead” region, where CLAS can’t measure
due to presence of toroidal magnet, beamline etc. It consists of six identical
sectors as shown in Figure ?77?.

Each sector is a completely independent section and consists of Start

13



Torus Magnet
Start Counter

Beam Line \

Target

Drift-Chambers

Time-of-Flight
Cerenkov Counters

Flectrocalorimeters

Figure 2.8: CLAS detector consists of six identical sectors

counter, Magnet for bending charged particles, Drift Chamber (DC), Time
Of Flight (TOF) detector, Cerenkov Counter (CC), and Electromagnetic
Calorimeter (EC).

2.3.1 Start Counter

Start counter is array of six identical sectors as shown in Figure ??. Each
sector consists of four scintillator paddle. It surrounds the target az-
imuthally. It measures the interaction time of incident photons in the

target by detection of outgoing particles.

2.3.2 Toroidal Magnet (TM)

The toroidal magnet is of the main part of CLAS detector. Its six super-
conducting coils are arranged around the beamline, so that each have 60°
separation in azimuthal direction. Moreover, because of kidney shape, the
coil induces stronger magnetic field at forward angle of detector, hence the
charged particles separate largely. The magnetic field associated with each

sector is in the azimuthal direction and is always transverse to the parti-
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Figure 2.9: SC consists of six identical sectors, each sector consist four
paddle.

cle’s momentum. The field bends the trajectories of charged particles. So
by knowing the strength of field one can obtain the momentum of particle.
Figure 77 shows the shape of torous magnet that installed inside the CLAS.

The relativistic cyclotron formula for particle momentum is

_ ¢BR

: (2.3)

p

2.3.3 Drift Chamber (DC)

The drift chamber are used to measure trajectories of charged particles
to measure their momenta. Similar to toroid DC consists of six identical
sectors. Each sector itself consists three region as shown in Figure 77.
Every region consists of axial layers of wires. The axial layer measures
scattering angle and momenta of particles. The DC system is filled with
mixture of Ar and C'Oy gasses. The charged particles passing through it
ionize the gas molecules. On applying opposite voltage one can find the
information about drift time because of receiving ionized gasses through

voltage.
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Figure 2.10: Superconducting toroid in six identical sectors to measure the
momentum of charged particles.

B e e beam

~,

Region 2 ----_
.,

Figure 2.11: Drift Chamber filled with mixture of Ar and C'O, gasses.
Three region of DC are in different strength of magnetic field.

2.3.4 Time Of Flight (TOF)

Time Of flight detector is used to measure the time of flight of charged
particles. The detector consist of 57 plastic scintillator of variable length
as shown in Figure ??7. When particles passes through it, they left track. By
finding incoming time and outgoing time, we can determine the particle’s

velocity. So, it is possible to determine mass of the particle using the

16



formula given below:

— p—\’lﬁ_ﬂz (2.4)

There are two additional detectors have been used in gl2 experiment,

Figure 2.12: TOF detector used in CLAS to determine mass of particles.

Cerenkov Counter and Electromagnetic Calorimeter.

2.3.5 Cerenkov Counters (CC)

Working of Cerenkov Counter is based on Cerenkov radiation. Cerenkov
radiation arises when the particle moves in the material medium with very
high energy such a way that particle’s speed is faster than the speed of
light in the medium [?]. In such cases an electromagnetic shock wave is
formed as shown Figure ?7. When charged particle moves with velocity v,
in a dispersive medium of refractive index n, excited atoms in the vicinity
of the particle get polarized. If v is greater than the speed of light in the
medium c¢/n, a part of excitation energy reappears as coherent radiation
emitted at characteristic angle 6 to the direction of motion. The necessary
condition is v > ¢/n i.e. nf8 > 1 where § = v/c. By considering the pro-
duced wave form Figure ?? which gives (eq. 77).
1

Cosb, = o) (2.5)

So, depending upon their velocities the particles will left different shock
wave by angle . That is, on the reverse way a determination of 6 is direct

measurement of the velocity. The Cerenkov counter is used to distinguish

17



between lepton and pion. It is basically design to focus on cerenkov light
coming from these particles, such that it polar angular coverage is ranging

from 5° to 45°.

Figure 2.13: Shock wave of secondary wave with outgoing angle 6.

2.3.6 Electromagnetic Calorimeter (EC)

EC is very important class of detector for measuring position and energy
of particles by technique of total absorption. Their role are more impor-
tant when of particles energy are high. They differs from other detectors
in that the nature of the particle is changed by detector , and as a fact
of the matter they can detect neutral particles. What happens that dur-
ing the absorption process, the particle will interact with material of the
absorber, generating secondary particles; which will themselves generate
further particles and so on, so that a shower or cascade Figure 7?7 devel-

ops. Due to production of secondary particles, eventually all the primary

Figure 2.14: A cascade of secondary particles develops. All the energy is
deposited on the material.

energy is deposited to medium, and finally it gives electrical signal using

photomultiplier technique.
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Chapter 3

Analysis

In this chapter we will discuss the definition of differential cross-section
and the term associated with that, like missing mass and invariant mass
etc. One of the main task in data analysis is to reduce background. So, we
will discuss different conditions which have been implemented to get the
clean signal from the decay channel n — 7t 7~ 7. No detector is hundred
percent efficient, so one has to take the help of simulation to understand the
detector efficiency for the particular channel. So, next we will discuss about
the efficiency of the signal channel and different associated background
channels from the simulation. Finally, we will calculate differential cross-

section for small energy range.

3.1 Differential Cross-section

The purpose of this analysis is to determine the differential cross-section of

the ' meson through the following decay channel:

YAEp—sp+n — prrirnn — vy) (3.1)

Differential cross-section of the 5" meson [?] from the photoproduction ex-

periment is defined as follows:

o N, 1 1 1
dQ A, Nyp AQ BR(y' — nrta—)

(3.2)

where:
/ . .
N,: number of reconstructed  meson in an (E., cosf.,,) bin

A, acceptance in an (£, cosb.,,) bin for the channel 77/ —nputae

19



N, number of beam photon in E, bin

py: target area density

AQ: solid-angle interval (2mrAcost,,)

BR : branching ratio of the channel ' — nrtr—

Few terms (V,, A, and N,) will be estimated in the following sections to

get the differential cross-section.

3.1.1 Invariant Mass (IM)

Invariant mass is actually the intrinsic/proper mass of the particle or the
system. On the other hand in case of bound state system it is simply the
mass, is characteristic of total energy and momentum of the system. It is
same for all frame of references, i.e. “Lorentz Invariant”.

If one wants to calculate invariant mass of the ' meson from the decay
channel ' — nrt7~, experimentally one has to get energy momentum
four vector of all final state particles (n, 7, 7). So, invariant mass of the

7 meson (I M,/) is defined:

My =/ (pes + e +pn)° (3.3)

Where p,+, p.— and p, are the four momenta of 7%, 7~ and 7 respec-
tively. If we consider in centre of mass frame, the invariant mass is just
total energy divided by square of the speed of light. In natural unit, since

square root of four momentum square is the energy in CM frame.

3.1.2 Missing Mass (MM)

If experimentally we are unable to detect all the final state particles, in
that scenario one can use missing mass technique to get the mass spectrum
of the particles. Suppose in a particular reaction (A + B — C + D) if
we know four momenta of A, B, C but the information of D is not fully

known, one can determine the mass spectrum of the particle D by using
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energy momentum conservation.
A+B—C+D (3.4)

pa+pp=pc+pp = pp = (pa+ps)—pc (3.5)

In persent analysis we have used four momentum of incoming photon, four
momentum of target proton and four momentum of recoiled proton to

determine the mass spectrum of the 7 meson.

MM, = \/2mg + 2B, (my, + By) — 2(E, +my)y/ P2 + m2 (3.6)

where m,, is mass of proton, £, is beam energy and P, is three momentum
of recoil proton. Similarly, missing mass spectrum of 7 has been determined

in the final state by using energy momentum.

3.1.3 Momentum Correction

The correction to the momentum of a particle introduced, due to unknown
deviations in the magnetic field map that was used, during reconstruction
of the particle’s track [?], inside CLAS. The small deviations of the real
field from the provided mapped field to the reconstruction software arises
due to our limited knowledge of imperfections of the real field in CLAS as
well as misalignment of drift chambers. This introduces small error in the
calculated momentum of charged particles. Higher the multiplicity for the
charged track in an event, higher the error in missing mass calculated for

those events.

3.2 Overview of Technique Used

To determine the actual value of differential cross-section, we have used the
following techniques.
(1) Calculate the production threshold energies of light mesons.

(2) Determine the missing mass off recoiled proton for reaction.

21



Y+p—pt+x

(3) Study of outgoing proton and etaprime n in Centre of Mass frame.
(4) Identify the peak of " and 7.

(5) Missing mass reconstruction of by applying condition on 7 and in-
variant mass of pions.

(6) Determine the " meson yield in 005(9)27;” with different CM energy

using corrections.

3.2.1 Calculation of Production Threshold Energy

Production threshold energy of the " meson along with other light mesons

from the photoproduction reaction eq. (??) has been calculated

m2 + 2m,m
E,=—x —-=% 3.7
K 2m,, ( )

where m,, is mass of the proton, m, is mass of the meson. So, threshold

energy of the particle increases as the mass of corresponding particle in-

creases.
S.N. | Particle | Mass(GeV/c?) | Threshold Energy(GeV’)
1 7 0.547 0.706
2 w 0.782 1.10
7
3 n 0.957 1.445
4 O 1.020 1.57

Table 3.1: Mass of mesons and their corresponding threshold energy in lab
frame.

3.3 Data Analysis

The g12 data set was collected by the CLAS collaboration which is used for
the current analysis. The raw data from different sub-detectors were then
converted into the physical format from the digital hit information. This

procedure is known as “cooking”. Moreover, the calibration was performed
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to optimize the particle track. The analysis begins with reconstructed
events, the essential part of which are identification of particles and their
corresponding momenta and energy. Using four momenta of incoming beam
photon, target proton and recoiled proton, the missing mass spectrum of
light mesons are plotted as shown in Figure ??. From the plot we can
see, there are two major peaks and two small peaks with fairly smooth
background. The first peak is in between 0.5-0.6 GeV/c?, which is the
peak of the 7 meson, second peak is for w meson near 0.8 GeV/c?, third
peak is of ' meson near 0.95 GeV/c? and forth one is for ¢ meson near 1
GeV/c2.

For the rough estimation of total number of the " meson, we have selected

i
<
=

14
12
10

.. .ty by b b b b b by
03 04 05 06 07 08 09 1 11 12
MM, (GeV/c?)

i\) ||||||||||||III|||||Ill|lll|lX

S N A N ®

Figure 3.1: Missing Mass spectrum of mesons produced for energy range 1

GeV 5.5 GeV.

the missing mass range of the ' meson from 0.93-0.99 GeV/c? as shown
in Figure ?7. The histogram shows that still there is background in the
peak region. To reduce the background, we have fitted the distribution

with Gaussian (eq. ??) and second order polynomial (eq. 77).
G(X) = AeX-m?/2* (3.8)
where: A = #ﬂ, [t is mean, o sigma and a,b,c are parameters.

P(X)=aX*+bX +c (3.9)
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Figure 3.2: Missing Mass spectrum after selecting range around the 7’
meson.

The histogram shown in the Figure ?? is fitted histogram. The x?/ndf of
the fitted distribution is 274/14 with mean and sigma 0.9577 GeV/c?, 5.016
MeV/c? respectively, and the number of extracted n mesons is 893571.
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1650: Mean 0.9598 = 0

- @indf 274.8/14 r
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16001~ p2 0005016 | or
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C 50F
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Figure 3.3: Missing mass of spectrum for range around the 1 meson. The
distribution is fitted with Gaussian and second order polynomial. The
second one is yield of ' mesons after background subtraction.

3.3.1 Background Reduction

To determine the total number of 7' mesons that undergo to the decay
channel ° — nrt7~, we put conditions on missing mass spectrum of
the 1 meson and invariant mass of two charged pions to make sure that n’

is coming from that decay channel. The distribution shown in Figure ??
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is missing mass spectrum of the 7 meson and invariant mass spectrum of
pions. The mean and sigma after fitting the distribution with Gaussian
and second order polynomial are 0.5487 GeV//c* and 0.010 GeV/c? respec-
tively. In following analysis we will select missing mass spectrum of the n

meson from 0.518-0.578 GeV/c?. The histograms shown in Figure 7?7 are

3
x10° x10
1200 Mean 05493 2000 =
F Zindf 328119 C
11501 ;0 " 26792405 1800 E
E pt 05487 1600 —
1100F- p2 001002 E
UOE P 1548407 1400 =
; pa 60762407 E
10505 p5 26290107 1200 E
1000[- 1000 —
9501 800 =
: 600
I 400
BS0E- 2005
— C L | L L
BOE L L %0 1 15 2 25 3

SRR AFAVIRIN ISFRFIIN AVATAFEIN ARTRTIIN AATAr S ATATATAr A
051 052 053 054 055 056 0357 058 059

2
MMg,.,,-(GeVic?) IMy+n-(GeVic®)

Figure 3.4: The first histogram is missing mass spectrum of the 7 meson,
the second histogram is distribution of invariant mass of w+m~.

distributions of the n" meson after n mass cut. In the first histogram the
distribution is only after the 30 selection of the . x?/ndf of the fitted
distribution is 697.9/14 with mean and sigma 0.958 GeV/c?, 5.2 MeV/c?
respectively, and the number of extracted 1" mesons is 252971. The second
histogram of the Figure ?? is distribution of missing mass of n" after se-
lecting 30 range of 7 along with invariant mass of charged pions between
(0.3-0.6 GeV/c?). x*/ndf of the fitted distribution is 679.9/14 with mean
and sigma 0.958 GeV/c?, 5.2 MeV/c? respectively, and the number of ex-
tracted 1’ mesons is 247922.

In all above three cases although x?/ndf is very poor however our concern
was the rough estimation of the number of ' mesons, so we did not con-
centrate that much of the x?/ndf value.

Table 7?7 shows a trend in the variation in the mean, sigma and number of
n' mesons after applying different cuts. Here we can see large reduction in
the number of ' mesons. These are some steps involve to rectify unwanted

final state. We will take care of final step in further study, to proceed to
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Figure 3.5: Missing mass spectrum of the 1 meson after applying condition
on 30 range of the n meson and invariant mass of charged pions. The
distribution is fitted with Gaussian and second order polynomial.

find differential cross-section.

Conditions | Mean(n) | Sigma(o) | gxtracted
S.IN. Applied GeV/c? MeV)/c? Yield
1 No 0.957 5.016 893571
Missing(pr 7)) 0.958 5.207 252971
Missing(prT7-),
3 invariant(w 7 ~) 0.958 5.218 247922

Table 3.2: Number of extracted ' mesons after applying different cuts.

3.3.2 Correction

Till now we have studied the data without momentum and track efficiency
corrections. In the following section we will apply these corrections and we
will monitor the variation of number of the ' mesons with these corrections
one by one.

The histogram shown in Figure 77 is the distribution of missing pro-
ton. We have fitted the histogram with Gaussian and polynomial of order
three. After applying momentum correction, x?/ndf of the fitted distri-
bution is 965.6/13 with mean and sigma are 0.957 GeV/c?, 5.0 MeV/c?
respectively, and the number of extracted 7" mesons is 632791,

After that we have applied track efficiency correction. Histogram shown in
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Figure 3.6: One dimensional histogram after momentum correction.

Figure 77 is missing proton spectrum after track efficiency correction. His-

togram is fitted with Gaussian and third order polynomial. The x?/ndf of

x10*

360 = Mean 0.9611
340 %2/ ndf 916.8/13

po 1.323e+05 + 4.8856+02
320 p1 0.9574 £ 0.0000

p2 0.005143 + 0.000026
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Figure 3.7: One dimensional histogram after applying track efficiency and
momentum correction together.

the fitted distribution is 916.6/13 with mean and sigma are 0.957 GeV/c?,
5.0 MeV/c? respectively, and the number of extracted 7" mesons is 576539
. Here we can see there is huge reduction in the number of 1’ mesons after
track efficiency correction as compare to the momentum correction.
Sometime the detector is unable to detect particles near the extrema
of angle. To resolve that problem we have applied corrections, so that it
will take care of angular inefficiency. Histogram shown in the Figure 77
is missing mass of proton after angular correction, together with track ef-

ficiency and momentum correction. Number of " mesons within the 3o
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region is 240460.
Now we have completed all the corrections required for the data set.

Table ?? shows the variation of number of the 1" mesons after applying
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- %2/ ndf 1081/13

20000 po 5.4756+04 + 1.956e+02
r p1 0.9574 + 0.0000
r p2 0.005187 + 0.000023

60000 [— p3 -4.472e+06 + 9.488e+04
E p4 4.620+06 + 9.90e+04

50000— p5 4.855¢+06 + 1.034e+05
: p6 -4.991e+06 + 1.078e+05
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30000—
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10000:\.\. T e B |—|_‘||

0.93 0.94 0.9 .97 0.98 0.99

95 096 5 0
MM, (GeV/cY)

Figure 3.8: One dimensional histogram after applying angular correction,
track efficiency, momentum correction.

the corrections one by one.

S.N. | Correction Extracted Yield
1 Momentum 632791
2 Track efficiency 576539
3 Angular 240460

Table 3.3: Number of extracted n' mesons after applying different correc-
tions.

3.3.3 Determination of the  meson Yield for

Differential Cross-section

In this section we will discuss variation of the number the " mesons inside
the peak region with cosf”  for particular beam energy range. To find
that, we have plotted three dimensional histogram as shown in Figure ?77?.
In this histogram we have filled missing mass of proton(MM,) along the
x-axis, cosf? along the y-axis and centre of mass energy (W) along the
z-axis. We have taken projection along the x-axis. The second histogram of

Figure 7?7 is the projection along the missing mass axis. Histogram is fitted
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Figure 3.9: Three dimensional histogram after applying angular correction,
track efficiency, momentum correction and all other conditions that were
applied for background subtraction.

with Gaussian and polynomial of order three. Number of the " mesons for
W from 2.0 to 2.04 GeV is 240460 which is same as one dimensional way of
determination of the n” mesons. The next job is to take the projections for
cosf” from -1 to 1 at step of 0.1. The projection on the missing mass axis
of histogram of Figure ?? for different cosf? is shown in Figure ??. The
variation of number of 1 mesons with cosf” is shown in the Figure ??

and given in Table 77?.
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Figure 3.10: Projections of three dimensional histogram for different cosf?”
with beam energy W (2.0-2.04 GeV).
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Figure 3.11: Variation of 1’ yield with cosf”  at step of 0.1.

S.N. | cosf”, | Extracted Yield
1 -0.95 17
2 -0.85 277
3 -0.75 1321
4 -0.65 1400
5 -0.55 1706
6 -0.45 2100
7 -0.35 2051
8 -0.25 2360
9 -0.15 2595
10 -0.05 2860
11 0.05 3600
12 0.15 3642
13 0.25 3266
14 0.35 3041
15 0.45 3127
16 0.55 3174
17 0.65 2995
18 0.75 2924
19 0.85 3605
20 0.95 1786

Table 3.4: Number of extracted 1 mesons with cosf?  from -1 to 1 with a
step of 0.1.

3.4 Simulation

Any detector is not hundred percent efficient. Therefore, to find the effi-

ciency of detector one has to use the simulation technique. Also, to know
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the contributions of different background channels we need to do simula-
tion. In the following section first we will discuss acceptance of the CLAS
detector for the channel ' — nrt7r~. Secondly, we will find contribution

due to in-peak background for the channel.

3.4.1 Acceptance

The CLAS detector in J-Lab installed in such a way that it can cover
near 4m solid angle, though due to detector frame and beam holes, the
practical acceptance is about 3m. The matter here is, the experiment is
fixed target experiment, therefore beam photons in forward direction plays
a defining role in acceptance of events that occur in collisions. Moreover
due to construction of CLAS, it is unable to accept events in certain kine-
matical region. Asymmetry in acceptance is due to inefficient components,
dead wires and small misalignment. Simulation also takes care of detector
efficiency. Simulation reflects all these factors, which are due to CLAS de-
tector setup, due to channel and due to any other physics involved.

There are some standard software tools for performing the simulation. In
particular, analysis, a set of phase space weighted events, that are gener-
ally isotropically distributed, is generated. This process generates a set of
four vector for event using phase weighted Monte Carlo, that satisfy the
kinematical constrains like, the resonance mass, input beam energy and
other. If physics specified during this process was all physics expected to
observe, then these set of four-vectors would be kinematically distributed
just like the real data. To simulate the detector effect, the generated four
vectors are propagated through the virtual CLAS detector using software
package called ’gsim’. Gsim takes information of each particle and cre-
ates a track for it through detector, and accordingly it has been detected
similar to that of real data. That generated and reconstructed data are
further used to determine the acceptance of the detector for the channel
n — nrta. The following steps are taken to calculate acceptance for
the channel eq.( ??). In Figure ?? the first histogram is three dimensional

histogram of generated data, whereas the second one is three dimensional
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histogram of reconstructed data after passing through virtual CLAS de-

tector. Now in the next step we are going to find bin by bin acceptance.

099
098

=
=
I

MM L(GeV/c?)
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0‘967

Figure 3.12: After applying angular correction, track efficiency, momentum
correction and all other constrain. Three dimensional histogram for all
energy and cosf” range for simulated data; where cosf” is on x-axis, W
is on y-axis and missing proton is on z-axis.

Here basically we took projection of cosf? axis for generated and recon-
structed events. Finally, we divided reconstructed histogram by generated
histogram to find the acceptance. Figure ?? shows the acceptance of the
detector for the channel n° — npr 7. In this Figure ??, we can see that,
initially as cosQZ’n increases from -1 to nearly 0, the value of acceptance
increases from 2% to near 10%, further acceptance decreases up to 6% as

the cosf”  going towards 0.85.
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Figure 3.13: Variation of acceptance of the detector for the channel (eq. 77)
with cosf”  at a step of 0.1.

3.4.2 Background Study

We used simulation technique to find percentage contribution of in-peak
background which is due to the channel n° — n7°7°. Here nn'7° produces
in-peak background if  — 77~ and two pions produce 4. Then, in
the final state we have 77~ and 5y. However, there are some undetected

gammas. Therefore, it can give same final state as (eq. 77).

For finding the in-peak background we have followed similar way as
we found the acceptance. As a rough estimation of in-peak background is

nearly 10%.
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3.5 Estimation of Differential Cross-section

(DCS)

So far we have estimated total number of 7" mesons for each cosf” bin
shown in Figure 77, and acceptance in Figure 7?7 for the same channel. Our
next job is to find other terms associated with the differential cross-section
(eq. ??). Number of incoming photon, target density and height of target
are tabulated in Table ??. Using these parameters we found target area

density p; is 0.856/barn. We are now going to find differential cross-section

N, Target Density
S.N. | (g/cm?) (g/cm?) Height (cm) | BR | AQ
1 8.013 x 10M 0.07114 40 43.3% | 0.27

Table 3.5: Parameters considered in our procedure.

for W from 2.0-2.04 GeV. The number of N,, for this energy is 8.013 10,
so we can estimate (1/p,N,AQ * BR) value for a particulr beam energy

range W (2.0-2.04 GeV). To determine the variation of DC with cosf?,

cm?

we
divided the histogram of number of 7’ vs cosf” by acceptance. Figure ??
shows the variation differential cross-section with cosf? for W from 2.0-

2.04 GeV.
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Figure 3.14: Variation of differential cross-section with cos#” at step of
0.1.
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S.N. | cos#” | DC(ub/sr)
1 -0.85 0.037
2 -0.75 0.096
3 -0.65 0.094
4 -0.55 0.102
) -0.45 0.094
6 -0.35 0.084
7 -0.25 0.086
8 -0.15 0.090
9 -0.05 0.092
10 0.05 0.106
11 0.15 0.104
12 0.25 0.095
13 0.35 0.089
14 0.45 0.096
15 0.55 0.106
16 0.65 0.113
17 0.75 0.129
18 0.85 0.170

Table 3.6: Variation of differential cross-section with cosf?” at step of 0.1.

The variation of differential cross-section for different centre of mass
energy is shown in Figure ?7. Here we can see for smaller values of W, the
differential cross-section is approximately constant, but for higher values
of W there is peak for larger values of cosf” . on the other hand for some
values of W there is peak in differential cross-section around smaller cosf?, .

There are some theoretical aspect which could be behind these variations.

We will discuss these in the next section.
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Figure 3.15: Variation of differential cross-section with cosf”  at step of
0.1.

3.6 Error Analysis

In this section we will discuss errors associated with the analysis. There
are two types of error involved, statistical error and systematic error. In

this section, we will discuss the contribution of both errors for beam energy

W from 2.0-2.010 GeV.
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Figure 3.16: Variation of differential cross-section with cosf” at step of
0.1.

3.6.1 Statistical Error

The statistical error is the random error and depends on the statistics as
the name suggests. The errors to the total number of the 1" mesons in
each 0036’;7,;1 bin, is inversely proportional to v/N, where N is the number
of ' mesons. However, due to vary large statistics the contribution of
statistical error is very small as compare to systematic error. Therefore, in

our analysis the systematical error dominates.

3.6.2 Systematic Error

The systematic error is basically the error due to system, means due to
procedure of measurement of parameters and contribution due to imple-
mentation of different conditions. The main contribution of systematic
errors can be due to:

(a) Selection of mass region in 3¢ and in 20.
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(b) Systematic effects in fitting.

(c) Systematic effects due to bin size.

The differential cross-section we have determined taking into account the

total number of 1 mesons in 3¢ region of n and  mesons. To find the

systematic error we have determined differential cross-section changing o

region. Ideally, for both cases DCS should be same, if there is some un-

certainty that will be accounted as systematic error. The analysis of other

errors are still on the way. For finding DCS with W(2.0-2.010) we consid-

ered statistical and systematic due to contribution of mass selection.
After taking care of error contribution, the histogram shown in the

Figure 7?7 is differential cross-section for W 2.0- 2.010 GeV.
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Figure 3.17: Variation of differential cross section with cos#” =~ at step of
0.1.

3.7 Comparison of Differential
Cross-section (DCS) with published
result

In this section we have compared DCS with the published data [?]. There
is published differential cross-section for gll data [?]. In Figure 77 we
have compared the differential cross-section with published data for beam

energy W from 2.0-2.010 GeV and we took the ratio of published with our
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work. Ideally, the ratio should be one through out all cos#”  range. We can
see from upper plot in Figure 7?7 that for higher coség;n the DCS is lying
within the error bars. However, there are some mismatch in lower values
of cos@fj,’n. It may be due to the in-peak background, poor acceptance in
lower cosf” region and the data set was used till this analysis was 20% of
whole data set. We will take into account all the above mentioned. Lower
plot in Figure ?? is ratio of published DCS and reproduced DCS. Ratio
infers that these are approximately comparable. Here we can also see that

DCS is constant for all cos? .
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Figure 3.18: Variation of differential cross-section with cosf”  at step of
0.1 for beam energy (W) from 2.0-2.010 GeV. Upper plot is comparison
between published and our work. Lower plot is the ratio of reproduced and
published.

3.8 Theoretical Explanation of Differential
Cross-section (DCS)

In this section we would like to explain the behaviour of differential cross-
section by using the concept of Mandelstam variables. For particular reac-

tion A+ B — C + D the Mandelstam variables are:

s = (pa +pB)2/02

t = (pa—pc)?/c
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u= (pa—pp)?/c?

Where pa, pg, pc, pp are four momenta of particles A, B, C and D respec-
tively,
Therefore, at the naive level, differential cross-section for s-channel, t-

channel and u-channel are [?]:

do 1

aa X wzs

do 1

a X W2(1—cosb)

do 1
o X w2 (14-cosb)

The differential cross-section for the s-channel is only depend on centre
of mass energy where as for t-channel, differential cross-section has larger
peak along forward direction and for the u-channel, differential cross-section
has larger peak along backward direction. Figure ??7 shows one by one the
variation in differential cross-section for s-channel, t-channel and u-channel.

As we can see in s-channel differential cross-section is constant. So, for our
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Figure 3.19: Variation of differential cross-section with cosf for different
channels.

case the constant variation at lower W, might be due to s-channel effect
and in this scenario there could be only resonant state was involved in 7’
decay mode. On the other hand we can also infer that at larger slopes in
forward and backward direction may be due to t-channel and u-channel

effect respectively. So far we have analysed differential cross-section with
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cosf” for different W. As we can see in Figure ?? for small values of W,
differential cross-section is roughly constant, the fact of the matter might be
due to only one resonance state contribution, and could be the contribution
of s-channel. On the other hand for higher W, differential cross-section has
forward and backward peak. The forward peak and backward peak may
due to contribution of some other resonance states. These variations in
differential cross-section infer that the effects might be due to t-channel

and due to u-channel.

3.9 Summary and Future Outlook

In this section we will briefly discuss the results we have obtained so far

and we will discuss about our future work.

3.9.1 Summary

We have discussed the variation of the number of ' mesons and we have
plotted histogram of number of 1" vs cos#”  as shown in Figure ??. We
did simulation to estimate acceptance of the channel ' — nrtr~. The
acceptance was about 2 — 10% with cosf” . In the later section we have
determined differential cross-section (DCS) with cos” = variation with dif-
ferent beam energies. We have explained the behaviour of differential cross-
section for lower values of beam energy. For higher beam energy the peak
at angular boundaries tantalizing the fact that there might be contributions
due to some other channel or interference due to other resonance modes.

Finally, we have compared with previous publication.

3.9.2 Future Outlook

This analysis was performed with 20% of whole g12 data. So, in future we
will determined differential cross-section for whole g12 data. We will study
all systematic errors and reduces the contribution of in-peak background

due to channel " — n7%7°. We will reproduce differential cross-section



for same energy range and at the end of the day we will find differential

cross-section for the higher beam energy regime.
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