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Abstract

This dissertation presents a study of photoprodoctf eta meson from
Monte Carlo Simulation method. It provides virtual experimental set up for the
study of photoproduction reactiop — np — yyp. This simulation includes event
generation, particle identification and reconsirctof events. Depending upon the
threshold energy fof photoproduction, this dissertation presents stfdyp — np —
vyp in the energy rangé35<Ey<1400 MeV.

At first step, events foyp — np were generated by usimgkin software. The
generated events in the form of ROOT tree softwarkeide generation of eta meson,
proton and two photons. Moreover, it contains getiemn of photon beam and
generation of target vertex.

In second step, generated events were detecteditny absim software. The
detected events include identification @& meson, outgoingphotons and proton,
vertex identification, detection of position of elents of Nal andBaF, crystal,

detection of energy and momentum.

In third step, detected events were reconstrucyegsing AcquRoot software.
These reconstructed events include invariant méstaomeson, missing mass of
proton, position of elements ilNal crystal and BaF, crystal. Invariant mass oéta
meson was found approximately 550 MeV/@and missing mass adta meson or
proton mass was found approximately 938 MeV//avhich is in close agreement with

the previous simulation works.

The comparisons of our results with the previounusation as well as
experimental works show that our results found ¢oirb close agreement with the

previous simulation works.
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CHAPTER ONE

Introduction

1.1 Elementary particles

The problems concerning thelementary particlesare today the focus of
interest and of research for the experimental a6 agethe theoretical physicists.
Experimental investigations of elementary particitelve some source of particles
to study and some way of detecting those partiates measuring their behaviour.
Many of the practical problems of such investigagicare caused by the fact that
many elementary particles are unstable. The clsslementary particle the
individual atom was nothing but the mass point ¢dssical mechanics. The
investigation of electromagnetic phenomena sugddsiatthe atomhad an internal
structure. At that time, the typical photo-typeetdémentary particle was tledectron
The problem of the dualistic nature of matter wesolved by the quantum theory of
fields: the elementary particles are nothing bat gfuanta of a corresponding field.
The study of elementary particles is basis to tmelesstanding of radiation

phenomena, or one may regard any kind of radiatsoa flux of elementary particles.

In 1932, wherChadwick identified the neutron [1] andeisenbergsuggested
that atomic nuclei consisted néutronsandprotons[2], it seemed as ip, n ande
were sufficient to account for the structure of t@atBesides these there was the
photon the intermediary or field particle for electromagjc forces, such as exist
betweerthe nucleus and electroms the atom. If anti-matter exists, it would thiea
made of anti electrons, i.protons antiprotonsandantineutrons.Thus we see that
seven particles could explain both matter and atten In 1935Yukawa postulated
the existence of another particle, with a maes200m. as the field particle for the
strong nuclear forces [3]. Recently the extenstueliss made partly on high-energy
cosmic ray particles and even more, with the hélpigh-energy accelerators have
revealed the existence of numerous new nucleaiclesit Apart from a dozen or so,

the particles have very short lifetimes, very miess tharl0® sec.Therefore, they



cannot be considered as normal constituents ofemdthey are characterized by the
parameters: mass, spin, electric charge and magnebiment. They have been
described by such adjectives, as fundamental, ggramd elementary, but none of
these is quiet appropriate. The word fundamentalien that the particles are the
basic building blocks of matter, but unstabilityrabst of the particles indicates that
the great majority are certainly not. It is truattbheir behaviour was strange in the
early 1950, but it is much less now. For the wanbetter one the term elementary
particles is now commonly used. These particlesedgmentary in much the same

sense, as are the chemical elements [4].
1.2 Classification of elementary particles

Elementary particlesire the fundamental constituents of all the matte¢he
universe. Fundamental particles are smallest thingghe universe. The particles,
which are structureless, indivisible and not regdras made up of some other
particles, are calledlementary particle$4]. The elementary particles are separated
into two general groups, calldsbsonsandfermions These two groups have different
types of spin and their behaviour is controlledpessively by a different kind of
statistics(i.e. the Bose-statistic or the Fermi statistic)Bosonsare particles with
intrinsic angular momentum equal to an integraltipld of h. Fermionsare all those
particles in which the spin is half-integral. Theshimportant difference between the
two classes of particles is th#tere is no conservation law controlling the total
number of bosons in the Universe, whereas the tataiber offermionsis strictly

conserved [4, 5].

Bosonis a term, which not only includes material paescbut also includes
thosequantaandphotons which arise from interactions. Thus in the caksimple
electromagnetic field thbosonsare merely the light photons or X-ray photons. The
photon has a mass of zero and spin of unity and is comsglyudescribed as a
massles®oson A masslesboson called agravitonwith a probable spin of two units
has been postulated as a field particle for gravityesebosons,created by the
electromagnetic field, are essentially of one kindhile the bosonsformed in the
strong interaction are of three distinct kindssgithere are those, which are known as

pionsor zmeson(x*, ", n°). The second groups bbsonsare much heavier than that



of pions, are known dsaons or K-meson&*, K, K°, K °) and the thirceta meson

().

The fermionsfall in two main classes, according to whetherythee lighter
thanmesonsor heavier. Those in the lighter group are oftaledleptons(after the
Greek word meaning light in weight), while thosetive heavier group are called
baryons(after the Greek word for heavy). The leptonstaeselectrons, muons and
neutrinosand their antiparticles These are all with masses less than the pions and
their antiparticles and with spin halfeptonsinteract weakly with other particles. The
total number ofeptonsminus the total number @inti-leptonsremains unchanged in
all reactions and decay processes involMEgtons and anti-leptonsThe baryons
consists of two nucleons with theanti-particles (n°, @%p*,p) and hyperons
Hyperonsare the extremely unstable somewhat heavier pegtand can be divided
into four sub-groupsA®-particle (a neutral particle of mass abdi®0m,), the 2
particles £, 2’ andX* with masses in the ran@820to 2340 m), theZ-particles £
and=° with masses ne@580 m) andthe 2 particle (of mass abo@484 m). There
is no reason to doubt the existence of dnhé-particlesof thesefermions The total
number ofbaryonsthe total number o&nti-baryonsis absolutely conserved in all

interactions [4, 5, 6].

The kaons pions andeta mesortogether with thébaryonsare placed into a

group of strongly interacting particles, callealdrons.
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1.3 Particle interactions

The interactions among elementary particles cacléssified into following

four types:
1.3.1 Gravitational interaction

The first force that any of us discovergrvity. It holds the moon and earth
together, keeping the planets in their solar oraid binds stars to form our galaxy.
Newton gave a formula F=Gmy/r’ for the interaction between two masses. The
gravitational effect does not depend on the cdae, charge, velocities, spin and
angular orientation but depends on magnitude aedian The gravitational force

between two nucleons separated by a nucleon diamete
F=Gmmy/r (1.1)
= [6.7x10™ (1.7x10%%] / [(10™)?]
~ 2x10°* Newton

and the gravitational attraction is only ab@x10*® joule. Hence, we see that it plays
no role in particle reactions. In the nineteenthtogy the forces were thought to be
propagated by fields, space wrapped for particaeféects. In the twentieth century
these fields are explained in terms of agents @seregers, which actually propagate
the effect.Gravitation can thus be explained in terms of the interactmfrgravitons
Their mass must be zero and therefore, their vglonust be that of light. As the

gravitational field is extremely weak, the gravsaran not be detected in laboratory.
1.3.2 Electromagnetic interaction

All of the ordinary chemical and biological effecee due to the interactions
of electric charges and the fields they produce fEnmelectromagnetisns because
the electricity and magnetism are both part ofstsme phenomenon. The appropriate
law for the interaction of point charges bearsnhene of Coulomb (Faqu/4meqr?).
For two protons 16> meter apart, the repulsion force will [8x10°X (1.6xX10"%%

(10™)?] 230 Newton It is aboutl0® times greater than the gravitational attraction



caused by the mass. The energy released by theletensgparation of these protons

would be3x10 joules

If the particles are not at rest but are moving, field will not only be an
electric field but would be new one depending am \tklocity and magnitude of the
charge. When the charge accelerated, the energgteacut in the form of electric
and magnetic pulses. This energy comes from thatabat accelerates the charge.
The pulse is called photonand travels with the velocity of light. If the soa charge
is accelerating in an oscillating fashion, the pmgted signal will consist of
successive waves of electric and magnetic fieldtherradio-photons. Thus, we see
that the photons are emitted and reabsorbed byasgehinteraction between two
charged particles consists of an exchange of tipbstons. The strength of the
electromagnetic interaction is given by the dimenkss fine structure constafat

=e?/gohc =1/137) and is due to photon exchanges.

The capture of photon can affect the productiomesonsandhyperonsby an

electromagnetic interaction

Y+p— 7+ p
y+p— A’ +K”

An example of radiative capture reaction is
T +p—n+y

The neutral particles such as
=y +y, 20— A0 +y
N’ ot 4, oy,

decay electromagnetically since these processadvanno change o$trangeness
The decay processes suchids»p” + y are forbidden because the chad@= 1 is
required. The paradox that the decay of neutratigharis by electromagnetic
indicator is resolved by introducing as an interragdstep in the overall reaction the
virtual production of anucleon, anti-nucleon (or electron-positron) pair. Thus, we

have



n°— (N+N) — y +7v

The process of mutual annihilation of particles ant-particles is an example

of electromagnetic interaction.
1.3.3 Strong interaction

The strong nuclear interaction is independent efelectric charge. The force
is same betweep-p andn-n. For this purpose the proton and neutron are oménb
different electric charge states. Strong interastimvolvemesons and baryon$he
range is very much shorter than thatgodvitational or electromagnetic interaction
Strong interaction energy falls off rapidly where thistance between two particles
increasesYukawa in 1935 predicted the existence of heguantg which played the
same role in nuclear forces isotonsin electromagnetic ones. From estimates of the
range of nuclear forcesfukawa predicted that the new patrticles, callewsons
should have the mass of the orde260 to 300 electron masses [3]. The strength of
the nuclear interaction is represented by the ntadeiof the dimensional coupling
constantg?/4mhc (*14). It is about a thousand times the electromagresigpling

constant.

Strong interaction is responsible fkaon production; however; the decay of

mesonsnucleonsandhyperongroceeds by an electromagnetic or weak interagtion
1.3.4 Weak interaction

The weak interactionis responsible for the decay sttangeandnon-strange
particles and for non-leptonic decays of strange particldse fiumerical constant,
which is characteristic of the weak interactiossplbtained fronfFermi's theory of
decay [7]. Its value isgr - 1.41X10°% Jm?% In analogy with the expression for the
other interactions, the dimensionless weak intemacicoupling constant is of

magnitude
[9e?/(he)?] [mac/]® = 5X10™*,

Consider the reactions which do not involve a claofystrangeness and yet
which must be due to weak interaction. The neuttecay is the proto-type of &+

decays.



Nnop+e+ve

The nature of such an equation is that the reactongo in either direction so
long as energy is conserved and that any partitigeam be replaced on opposite side
by its anti-particle, i.e. p»> n + € + ve, Another variation of this four fermions

interaction is the proton capture of an anti-n@otiy « + p— n + €).

In 1968, the electromagnetic force and the weak&raation were unified,
when they were shown to be two aspects of a sifogtee, now termed the electro-
weak force. The theory of the weak interaction che called Quantum
Flavordynamics (QFD), in analogy with the terms QCD and QED, ibypractice the
term is rarely used because the weak force isuresdrstood in terms of electro-weak
theory (EWT)

1.4 The quark model

Murray Gell-Mann [8] andG. Zweig [9] proposed the quark model in 1964.
This theory is based on the idea thatltheronsare build up from a limited number
of "fundamental” units, which have acquired the eagnarks The original three

guarkswere labeled (for up),d (for down) ands (for strange).
u quark has electric charge +2/3 e and strangéhess
d quark has electric charge — 1/3e and strangéness
s quark has electric charge — 1/3e and strangehess
Each quark has baryon number of B =1/3

Eachquark has aranti-quark associated with iti{, d ands). The magnitude
of each of the quantum numbers for #mi-quarkshas the same magnitude as those

for quarks but the sign is changed [4].
1.5 Compositions of hadron according to quark model

Hadrons may bearyonsor mesonsA baryon is made up of three quarks. For
example,protonis made up of twar quarks and a quark(uud). For these quarks,
the electric charges are +2/3, +2/3 and -1/3, fdotal value of +1. The baryon



numbers are +1/3, +1/3 and +1/3 for a total of Hie strangeness numbers are 0, 0
and O for a total strangeness of 0. All are in agrent with the quantum numbers for

the proton. Fig below shows quark models of gheton andantiproton neutronand

Figurel.2: Quark combination of proton
-1
antiproton

Figure 1.3: Quark combination of antiproton

antineutron Electric charges is given in units of e.

F

A mesonis made up of onguark and oneanti-quark For examplethe &
meson is the combination oftaquark and a anti-quark(ud). Electric charges of
these quarks are +2/3 and +1/3 for a total of #fe Baryonnumbers are +1/3 and -
1/3 for a total baryon number of 0. Thgangenessumbers are 0 and O for a total of
0. All of these are in agreement with the quantumbers for ther-meson Quarks
all have spins of %, which accounts for the obs#dvalf-integral spins obaryons

and 0 or 1 spins aghesons

All known hadronscan be explained in terms of the vari@usarksand their
anti-quarks Table 1.1 shows thguark contents of fivehadronsand how they

account for the observed charges, spins and sinasg@umbers of these particles.



Hadron| Quark Baryon Number| Charge spin strangenjess
content

T ud 1/3-1/3=0 +2/3+1/3=+1 | 1]=0 0+0=0

K* us 1/3-1/3=0 +2/3+1/3=+1 | 1]=0 0+1=1

p* uud 1/3+1/3+1/3=+1 +2/3+2/3- 111=1/2 | 0+0+0=0

1/3=+1
n’ ddu 1/3+1/3+1/3=+1-1/3-1/3+2/3=0 | | |1=1/2 | 0+0+0=0
0 SSs 1/3+1/3+1/3=+1-1/3-1/3-1/3=-1 | 111=3/2| -1-1-1=-3

Table 1.1: Compositions of some quarks accordingu@rk model
1.6 Coloured quarks and gluons

There were problems with the quark model, onénefrt being?” hyperons It
was believed to contain three identicalquarks (sss) This violates thePauli
Exclusion Principlethat prohibits two or more fermions from occupyimgntical
guantum states. The proton, neutron and others twith identical quarks would
violate this principle also. We can resolve thificlilty by assigning a new property
to thequarks We can regard this new property as an additignahtum number that
can be used to label the three otherwise identjoatksin the 2™ If this additional
guantum number can take any one of three possiilees, we restore thRauli
Principle by giving each quark a different value of this ngwantum number, which
is known as colour. The three colours keeled red (R), blue (B), and green (G).
The 2" for example, would theBrSsSs. Theanti-quarkcolours arenti-red(R) anti-

blue (B) and anti-green (G).

An essential component of the quark model withoursis that all observed
mesonandbaryonstates arecblourless, i.e., eithercolour anti-colour combinations
in the case ofmesonsor equal mixtures dR, B andG in the case dbaryons

Sincehadronsseem to be composed gqiarks the strong interaction between
hadronsshould ultimately be traceable to an interactietwleenquarks The force

betweenquarkscan be modeled as an exchange force, mediateldebgxichange of

10



massless spin -1 particles caligldons Eightgluonshave been postulated. The field
that binds thequarksis a colour field.Colour is to the strong interaction between
guarks as electric charge is to the electromagnietieraction between electronk is
the fundamental strong charge and is carried bglinens Thegluonsmust therefore
be represented as combinations aodour and possibly a differeranti-colour. The
gluons are massless and carry their col@mti- colour properties just as other
particles may carry electric charge. For examplg, E.4 shows a gluoRB being
exchanged byed andblue quarks. In effect, the reguark emits its redness into a
gluon and acquires blueness by also emittamgi-bluenessThe blue quark on the
other hand, absorbs tiRB gluon cancelling its blueness and acquiringed colour

in the process.

UR Us

Figure 1.4: BB gluon

1.7 Charm, bottom and top

In 1970, Glashow, llipoulis, and Maiani proposed the existence of a fourth
quark calledc or charmed quarkThecharmed quarkvas suggested to explain the
suppression of certain decay processes that arelbsetved. With only threguarks
the processes would proceed at measurable rateshanttl have been observed. The
charm quarkhas a charge of 2/3e, strangeness 0 and a chamtugu number of +1.
Otherquarkshave Ocharm[10].

In 1977, a new particle was discovered-atmi Lab that provided evidence
for yet anothequark This particle, called thepsilon-mesonwas thought to be made
up of the new quark callelol (for bottom or beauty) along with the associatedi-

quarkb. b quarkhas electric charge -1/3 e.

Becausequarksseem to come in pairs, it is expected that thewee partner to
theb quark calledt (for top). It has a charge of +2/3 e.

11



1.8 Three generations of quarks and leptons

Both leptons and quarkappear to come in three generations of doublets, w

all particles having spin 1/2. Table 1.2 and TdbR: show the properties of the three

generations ofguarks and leptons respectively. The first generation contaimngo

leptons the electron and the electron neutrjramd two quarksup and downAll the

properties of ordinary matter can be understoodhenbasis of these particles. The

second generation includdse muonand muon neutrincandthe charmandstrange

guarks These patrticles are responsible for most of Westparticles and resonances

created in high-energy collisions. The third getieraincludesthe tau and tau

neutrinoand theop andbottomquarks.

Generation Quark Symbol Charge Strangeness Charm
1 Up u +2/3 0 0
Down d -1/3 0 0
2 Charm Cc +2/3 0 +1
Strange S -1/3 -1 0
3 Top t +2/3 0 0
Bottom b -1/3 0 0
Table 1.2: Properties of the Three Generations ofi®s
Generation Lepton Symbol Charge
1 electron € -1
e-neutrino Ve 0
2 muon w -1
u-neutrino Uy 0
3 tau T -1
T-neutrino Vg 0

Table 1.3: Properties of the Three Generationseytbns

12



1.9 Particle codes

In hadronic interaction different particles haveittGEANT code. Some of
them are given below in Table 1.4.

GEANT Code Particle GEANT Cod% Particle
1 Y 25 n
2 € 26 A
3 e 27 -
4 N 28 o
5 T 29 3
6 w 30 =
7 m° 31 =*
8 m* 32 Q*
9 s 33 T
10 KO 34 1-
11 K 35 D
12 K 36 D
13 N 37
14 P 38 D™
15 p 39 by
16 K% 40 DS
17 n 41 Act
18 A 42 W

13



19 > 43
20 >° 44
21 > 45
22 i 46
23 ch 47
24 Q 48

Table 1.4: Particle codegd 1]

14




CHAPTER TWO

Eta meson photoproduction

The eta®) meson made of a mixture op, downandstrangequarksand their

anti-quarks Then is a pseudo scalar meson.

uu- dd-2 ss

Composition ofy = — e whereu, d ands areup, down andstrange

quarks andi, d ands areanti-up,anti-downandanti-strangequarks respectively
2.1 Properties ofn meson

Properties of eta meson are shown in Table 2dwbe

Propert Value

Mass (547.51 £ 0.18)MeV
Valence Quarks (uii + dd — 2s5/V6)
Lifetime <10*s

Charge (Q) 0

Isospin (1) 0

Orbital Angular Momentum (L) 0

Total Angular Momentum (J) 0

Strangeness (S) 0

Parity (P) -

Charge Conjugation (C) +

Table 2.1: Properties of themesor{12]

2.2 Decay mode

The proton can be excited using photons with eperBy > 702MeV,

producing the reaction:

15



YP— NP (2.1)
n meson, having lifetime 0/<10"® s, decay before detection. Of the various

decays of the, 72% occur via the following neutral modes:

n— 3r° — 6y (2.3)

with branching ratios 0f39.39 + 0.2%% and 82.52 + 0.2% respectively[12]. The
main aim of this thesis work is to study photoprctthn reactioryp — np — yyp.

2.3 Kinematics foryp — np

In our experiment, liquid hydrogen was used addhget. After the interaction
of the incident photon beam with the proton, thégouingn makes a polar angle

with respect to the direction of the incident photo

Pﬂ

: u
Let us considetP target’

u u
beam’ P;, and P, and as the four-momenta of the

incident photontarget proton » mesonandproduct protonrespectively. Now, using
the energy-momentum conservation relation in foormantum notation, we may

write

u
+ Ptarget

Pﬂ

beam

— pH 4 pk
=P, +P, (2.4)

The superscript letter takes four valueg = 0,1,2,3,whereu = 0 gives the energy
(E) and the other values @f represent the three-momentub £ P*, P?, P°) of the
four vector P"). The four-momentum of} is determined by summing the four-

momenta of its photon decays$2 as
— 2
P, = XiP, (2.5)

In the laboratory frame, these four-momenta caexXpeessed as

p geam: (Ebeam Poean); (2.6a)
P:‘Iarget= (Etarget, Ptarget) = (Mtarget, 0) (2.6b)
P! =, P,) (2.6¢)
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Since the square of the target four-momentum divesnvariant mass of the
target Miarge), We can Writeptzarget = Pt‘:irget-Ptargetu = Etzarget - P tzarget = Mtzarget- As
the target is at rest in the laboratory framdpliows that Paget = O and Ecarget =
Mtarget The photon energineamis measured by usinlge Glasgow Photon Taggemd
Epeam = Pream in EQ. (2.6a2). When there is ontyie undetected particle in the final
state (like proton here), its kinematics is recarged by using four-momentum
conservation. Using Equations (2.4) and (2.6c), ther-momentumPp” of the

undetected proton can be expressed as

Pﬁ =Pgeam+P¢arget 'P’r;

P, = Pleam * Plarger - Zi Py, (2.7a)
Using equation (2.6a) and (2.7a)

Ep = Ebeam* Miarget-2; Ey (2.7b)

Po = Poeam- 2.2 Pyi (2.7c)

Thus the missing mass MM)(of nj is given as
MM (1) = Mp = (& - By) (2.8)

The outgoingn makes a polar anglke with respect to the direction of the incident
photon [13].

2.3.1 Event selection

The eta meson has a very short lifetime, so only phetons resulting from
their decay are determinef — 2y. When a particle decays, its momentum four-
vector is conserved. Consequently, the momentumvector of aneta meson is
equal to the sum of the momentum four-vectors ef photons resulting from its
decay. For our research workgf — np — 2yp, we considered two photons and a

proton in the final state.
2.3.2 Particle identification inyp — np — yyp

As we have seen, the final state, we detected twabops and a proton. As we
know that lifetime of mesons is very small, so only the photons reguftiom their
decaysn — 2y were detected. The momentum four-vector gfia equal to the sum
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of the momentum four-vectors of the two photonailtesy from its decay. The
events were identified by constructing the invariaass of the two photons.

For the reactioyp — np — yyp all information about the initial state was
available: the energy of the incident photon beaah its direction (along the beam
axis), and the target nucleon, which was assumdx tat rest. The momentum four-
vector of then (the four-vector of the two decay photons) wa® &sown. Thus,
using the principal of conservation of energy anohMntum, the four-vector of thg
as the missing patrticle is given by

K _ pht n 2ph
Pn - Pbeam + Ptarget - 2§ PYi
whereP}.. and Pt‘;rget are the corresponding momentum four-vectors of the

incident photon and target nucleon, respectivety.the target nucleon, we assumed

P! .= (Mp, 0, where Mp is the proton mass [12, 13].

target™

2.3.3 Identification of a proton by missing mass

In the reactioryp — np — yypthe proton in undetected particle; however, it
can be reconstructed. As the momentum four-veabthe incoming photon beam,
the target proton, and the two final-state photaresknown, the four-momentum of
the missing proton is given by

Pu — Pl’-

n
proton~ * beam +P

target - 2:iz P\l(li
The missing mass-squared of the two photons infitta¢ state (Ml\/lzy)2 is
obtained by squaring tHieur-vectorPproton as
(MM ZY) ?= (P;!)lroton) ’

S0 missing mass of two photons provides proton rfiaHs

2.4 Threshold energy expression

The minimum energy of photon required to prodwta mesonis called
threshold energy oéta mesonConsider a beam of photon strikes liquid hydrogen

target at rest and product particles etl@meson and photon. So our reaction becomes

YP—mp

Then from conservation of momentum, initial momemtaf the reactant is equal to

the final momentum of the product. So we can write
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(Pltleam +Pti;rget)2 =(P f; +P 5)2

PF

11
where P target’

beam’

Pf; and P;,’ represents four-momentum of striking photon,

four-momentum of target, four- momentum wfand four-momentum of proton,

respectively.
B+ B~ (R +R)’ = (5 +E)" - (B +Ry)’

But momentum of eta and proton is zero. i,e=P, = 0,E, = myand E = m,
E +2Emy+ my’ - B2 =m? + m?® + 2mm,
E- P +2Em,= m* + 2mym,

E,- P” =0, because real photon has no mass and its

momentum and energy are same [15].

S mi + 2mpm, _
which gives  (B) threshold = T om. for the reactionyp — np (5.1
p

For the reactionyp — np,
m, =550.095 MeV
m,=938.27 MeV

then Eqgn. (6.1) givegE,)threshold =702.77 MeV

This is the minimum energy of photon beam requieegroducen meson.
Therefore, for our reactioyp — np we have to provide energy of photon more than
threshold energy. For this purpose, we prepareiérdiit dat files with energy of
incident photon more than threshold energy. Deligitussion okta photoproduction

is given in chapter 6.
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CHAPTER THREE

Review of photoreactionyp — np

Over the last several years, there has been inocgeaamber of work in the
photoproduction ofeta mesonswith protons, pions and electronand their
interactions witmucleonsandnuclei One of the firsetamesonnuclear experiments
performed atSATURNE [16] in 1988, reported surprisingly largeta meson
production rates near threshold in the reaction, j{@&). The large cross sections
permitted not only a more precise determinatiorthef eta mass [17] but also were
used to perform rare decay measurements of etiae mesong18]. Additional
experiments involving pion inducesta production performed dtos Alamos [19].
Again the experimental cross section at threshedibn of the reactiotHe (rr, 1) 4

are above the theoretical calculations [20].

The advent of high duty cycle electron accelerabpens for the first time the
opportunity to study the reactiods (y, n) N andN (e, en) N in detail. Our present
knowledge of thdy, ») process is based solely on some old measuremenitsca0
years ago, along with very few more recent datanfidates [21] and Tokyo [22].
Over the last two years eta production from thdearchas been measuredvidinz
andBonn with an accuracy of more than an order of mageithdtter than in older
experiments. At Mainz, th@ APS collaboration has obtained high quality data for
angular distributions and total cross sectionsplooton energies betweehreshold
and 790 MeV both on the nucleon and on nuclear targ&fs “°Ca. That may be

considered to be a qualitative breakthrough irettierimental field [23].
In this work, we have presented a study of phatdpction of eta meson i.e.
Yp — S11(1535)— np

at MAMI (Mainz Microtron): (see chapter 4.1This study is helpful for the

determination of tagging efficiency, nuclear cresstion, further study of production
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process and the final state interactions withound®bscured by the details of the

nuclear transition densities.

William A . McNeely carried out eta photoproduction with hydrogen tgrge
0° and 180° for the energy between 0.7 and 1.1G&perimentally in 1971.
Similarly, Eta(547)and Eta(958) meson photoproduction on the proton was carried
out byMichael Duggerin 2001[24]. In the same way measurement of tlaadiing
ratio for eta-meson decay into a neutral pion amd photons, was carried out by
Jason William Brudvik in 2007 [20]. Eilidh Fiona MCNicoll did later Eta
photoproduction study with the upgraded Glasgovgeéagit MAMI from University
of Glasgow, Scotland on January 2010 [12]. The hegtsub-sections describe these

studies.

3.1 Work and result carried out by Jason William Brudvik

This dissertation presents the results of a measneof the branching ratio
for the rare decay — n°yy. The experiment was carried out in the A2 halkhe
Mainz Microtron facility at thenstitut fir Kernphysikon the campus afohannes
Gutenberg Universitat Mainazn Mainz, Germany. The experiment used @&asgow-
Mainz Taggerwhich is a recoil-electron spectrometer, to daiee the energy of the
incident photons. The principal detector is t@eystal Ball a highly segmented
multiphoton spectrometer surrounding the experialetatrget (see chapter 4). There
is also aforward detector, TAPSvhich is amultiphoton spectrometarranged as a
downstream wall of detectors. Furthermore, setuguded an instrument used to
differentiate between charged and neutral particeked the Particle Identification
Detector, and a liquid hydrogen target. The kinéertachnique was used to select the
n — n’yy events. The major backgrounds, namely 3r’and decay; — yy and 2°
production were measured simultaneously. The résuthe branching ratio is BRy(

— 7%y) = (2.020.7) x10™*. However, we simply study photoproductioneté meson.
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In this thesis, he has used some histograms by Wonte Carlo methods.
From the result of Jason’s dissertation which #&e helpful for our study ofp — np
— vyyp are shown in Fig. 3.1. The figure shows invariaass spectrum of for n —
2y andn — 6y decay. The peak value of mass invariant curvepmaximately547

MeV which is the mass @ta meson
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Figure 3.1: The invariant mass spectrum ofa} zOyy b) »—370 c)y — yy [24]
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3.2 Work and result carried out by Eilidh Fiona MCNicoll

MCNicoll presented differential cross-section measuremefds n

photoproduction on the proton:

YP—mPp
in the energy range07< Ey < 1403MeV over the full polar angular range09*n <
180°. The two dominant decay channels:

n— 2yandq — 3n°— 6y
had been analysed separately. A comparison oftsefoim these final states was
given. Data were also compared to 88D model and to recent experimental results
from the GRAAL collaboration. Through this comparison, evaluatiees made of
the tagger upgrade.

Differential cross-sections frortihreshold to 1100MeV are shown in figure
2.3[12].

From then photoproduction threshold &, = 707MeV to 890MeV, the
angular distribution of the differential cross-sewctis quite flat, indicating the
dominance of s-wave processes in the reaction methain this case the $1535).
The resonant shape is truncated at threshold aes t® a maximum &, = 805MeV,
corresponding to the centre-of-mass energyl®85 MeV. This accounts for the
cross-section being highest in this energy rangemF918 to 1024MeV, the
differential cross-sections rise to a maximum. B350MeV, this maximum has
become more pronounced and moved to a forward ahglEig. 2.2 the triangles,
present standard error associated with the measuatevhthe variation of differential

cross section foyp — np analysis.
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Figure 3.4: Differential cross section as a funatiof cog* for E, in the range 112
to 1395 MeV, with symbols as defined in figure 228[

In this dissertation, we have not presented thesceection measurement of

our photoproduction reactio — np, as we are not analysing for the real data.
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CHAPTER FOUR
Experimental setup

This chapter describes the experimental faciliggdulsy theA2 Collaboration in
Mainz, Germany.The se-up is mainly comprised of the three components shov
Fig. 4.1. The primary component is the electronebator, which is also called t
Mainz Microtron (MAMI-C). It produces a continuowgave electron beam. The bei
of electrons fromMAMI-C is directed onto a thin diamond or copper foil gatiag a
beam of highenergy photons via a bremsstrahlung process. Téendecomponent |
the Glasgow Photon Tagging Spectrom, which is used to analyze the momentun
the corresponding bremsstralg electrons. The photon beam is allowed to impmy
a target causing the production of various pasdiclkhe third component, which is t
detector system used to detect these particleshemddecays, consists of tICrystal
Ball (CB) and the TAPS ectrometer

1
, ; ——— beam dump

e main € beam

[]

Focal plane ladder 5

Liquid Hydrogen Target

MARI-C

...........

-~ ::r‘
’ 4 ' iy &
"
Cu Radiator Collimator

Tagger Crystal Ball TAPS

Figure 4.1: The experimental -up in the A2 Hall in Mainz consists of three n
components: (i) MAMI electron accelerator for pration of electrons up to 1
GeV, (ii) Glasgow Photon Tagger,(iii) Detector rat(CB, TAPS, PID, MWP
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4.1 Mainz Microtron (MAMI)

The Mainz Microtron (MAM) is an intense, stable and continuous-wave
accelerator that accelerates electrons to theiviskat limit. It is operated by the
Institute f'ur Kernphysik at Johann&uttenberg University at in Mainz, Germany
The accelerator in its current configuration wasstnucted in four stages: (WAMI-

Al, (i) MAMI-A2, (iii) MAMI-B, and (iv) MAMI-C. MMI-A1 was installed in 1979,
producing electrons up ™ MeV. In 1983, a second microtron was added, upgrading
the facility toMAMI-A2 with maximum energ{83 MeV. With the addition of a third
microtron in 1990, the maximum energy was incredsegb5 MeV under the name
MAMI-B. MAMI-C,which is the present facility, was set into operain December,
2006 producing a continuous high quality electrearh with maximum energy.5
GeV. It supplies the electron beam to any of the drpamtal halls(Al, A2, A4, X)L

as shown in Fig. 4.2.

MAMI-C consists of three cascadesR¥IMs (Race Track Microtrongnd a
recently addedHarmonic Double-Sided Microtron (HDSM)Yhis new HDSM is
considered as a worldwide unique recirculationtedecaccelerator. It consists of two
systematic pairs of 90°-dipoles, each forming ama@matic 180° bending system as
shown in Fig. 4.3. In order to compensate for theng vertical defocusing due to the
45°-pole face inclination at beam entrance and, eékiése dipoles incorporate an
appropriate field gradient normal to the pole edbais functions as a scheme for
transversal focusing, with only two quadrupole det® on each of the two
dispersion-free anti-parallel linac axes. In tHOSM, the two linacs operate at
different frequencies: one at45 GHzand the other a&.90 GHz The linac operating
at the lower frequency maintains a higher longitadlistability. The linac at the
higher frequency is responsible for a synchronau®laration energy gain per turn

below20 MeV [22]. For theHDSM, the electron energy gained per turn is given by

n XecB

AE/turn= m 4.1)

where n is the number of complete turns made bgtreles (n = 1 is the lowest
possible value) and; is the rf-wavelength. The injection of the eleasas made
from the result of RTM3 (MAMI-B).
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Injcctor Therm. Source
Linac + Pol Source

Figure 4.2: The floor plan of MAMI facility. Thremcetrack micotrons RTM]
RTM2, and RTMS3 together with the Harmonic Doublde8i Microtron (HDSNM
produce an electron beam with energy up to 1508 MeMAMI-C. Al, A2, A4, ar

X1 are the experimerl halls. Our experimental work was carried out lnretA2 Hall

\Ho. 3

LINAC I (4.90GHz)

'/W

Exraciion

B=1539T
43 tums

No. 4 LINAC I (2.45GHz)

Figure 4.3: General layout of the HDSM. HDSM cotssimainly of two pairs of &
bending magnets and two linear accelerators. Theselinear accelerators wo
on two different frequencies, 2.45 GHz and 4.90 (26}
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with the value of B = 1.23 T\ = 0.1224 m; thus, from Eq. (4.1\E = 41.1
MeV/turn. This also needs 20 m long linacs, whicbuld not fit into the existing
MAMI-floor, as shown in Fig.4.2. Moreover, it wouldnsume four times the electric
power of MAMI-B. So it is practicable to adjust thequency of theHDSM at 4.90
GHz (A = 0.0612 m) with a small variation in B valuela823 T, to keep the length
of the linacs about 10 m and the other parameteritas to that ofRTM3. TheHDSM
takes the beam energy fr@885 MeV to 1508 MeV by 43 turns in14.0 to 16.7 MeV
per step through its accelerating section.

4.2 The Crystal Ball

The Crystal Ball (CB)was designed in 1974 as a multiphoton spectrometer
with high detection efficiency over a large solijgke. It was initially used to detect
photons produced in high-energy e—e+ collisions] [27 SLAC (Stanford Linear
Accelerator Center in Stanford, CAjrom 1978 to 1981, it was used to investigate
the spectroscopy of theldand radioactive decays of particles such a¥, and D at
SPEAR. After this period, it was put into storageSaAAC until 1995 when it was
moved to the AGS facility aBNL, where it was used for the study of nucleon and
hyperons spectroscopy, and rarelecays. It was moved to Mainz in 2002 and after
completion of a majoupgrade of the detector’s electronics it was udellAMI-B
until 2005. It resumed operation in 2007 as thdraédetector aMAMI-C.

The CB consists o672 thallium-doped sodium iodiddal (TI) crystals. These
crystals are optically isolated from one anothemlmgipping them in reflecting paper
and aluminized mylar. ARC L50B0lype photomultiplier tub€PMT) of 5.1 cm
diameter an@1 cmin length is arranged behind each crystal to cdrihe resulting
light pulse into electric signals. Each crystakisaped like a truncated pyramid of
length40.6 cm(or 15.7 radiation lengths) with the side of infeeze5.1cmin length
and the side of outer fad®.7 cmas shown in Fig. 4.4. These crystals are arratmed
form a ball structure as shown in Fig. 4.5 withiamner radius of5.3 cmand outer

radius of66ecm
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Figure 4.4: An individual crystal in the CB is 4@/ long with a truncated
pyramid shap

The geometry of th€rystal Ballis that of anicosahedron(a solid with 20
faces). Thes@0 faces form “major triangles” which in turn are idied into faces of
four “minor triangles” each containing nine crystak shown in Fig. 4.6. When these
crystals are stacked together closely they fornpleescal shell of720 elements. In
order to make a space for the photon beam andatigettsystem24 crystals were
removed from the opposite poles. T@B is divided into two hemispheres: an upper
one and a lower one separated with @® mm stainless steel plates an@.8 cmair
gap. Because of this, an active space amountiigsfd of the solid angle (or® is
introduced. Sinc®&al(Tl) is hygroscopic, all the crystals are hermeticadigled in the
two separated hemispheres. This also helps toalahie temperaturé23 + 2° C),

pressure (low) and humidify30%) inside the hemispheres.

In the Crystal Ball the incident photon beam produces electromagnetic
showers that in turn deposit their energy in M&(Tl) crystals depending on the
energy of the photon. An incident photon belbvMeV may deposit energy only in

one or two crystals whereas a photon ug@6 MeV deposit98% of its energy in a
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cluster of13 crystals. Because of this, the measurement of phet@rgy from thi

Crystal Ballis considered quite precise and thergy resolution is taken

oE 2.05%
E  EGeV)036 (4.2)
Crystal Ball
MWPCs
BEAM — TAPS

Particle ldemification Detector

Figure 4.5: A transverse view of the Crystal Balbwing the sub detectors inside i

liquid hydrogen target is also located at its cen

Because of the high granularity of tCrystal Ballit also has a good positic
resolution. For hadrons and charged particlesptsitional resolution is not optim
as the hadronic shower has less transverse extesias for charged particles ott
additional detectors are required. Some of the ingmrproperties of thCrystal Ball
are listed in Table 4.1[23, 24,].
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Azimuthal angular acceptance

00 < 360°

Polar angular acceptance 200 < 160°
Azimuthal Angular resonanceg (2 - 3°)/sind
Polar angular resolutioms) 2-3°
Photon Energy Resolutiond/E) 2.05%
E(GeV)©:36

Table 4.1: Properties of the Crystal Ball.

4.3 Particle Identification Detector (PID)

The PID shown in Fig. 4.7 is a cylindrical detectoth 10 cminner diameter
around the beam axis centered on the target witlei€rystal Ball It is comprised of
24 plastic scintillatorseach with the siz81 cm x 1.3 cm x 0.2 cmOptical isolation
between eachcintillator is achieved by wrapping each individually in d.f&ach of

these scintillators is connected toHamamatsuR1635 photomultiplier tube of

thicknesslO mm
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Figure 4.6: The two-dimensional Mercatlke projection of CB Crystals. It sho
90 shaded and unshaded groups of rectangles eadlainmng eight crystals. It al
shows the geometry of CB as there are 20 majongtes each of which is made
four miror triangles and each minor triangle contains nicrystals. The ‘beam i

and ‘beam out’ hole is also visible.

The PID is installed inside thé&€rystal Ball for the purpose of identifying
charged particles. This detector measures smalfgresses AE) in the thin plastic
scintillators and a rough variation of theimuthal angle() of the charged particles.
By considering thisAE and the total energy deposited in theystal Ball, one can
identify different charged particles. In our expeent we did not use the output of

PID because our analysis involved only neutral pasicl
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Figure 4.7: The PID before inserting it into positi within the CB

4.4 The TAPS detector

TAPSis a front-end detector for therystal Ball as it detects photons or any
charged particles that escape from the exit holthefball. TAPSwas designed and
installed with the purpose to study high-energy tphobeams as well as neutral
mesons [28].

TAPSconsists of several hundred hexagonally shaped d=€ctors (see Fig.
4.8) each of lengtR5 cm (equivalent tdl2 radiation lengths) that can be arranged in
different configurations. The combined photon debecset-up for theCrystal Ball
and TAPSshown in Fig. 4.9 covers approximat&l§% of a complete sphere. Since
many particles are emitted in the forward directitmns forward wall is useful to
increase the overall detection efficiency.
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Figure 4.8: Each individual TAPS Baleletector consists of a hexagonally she
crystal tube of 25 cm in length with a 2.5 cm alflical end connected directly to

photomultiplier tube

Because of some special characteristid®ai, crystals they are considered a
good choice for the construction s€intillation detectorsFirst, BaF, has a fast rise
time of the scintillation pulse; because of thistue the intrinsic time resolution
(about 200 ps) of a single crystal is very goode Hecurate particle identification
using the time of flight of a particle is made wpihis essential feature of tiBaF,
crystal Second, it produces scintillation light with twomponents: a fast component
and a slow component, corresponding to decay toh@s50ns (A = 195 nm and 220
nm) and620 ns(h = 310 nm), respectively. These characteristicBa, crystals
provide a means to separate slower hadrons likemsaand neutrons from the faster
particles like photons, electrons, and pions bylifig their corresponding time of
flights. Particle identification using this techo& of decay of short and long light
components is generally callgailse shape analysis (PSAy integrating the light

signals over a short and a long time gate, theepghspe analysis is carried out.
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Figure 4.9: The use of TAPS as a forward wall deteat a distance 1.8 m from 1

CB. The 384 Bajcrystals of the TAPS forward wall cover the hol¢hef CB to cove

~ 96% of 4 in solid angle.

Because the relative intensity of the short compoi higher for photons than for

nucleons, the ratio of these two components prevalgood tool to identify these

particles as shown in Fig. 4.10. Thif8aF, has a high photon detecting efficiency

and energy resolution over a wide range of energieaddition, because of the high

granularity ofTAPS there is a good position resolution.
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Figure 4.10: A schematic plot of the pulse shapeafoa-particle and a photon
TAPS. The larger long component makes it possibtistinguish thex-particle anc
a photon.

Each of theBaF, detectorshas hexagonal front and back shapes with a
cylindrical end part of inner diametdrO cmas shown in Fig. 4.8. The surfaces of the
crystals are polished. A UV reflector that is mageof eight layers oPTFE3 and
one layer of thin aluminum foil is wrapped arourieege crystals. The individual
crystals are coupled to Hamamatsu R205®hotomultiplier tube using silicone
grease. In order to provide effective magnetic lding up to a flux of0.02T, the
phototubes and the cylindrical section of the @algsare completely surrounded by a
magnetic shield. In front of eadBaF, detector a hexagonally shapesi mmthick
NE102A plastic scintillatoris installed so as to distinguish between charged
neutral particles. These are called veto detecBome of the important properties of

the TAPS detector are summarized in Table 4.2.

Distance from the center of CB 1.80m
Polar angular acceptance 20 < 20°
Time resolution 0.5 ns FWHM
Angular resolutionde) 0.7° FWHM
Energy ResolutionoE/E) 3.7%
E(GeVYs

Table 4.2: Properties of TAPS
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CHAPTER FIVE

Data analysis

This chapter explains the analysis software andtM&@arlo simulation used
for our present work. For our dissertation, firg getup root environment in Red Hat
Linux 5. All files were run in terminal. For photag@uction reactioryp — np — yyp
we choose suitableat file, and made severdht files for different energy of striking
gamma. Now these files were moved intdbook Again, these files made under
.hbookwere run to givemkin files. Thesemkin files were run undecbsim These
cbsimfiles were again run imcqu From the histograms obtained franqu, we

studied photoproduction reactigp — np — yyp.
5.1 Analysis software

5.1.1 ROOT

The root system provides a set of frameworks wlittha functionality needed
to handle and analyze large amounts of data impaef@icient way. Having the data
defined as a set of objects, specialized storadbats are used to get direct access to
the separate attributes of the selected objects.dllows the easy setup of an analysis
system without having in touch the bulk of the détat can query and process the

data interactively.

ROOTalso provides a good environment to le@t. ROOT helps to built
acquisition, simulation and data analysis systems.

5.1.2 Importance of ROOT

The ROOT project was started as an analysis tools for ttgerment of
CERN With ROOT,we can try to provide a basic framework that affarcommon
set of features and tools for all domains of higkrgy physics computing. Currently
the emphasis dROQOTis on the data analysis. The system can easigxtended to
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other domains like simulation, reconstruction andng displays ROOTis an ideal

environment to introduce physicists quickly to tiesv world of objects an@++.
5.2 AcquRoot

AcquRoots the analysis software that is used for all & dmline and offline
analysis of data foCrystal Ball experiments aMAMI. It is an upgraded form of
ACQU incorporating with the multi-threaded puré#+ program mainly written by
J. R. M. Annand [29]. AcquMCis aMonte Carlo reaction kinematics generator and
AcquDAQreads data from some components of the detecsterayand feeds the data
to one or more central event builders. AcquRoditaised on the framework BOOT
[30], which is theCERN C++based suite of software and librariBOOTis based on
object-oriented sources, comprised of various typeslasses, each performing a
specific task. AAcquRootcombines the fulROOT functionality, it makes extensive
use of the facilities offered BROOT for controllingA2 electronicsdata acquisition,
storage, retrieval, and analysis. The tree streatfitheAcquRootanalyzer is shown
in Fig. 5.1.

The four circles of different colors on the leftdubaside of the figure represent
the four important classes involvedAtcquRoot The lowest green circle represents a
dedicated class specific to each detector: €xystal Ball Nalcrystals detectors are
accounted by the clasBA2CB Nal, TAPS Bafcrystalsby TA2TAPS Ba); focal
plane tagger detectors byA2TaggLadderand so on. These detector classes are
responsible for conversion of the digitally stopdse heights to energies and times.
The blue circle, one step higher, represents theethlasses that collect information
from each of the three subgroups of the detectbfCrystalBall represents the
group of detectors related to tkrystal Ball Similarly, TA2TAPSand TA2Tagger
represent all the detectors related toTA®S(e.g.,BaF,, Vetg, andthe Tagger(e.q.,
Ladder, Pb Glass, Micig respectively.
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Figure 5.1: The tree structure of AcquRoot Analyaéh its Apparatus, Detectc
Physics and Analysis clas: [29].

These three classes in a group form a class cTA2Apparatu, which is
responsible for the conversion of energies and giinéo particle types and fc-
vectors. The pink circle above the blue circle espnts éPhysicsclass that collects
all the information from the three detector systgmsh as foi-vectors and peicle
identities) to reconstruct the related events yigjdhe invariant and missing mass
identify the specific particle. The red circle dnettop represents a class ca
TA2Analysisvhich provides the core of the data analysis systedecodes le basic
ADC, TDC, andScalars informatio and passes them T&\2Apparatu.

5.3 Monte Carlo simulation

Monte Carlo methods (or Monte Carlo experiments) are a class of
computational algorithms that rely on repeated oamdsampling to compute the
results. Monte Carlo methods are often used in epensimulations of physical ar
mathematical systems. These mes are most suited to calcul by using a
computer and tend to be used when it is infeasblompute an exact result witl
deterministic algorithm. This ethod is also used to determtheoretical derivation
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Monte Carlo methodsare especially useful for simulating systems wigmy
coupled degrees of freedom, such as fluids, diseddenaterials, strongly coupled
solids, and cellular structures. They are used ¢ooleh phenomena with significant
uncertainty in inputs, such as the calculationisk m business. They are widely used
in mathematics, for example to evaluate multidinmme definite integrals with
complicated boundary conditions. Whiglonte Carlo simulations have been applied
in space exploration and oil exploration, theirdacgons of failures, cost overruns
and schedule overruns are routinely better thanamumtuition or alternative "soft"
methods [31].

There were two parts to tidonte Carlo simulations, the event generation
and theparticle tracking

As the first step, a program was used to genehat&ihematics of events. The
input parameters were the target dimensions, naasisgensity, also the beam energy,
spot size at the target, as well as the beam divery for this we used real “beam
triggers “recorded in the course of the experiment.

The second step used a program based onCERN package GEANT
version3.21 that reads the output of the first program aadks all particles through
volumes of different materials, in a setup that rogras closely as possible the actual
experimental setup. The geometries included weeeCl; TAPS, TAPSeto wall,
PID andthe target(see chapter 4) [32].

40



CHAPTER SIX

Results and Discussions

This chapter presents the study of photoreactpr—~ np — yyp. In this
events foryp — np were simulated using thilonte Carlo analysis Since the
threshold, photon energy fop — np is 702.77 MeV §ee chapter 3.4), we have to
provide energy of incident photon beam just greditan threshold energy faf
meson production. Thep final state is obtained through the following weatial

decays:

YP— 1P (6.1)

andn further decays into twp as

n—yy (6.2)

so our final decay becomes

p (6.3)

where® = eta produced as first particle
@= Proton produced as second particle
®= Gamma produced as third particle
@= Gamma produced as fourth particle

With reference to the threshold energy, we createravironment to provide
energy of photon more than threshold i.e. more @77 MeV\. In our study we
started from735 MeV and within the interval a85i.e. 770, 805, 840, 875, 910, 945,
980, 1015,1050, 1085, 1120, 1155, 1190, 1225, 1260, 12950,13365and 1400
MeV data were taken. In our reactigp— np — yyp particle are kept according to
GEANT id such that
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The GEANT ids of different elementary particles are given in [Eah 4.

For the reactionyp — np — yyp we have to provide suitable value of photon
energy> 702.77 MeV\ That beam of photon is incident bauid hydrogen targeand
produces twghotonsandproton Since we are doing this process through simuiatio
we provide such environment throudht file. One of the examples afat file is
shown in AppendifA.1].

We made severalat files. Now these made files were run unddeck_kinin
mami_mcarlo/deckinThe high-energy photon incident diquid hydrogen target
50000 times. The events were generated for eaclyyemalue from735 MeVto 1400

MeV. After that, we move these files tesults_deckinWhere we used command e.g
mv ._hbook ../results_deckin/deckin_newetagaB@hBook
mv _.hbook ../results _deckin/deckin_newkris_7 @hkbtc

These files made undébookare converted into root files using commadrztoot
deckin_newetagama.g. hbooknewkris.e.g.roof where e.g. can take any value from
energy rangg35to 1400 MeV that were included idat files. These give different
histograms which are shown below.

6.1 Event generation by using mkin software

After convertinghbookfiles intoroot files we study whether the basic needs
for our reaction is fulfilled or not. By studyinbe nature of histograms obtained from
root files, we can conclude that events are generateor@iag to our photoreaction
YpP — np — vyp. Actually allroot files corresponding to differemtat files for each
energy values generate events. Among them,rookfile corresponding to energy
value 1400 MeV is taken as example. In thioot file, we can see different
histograms, which are depicted below.
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6.1.1 Generation ofn meson as particled
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Figure 6.1: Energy of e Figure 6.2: Transfe  Figure 6.3: Momentum of €
meson produced as parti momentum of e  along xdirection as particle®
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Figure 6.4: Momentum of eta alonc- Figure 6.5: Momentum of eta alon-

direction as particle® direction as particle®

Referring to Ec (6.3),we have provided an environment to photoreaction
Yp — np — yyp in dat file. According to this reactiom wasfirst produced patrticle.
Figures 6.1to 6.5show thateta mesorproduced as first particlén each figures we
can see a code d¥11. In these five figures cod&7 (last two digit in code
represeneta mesomroduced. Middle 1 in coi10117denotedirst produced particle.
E. represents energy,: represents transfer momentum, P, and B represents

momentum along x+y- and zdirection respectively in our photoreactigm— np —

YYP-
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6.1.2 Generation of proton as particle®
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Figure 6.9: Momentum of proton alo Figure 6.10: Momentum of proton alc
y-direction as particle@ z-direction as patrticle@

Considering the E (6.3), proton was the second produced particle in
reactionyp — np — yyp. In the histograms obtained frawot file proton can be see
as secongbroduced patrticle. In above figures c-10214 14 refer toGEANT id of
proton and middle2 in 10214 represents seconpgroduced particle. , represents
energy, Prepresents transi momentum, B Py and R represents momentum alon-

, Y- and zdirection respectively in our photoreactigm— np — yyp.
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6.1.3 Germration of gamma as particle®
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Figure 6.14: Momentum Figure 6.15: Momentum of phot
photon along -direction a along zdirection as particle®
particle @

Referring toEq. (6.3),we have provided an environment to photoreaction
YP — np — yyp in dat file. According to this reactiorphoton vas third produced
particle.Figures 6.11 to 6.15 sh«that photon was produced as tl. TheGEANT id
of photon is 11In these five figures coc10301 (last two digitOlin code) represent
photon was produceDigit 3 in each codd0301denotes thirgoroduced particle. ,
represents energy,: Represents transfer momentumy, F, and R represents
momentum along xvy- and zdirection respectively in our photoreactigm— np —
vyp. The nature of energy histogram and transfer momnertistogram are exact

similar. This indicates that energs transferred into momentum.
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6.1.4 Gerration of gamma as particle®
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Figure 6.19: Momentum phot
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Figure 6.20: Momentum phot
along zdirection as particle @

Above figures from6.16 to 6.20 showthat photon was produced as fot
particle. Ineach figures the cocl0401is present. The last two digits in 10401
represeniGEANT id of photon anc4 in 10401 represents photon was producec
fourth particle. & represents energy; represents transfer momentuny, R, and B

represents momentum along x, y and z directionecsely

From the figure from 6.1to 6.20 showthat 4 particles were generated nan
eta meson a®, proton as®, photon asd and another photon @.In these figures
the nature of energy histogram and transfer momertistogram are similar whic

indicatesthat the energy is transferred to the motum.
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6.1.5 Generation of photon bean
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Figure 6.23: Transfer momentum Figure 6.24: Energy variation of be:
beam
Above figuresfrom 6.21 to 6.24show the nature of incident beam of phc

Fig.6.21 and Fig.6.22 show the momentum of beam alor- and y-direction
respectively. Fig. 6.28nd Fig.6.24 show the transfer momentum of beam and er
of beam. The nature of energy variation of beand transfer momentum of bean
quite similar. This indicates that the energy odibbels transferred to the moment

in the photoreactiokq. (6.3).
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6.1.6 Generation of target verte
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Figure 6.25:X- vertex Figure 6.26: + vertex Figure 6.27: = vertex

Above figures fror 6.25 to 6.2how the vertices made alon-direction, y-
direction and direction when beam of photon incident on the taigethe photc

reactionyp — np — yyp The nature of vertex made along x- ardliyection is found
similar.

6.2 Event dentification by using cbsim softwar

The files generated ideckinfiles are detected by usirapsin software. For
this, we have to run the mkin files into cbsim. In mkin file, we made necessa
correction. We choosgamaeta.ffcardgiles in mkin One mkin file is as shown
Appendix[B.1].

In mami_mcarlo/jb_ffcards files/gamaeta_ffce files Appendix [C.1] we

choose suitabl@éRUE/FALSI option according to our reaction.

Thenwe run our files using commar./mkin_run_good.sasl.e.g. Where e.g.
represents energy valu735MeV, 770MeV, or 805 MeV ...1400MeV. After running
these fileswe check the particles through thGEANT id (See Table 1.3). Results
cbsimfile in form of histogramare shown in Fig. 6.28 to Fig.6.8@low.
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6.2.1 Particle identification
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Figure 6.28: Identification of produc Figure 6.29: Number of particl
particle inyp — np — yyp produced inyp — 7p — yyp

Fig.6.28 shows that the identification of particleshe reactionyp — np —
yyp. Histogram 6.28hows there is height at poirl, 14 and16. 1 meansGEANT id
of photon 14 meansGEANT id of proton and17 meansGEANT id of eta meson
This means we had used these three particldat file. These particles are deteci
in cbsim Fig. 6.29 shows that number of particles involved eta meson
photoproduction. There is starting of height frooinp 4, it means4 particles were
involvedin the reactio yp — np — yyp. These two facts detected as true becaus
same number of particl i.e. 4 and same patrticles i.eta mesonproton andphoton

are producing that alswere used imatfile.
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6.2.2 Vertex dentification
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Fig. 6.30 shows the vertex made by hitting thedtby photon beam. Tt
peak is at originmplies that the incident beam mostly incidentta tentre of th
target.Fig. 6.31 shows that maximum hit by photearb to the target. The heicis
maximum at originmplies that photon beam is incident at the ceofr¢he target
Fig. 6.32 shows the average number of hits by tlogdént beam to the target.

shows the average number of hit is approximatel
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6.2.3 Detection of cnergy and momentum
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Fig. 6.33 shows the variation of total energy .sifigure is similar to the Fi
6.24 (energy of the beam). The same type of beait vehgenerated emkin is
detected atbsimFig. 6.34 shows that distrition of energy in lab and F 6.35

shows distribution of momentum in |
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6.2.4 Crystal Ball and TAPS detector as prime detecirs
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Figure 6.36: Position of elements of | Figure 6.37: Position of elements of E;
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Fig. 6.36 shows thathe position of720 elementsof Nal crystal it Crystal
Ball. Fig. 6.37 shows distributioiof position of 384 elements ofBaF; crystal in
TAPS.

From these figurerom 6.2¢ to 6.37we see that the files generateddeckinare
detected ircbsim

In above figures:-

etot> total energy, id pai= GEANT ids of particles involved in reacti
dircos= direction cosin

From id part figure we can see proton, eta and gamu@ involved in our reactic

Now we have to run these files acqu Before this,we have to make
necessary correction in  acqu/root/src/TA2PhotoPhysics and
acqu/root/src/TA2RotoPhysics.. Similarly energy range, mass range correction
were made iracqu/data/CBphysics.c. Similarly, we provide the correct path a
name inacqu/data/CBMC.Offlinr. OneCBMC file is shown D.1] and then we run

our files inacquusing commanAcquroot -effine CBMC.Offlin. These files made
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in acquare moved imoot according to our name for easy detection of des fith

their respective energy.

Now we see our result iroot. In root we choose commanaot (our files
name made in acqu) for different energy value aohiga. We check our result for
one energy value. Similar steps were performealfaralues of energy.

Next we have to merge these all files to get coebiresult in the energy
range {35MeV to 1400 Me\) .We change imcqu/data/rootmerge.drirst we make
four combined result froni35to 875, 910 to 1050, 1085 to 1225 and 1260 to 1400
MeV and then we finally combined these four fileimine to get the combined
result from the energy ran@g&5to 1400 MeV.

6.3 Reconstruction of events using AcquRoot softwar

After detection of events idbsimwe run these files iacqu Acqucollects all
the information from theTA2Crystal Ball (group of detectors): (see 5.2). After
detectionacqureconstruct the related events yielding the irardrand missing mass

to identify the specific particle. These yieldingeats as results are given below.
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6.3.1 Mass oftvo gamma curve
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Figure 6.38: Mass of two gamma in the reactyp
—=7p =P

Mass of two gamma curve is drawn events versus I(in MeV). This is the
result of combination of all files madeacquin the energy range froi735 MeV to
1400 MeV. There is peak in betwee500 to 600 MeV. It means the peak
approximately equab mass ofeta meson.e550 MeV. Since we know the mass
eta mesoris 550.095 MeV/? In our study of photoreaction iyp — np — yyp,
photon beam is incident on the liquid hydrogen taand produceseta mesorand
proton The mid evenyp could not be detected by the detectors inCrystal Ball
andTAPSbecause thlifetime of eta mesoris very short i.0"%. After decaying of
eta mesontwo photon: were detected i€rystal Ball and TAPSThedetected mass of

two gammas is near to thinvariant mass oéta mesorms shown in Fig. 6.

54



6.3.2 Mass of poton curve and thetaCM curve
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Figure 6.39: Mass of proton curve in

reactionyp — np — yyp

Figure 6.40: ThetaCM curve reactic

YP =P =P

Theacquyields mass of protocurve, whichis drawn events versiMass(in

MeV). This is another result of combinations of fd#s made iracquin the energy

range from735 MeVto 1400 MeV. In Fig. 6.39the peak of the curve is in betwe
900 to 1000 MeV. Since mass of proton 938.27 MeV/é. The mass of curve fro

acquis approximatel equal to the mass of proton. It clarifies that protvas alst

produced in our studied react yp — np — yyp and justifies the possibility of ot

reaction. In other wois certainly our reaction has occurred. Bgi(C is the thetaCM

curve obtained fromacquis drawn events versus cosine angle. This cosimgge

refers to the angle ma by eta mesonvith the direction of incident photon be.
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6.3.3 Results obtained fromTAPS and Crystal Ball
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Figure 6.43: Position of elements
BaF, crystals in TAP:

Fig. 6.41shows that energy measured 384 elements c BaF, Crystal
Because of having the property of high energy rtd&ni of BaF, detects the particle
with the help of corresponding energy value. Thergynis near t600 MeV, it means
mass of eta is near 550 MeV. It means eta mesomas detected bBaF, crystal.
Fig. 6.42shows variation of angle between two produced phdteshows the peak
below 90 so we can say that there is low angle variatioproduced photor Figure
6.43shows thaposition 0f384 elements oBaF, crystal in TAPSThe result obtained

from cbsim(Fig.6.37) software anacqusoftware (Fig. 6.48matches almo:
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6.3.4 Results related with Nal Crystal in Crystal Ball
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Figure 6.46: Total energy variatic
in the Nal crystal

Fig. 6.44showsposition of720 elements ofNal crystal. Fig. 6.45 shows that
average number of hits by the incident photon ®Nal crystal. In addition, the
average hit imbout 5. Fig. 6.46shows that the energy deposited in the Nal cry
After incident of photon beam to the target, somergy deposition occurs in tiNal

crystal. There is higher deposition of energy at the emdllawer in the middl
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Figure 6.47: Thre-dimensional igure of thi
missing mass of pi0 (or two gamma), al
between two photons and theta

This three dimensioniFig. 6.47shows that variation of ThetaCM, variation
angle between two photonsd variation of missing mass efamesol. Missing mass
of etameson(in figure missing mass of Pi0) gi\ mass ofprotor. Two axes in the
plane shows the variation of angle thetaCM whglthe angle made keta meson
with the target and angle between two photons amdertical axis the dark pa
corresponds to the missing masseta mesoror mass of proton in the photoreact
YP — np— yyp. The dark part corresponds 950 MeV, gives mass of proton
vertical axis. The dark part corresponds to thdeabglow 9(€in two horizontal axi
shows that tlre is low angle variation in angle made betweem ivotons as well ¢

angle made by eta meson with incident photon |.
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6.4 Comparison of resuls with the previous measurement:

6.4.1 Comparison of position of elements of Nal cryst:

We compared our resulof position of elements of Nadrystal detector in
Crystal Ball (which is virtual detector) wii the experimental result obtained
MAMI- C. The result of experiment is based on the re@l @dken in 20C [13].
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L,w—yl Enirios 15232800+ 10 TA!Cth_rr o cmﬁﬂ;mwr
Mean b A i Mean 111
RAE ik
&0 m [T w1
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i 1
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0 % ;
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0
4
0 l 0
(]l .I..;.J.;. T A P I | 1) 5\..I..;.l...\l\“.\..I....I...L
0 100 200 300 400 500 (] 700 0 100 20 30 400 00 600 M

Figure 6.48: Experimeal data of positio Figure 6.49: Our result ofposition o
of elements of NaCrystal [13] elements of Natrystal obtained by Mon
Carlo Simulation

By observing the histograi shown above in Figh.48 and Fig. 6.4, we can
found that there isn approximate similari between experimental data and re
obtained by usinylonte Carlo simulation. Both figures explaito facilitate position
of elements 0f720 elements oiNal crystalin Crystal Ball Both figures are quit
similar. It is an interesting result, both expentts and our result match The
events measured by Nal are helpful to measure tieege deposited due to t
incident of highenergy photon to the Nal cryst
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6.4.2 Comparison of position ofelements of Bak crystal

We compared ouresults of position of 384 elements of I, crystal detected
by virtual detectorsisingMonte Carlo Simulation with of experimental position ¢
elements of Bafcrystal

TA2TAPS BaF2 BaF2 His TA2TAPS BaF2 BaF3 Hits
v Enirios 74010005 = Entries 8382865

Hean 18} Msan 1074
i 1114 RMS 1084

5000

o b g b b Loy oy Lo
] 50 10 150 2000 200 3000 380

=

Figure 6.50:Position of elements of t Figure 6.51: Our result othe position o
384elements ofBaF, Crystds in the elements of th884elemen of BaF.crysta
TAPS experimentally [7] in virtual TAPS

Fig. 6.50 and Fig. 6.t show that position of elements of 384 elementNal
crystalin virtual TAPS detector. Eth experimental result Fig. 6. and Monte Carlo
simulation result Fig. 6.f are in quite agreemenTAPSwas designed with tr

purpose to study hignergy photon beams as well as neutral me

60



6.4.3 Mass of etameson comparison

We compared the graph of masseta mesombtained byMcNicoll, Eilidh F
[12] with our result obtained tusing Monte Carlo SimulatiorThe graphs are shov

below for the purpose of comparis

TA2PhotoPhysics MDM_M2g — :
Entries 23081 Tuﬂpﬁ“pphy"“ |
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i RMS 1574 P
f20 0 A
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e e o o
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MNumber of 2vv Paira
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- Lo~/ |
- k 20- \
omﬂttnm L Ll Lt | 11 ‘ [ Ll -j - ! i -1-‘“‘“"--___‘__ e
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Figure 6.52: Our result of mass of ¢ Figure 6.53: Mass of etcurve obtainec

by McNicoll in 2010 [1]
From thesgraphs the nature of the curves foundlde similar i.e. peak of tr
both massof proton curves isapproximately550.095 MeV/é and our result is i
good agreement with the previc result. In Fig.6.52indicates our result of mass
two gamma afteapplying Gaussian distributiorand Fig.6.53s mas of eta curve
obtained by McNicoll in 201

61



6.4.3 Mass of proton comparisol

Similarly we compared the graph of mass of proton obtainecNicoll,

Eilidh F [9] with our resul. The graphs are shown below for the purpos
comparison.
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Figure 6.54: our result of mass of pro Figure 6.55: Mass of proton cur

curve obtained by using Monte Ce

L
(

obtained by McNicoll in 2010 [7
Simulation method

From theseayraphs, the nature of the curveound to be similar. Both curw

has peak near to the massproton i.e. 938.27 MeV/¢ and our result is in goc
ageement with the previowworks.
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6.5 Summary and conclusions

In this dissertation, we have studied the reactbnp — np — yyp. This
reaction accomplished by usiigpnte Carlo Simulation method. In our simulation
method virtual experimental set up was designedoSing suitable value for the
energy of the photon beam, we made diffedattfiles. These files were run under
mkin software and events were generated. Importantrgetkevents in the form of
histograms were generation photon beameta mesonproton two photonsand
target vertex These generated events were detected by absigrsoftware. In this
section, we observed histograms related with ifileation of particles, vertex, beam.
Position of elements of virtual detectors Grystal Ballad TAPSwere also detected.
After that, we reconstructed events by ustugiuRootsoftware. From reconstruction,
we studied histograms ahass of eta meson, mass of protiretaCM curves and
position of elements of detectors.

From the reconstructed events invariant masstafmesorand missing mass
of eta mesoror proton massvas found approximately47 MeV/¢ and938 MeV/¢
respectively, which were expected resultassof protoncurve anceta mesorcurve
were studied by applyinGaussian distribution Moreover, histograms of position of
elements of Nal crystal in Crystal Ball and BaFystal in TAPS obtained frocbsim
software andAcquRootsoftware closely matched. At final, we compared @sults
with the results obtained from previous simulataanwell as experimental works and
both results were found similar. Our study eith mesorproduction fromMonte
Carlo Simulation will be very helpful for the determination of imqpant features e.g.
acceptancetagging efficiency differential and totatross section measuremers

YpP — np reaction.
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Appendix A

A.1 dat file

The file name isiewetagama_1400.dat

0 I Startup Seed. gammap ->pi0 p Row 1
FOOOF I Select (T/F)?, hid_cs, hid_ang, eamn, err_check (T/F)Row 2
1 I Beam Particle GEANT id Row 3
1.400 0.1 I Beam momentum, dP/P (std. dev., %) Row 4
2.2 I Beam Sigma(x), Sigma(y) (std. dem) Row 5
0505 I Beam Sigma_ThX, Sigma_ThY (std..dewad) Row 6
145.0 I Target Particle GEANT id, Targeniéh (cm) Row 7
FALSE I Use a distribution function? Row 8
17 TRUE O ! Part. id#histogram id# éfaparticle Row 9
14 FALSE O ! Part. id#, decay logical # protorparticle Row10
-1 I Terminate list of decay products Rowll
FALSE 0.0 180.0 0.0 360.0 ! Limit CM angulange? Row12
1 FALSE O Iphotor®® particle, decay product of eta Rowl13
1 FALSE O !photor® particle, decay product of eta Row14
-1 I Terminate list of decay products Row15
FALSE 0.0 180.0 0.0 360.0 ! Limit CM angulange? Row16
Explanation:.

Row 3 1! Beam particle GEANT id represents striking pdetis gamma
Row 4:1 .400represents the energy of striking particle gamsnd0D MeV

Row 7 14 represents GEANT id of target i.e. liquid hydrog&narget length between
striker and target

Row 9 17 TRUE: after strikingetais produced and TRUE means it further breaks

Row 10 14 FALSE means proton is produced and FALSE means it doielsraak
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so in first case after striking liquid hydrogendmsmma eta and proton are produced.

YP—mnp
Row 13 1 FALSE meanstabreaks into T photon and photon does not break further

Row 14: 1 FALSE means eta breaks int® dhoton and photon does not break
further

so our final reaction becomes in the form of

YP—np—yYp
In above filel.400represents energy of incident gamma ray480 MeV. 1!
Beam particle GEANT id represents gamma strikes liquid hydrogen target is
symbolized asGEANT id 14. After striking by gamma eta particle and proton
produced, this is represented1&sTRUE for eta andl4 FALSE for proton. Symbol
TRUE means eta particle is further breaks and FALSEns\@aoton does not break.

Eta breaks into two gammas in succession whichpsesented ak FALSE.
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Appendix B

B.1 mkin file
if ($# !=1) then
echo "ERROR: Must input either nothing (which rafigargets and \
energies), 'eg’ which uses a specific Energy CHamuk\
energy range."
echo " 'mkin_cb.sh 900"

echo " or 'mkin_cb.sh ....MeV"

exit 0
endif
setinc = 35
seteg = $1

#set eg = 1320

#set end = 1000

set end = 1400

if( $eg> $end) then

echo "ERROR : eg >end"
exit 0

endif

if( $end > 1500) then
echo "Error : end > 1400 MeV"
exit 0

endif

while($eg <= $end)

setmkin_file=’home/suman/mami_mcarlo/results_deckitdeckin_newetagama_%$e
g.hbook
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if(! -e $mkin_file) then

echo "Input files $mkin_file doesnot exit . skkigpi...........

seteg = expr $eg + $inc’

continue

endif
set cb_file = /home/suman/mami_mcarlo/results_cbsim
new_krisg.$eg.hbook
set root_file = /home/suman/mami_mcarlo/results_clos/new_krisg.$eg.root
setenv FFCARDS /home/suman/mami_mcarlo/jb_ffcardsiles/gamaeta.ffcards

setenv NTTITLE $cb_file

setenv INPUTFILE $mkin_file

setenv OUTPUTFILE $cb_file

cd /home/suman/mami_mcarlo/cbsim

Jcrystalball

h2root $cb_file $root_file

wait

set eg = “expr $eg + $inc’

end

end

exit 0

Inside mkin file bold letter places and italic &ttplaces represent our

correction.
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Appendix C

C.1 gammaeta. ffcards

LIST

¢ FFREAD system card that causes the data cardhaimd/alues to be
AUTO O

¢ GEANT data card that controls whether trackinglime parameters are
FREQ 5000

c frequency of updates on the simulation's progf@¢gefault) or a
SEED O

SMEA TRUE

c switches on (TRUE, default) or off (FALSE) the 2%&"\(-1/4) energy
SPLT 0.00.00.0

TMAT 3

c target material. The default value is 3 for ldjhiydrogen. Other
TRAC FALSE FALSE TRUE 97*TRUE

CcTRAC FALSE 98*TRUE

c an array of 99 logical variables specifying wigetparticles are
TRGT TRUE

GAP 0.05 0.05

HPAC O

GEOBO00OOO

CUTS 0.0001 0.0001 0.001 0.001 0.001 0.0001 AL.(x¥% 1E4 0.01 0.5E-6
STOP

TMAT 3 represents default value of target liquid hydrogkn TRAC FALSE
FALSE TRUE means two gammas and one proton is produced ifindle In yp —

np — yyp, FALSE FALSE means) breaks into two gamma and TRUE means proton
remains same in the final.
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D.1 CBMC.offline

Name: hl2
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:
Branch:

Branch:

22
npart 4
dircos 2048
plab 1024
elab 1024
idpart 1024
vertex 12
beam 16
nhits 4
ecryst 1024
icryst 1024
enai 4
vhits 4
eveto 1024
iveto 1024
etot 4
eleak 4
ntaps 4
ictaps 1024
ectapsl 1024
ectapfs 1024
tctaps 1024

evtaps 1024

Appendix D

MC
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TreeFile: /home/suman/mami_mcarlo/results_cbsim/me_krisnewg.1400.root
SetADC: 29001 0 12
Analysis: TA2UserAnalysis

AnalysisSetup: CBMCanalysis.dat
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Appendix E

E.1 Gaussian distribution

One of the most important probability distributiomvhich has wider
applications, is the Gaussian distribution. Thistrihution is also called Normal
distribution. In this distribution the variate xshfollowing distribution of the form

__ 1 1 x-w?
p(x) —Ee ?XG—; dx, eo<x<oo

p(x) = f(x)dx when

1 _1 —n)?
f(x) =——e" = &2 a)

y= f(x) is called normal probability curve.
_X—u _1 1 5
when z =, P(z) =€ 57 dz (b)
z is called standardize normal variate.
Chief features of Gaussian or Normal distribution

(1) The curve is bell shaped and symmetrical about kmi.
(2) Mean, Median and mode of the distribution coincide

(3) As x increase numerically , f(x) decreases rapifilye maximum probability
at point xf1 and given by

[POOlmax =~ [33]
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