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ABSTRACT

Observables from vector meson photoproduction by linearly-polarized photons can be ex-

pressed in term of bilinear combinations of helicity amplitudes parameterized by the Spin

Density Matrix Elements (SDMEs). These SDMEs give straightforward relations for un-

derstanding the nature of the parity exchange at threshold energies, as well as for extracting

signatures of the Okubo-Zweig-Iizuka violation. Measurement of SDMEs for~
p ! �p in

the photon energy range of 1:7 to 1:9 GeV (momentum transfer squaredt range of  1:2

to  0:25 GeV2) and 1:9 to 2:1 GeV (t range of 1:4 to  0:25 GeV2) from the g8b exper-

imental data collected in the summer of 2005 in the Hall B of Je�erson Lab are reported

herein.
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Chapter 1

INTRODUCTION

In 1947 Rochester and Butler [1] found a \strange" decay of a neutral particle that appeared

as a detached vertex with two charged pions coming out. That this detached vertex could

even be reconstructed outside of the target meant that the mean life was many, many orders

of magnitude longer the 10 23-second time scale typical for strong reactions, such as forthe

! -meson: ! ! � + �  � 0. This \strange" particle is now identi�ed as the K 0. Shortly after

the discovery of theK 0 another \strange" particle associated with a detached vertex was

observed, which decayed into a nucleon and a pion [2]. And like the K 0, the decay of this

new strange particle was more than a trillion times the time scale common for the strong

process. The detached vertex was given the name �, which is the visual onomatopoeic

equivalent for representing a common point from which two particles emerge.

The Lambda hyperon, �(1116), decays through the nucelon-pion mode, i.e. � !

p�  =n� 0 with a mean lifetime of 2:63 � 10 10 s or c� = 7:89 cm. The photonucleon

reaction 
n ! � K 0 proceeds through the strong reaction and the photoproducedstrange

particles, in turn, decay via the weak force. This weak decay{ in the framework of the

Standard Model { exhibits the property of \strangeness" [3], which is not conserved in weak

interactions. The \Strangeness"S quantum number is related to \s"-quark content of a

composite particle and composite particles or hadrons comein two forms: baryons which

are composed of three quarksqqq, and mesons which are made up of a quark-antiquark

pair q�q. The quantum number S describes the strangeness:S =  1 for \ s" and S = +1

1



for the corresponding antiquark \�s"; and S = 0 for the �ve remaining quarks u; d; c; t, and

b.

Although the proton is primarily modeled as two up quarks (u) and one down quark (d)

quarks (i.e. 3 light quarks), recent studies suggest that the proton may contain strangeness

in the form of ans�s component [4]. And a good way to probe for this internal strangeness is

to measure strange �nal-state particles resulting from photon-proton interactions. Because

the � -meson is considered to be a pures�s state, direct photoproduction of� -mesons from

protons has been used as a tool to probe for strangeness in theproton. But �rst we discuss

the complexity that is the � -meson.

The Okubo-Zweig-Iizuka observation (OZI rule) was put forth to explain why the � -

meson decays mainly into two kaons rather than into the more energetically-accessible

three-pion mode; the mass of two kaons (0:990 GeV) is more than double the sum of the

masses for three pions (0:445 GeV) [2] (see Fig. 1.1).

Figure 1.1: Diagrammatic representation of the� -meson decay products.

G. Zweig proposed that the� -meson is more kaon-like than pion-like, assuming that

the strange quarks of the� -meson have a tendency to maintain their \identity" rather than

transform into u and d light quarks [5]. In keeping with this idea of maintaining\identity",

S. Okubo postulated it as a rule, which suppresses the creation of s�s mesons in reactions

involving hadrons and mesons composed by light quarks (for example proton-proton reac-

tions, p�p, or pion-proton reactions,�p ). In general, quarks have a tendency to maintain

their \identity" rather than transform into other quarks.

To acquire a better understanding of this OZI picture, let usconsider the two reactions

p�p ! �� � and p�p ! !� � ; the Feynman diagrams are plotted in Fig. 1.2.

In Fig. 1.2(a), ! and � are connected to the initial state by lines termed the \connected
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Figure 1.2: Schematic representation of the Feynman diagrams for a)p�p ! �! and b) p�p !
�� .

quark lines". However, in Fig 1.2b, the� -meson is not connected to the initial state by any

of these quark lines; only the� is. In this case, the� -meson is \disconnected" from the

initial state. The line that connects s and �s is called the \disconnected quark line". From

the OZI observation,p�p ! �� is suppressed with respect top�p ! !� . As stated aptly by

the OZI rule: \In strong interactions, processes are suppressed when the�nal states can

only be reached by means of disconnected quark lines". The measure of this suppression can

be obtained by taking the production ratio of� and ! , R(�=! ). OZI predicts this ratio

to be 4:2 � 10 3. It is remarkable how well so many experimental data adhere to the OZI

rule [5], not only for this reaction but for di�erent reactions at di�erent energies. However

in the photoproduction reaction, 
p ! p� , this ratio R( �=! ) is signi�cantly larger than

4:2 � 10 3 as is shown in Fig. 1.3b; it appears to entirely evade or violate the OZI rule,

which may well indicate other competing processes, such as some intrinsic strangeness in

the proton.

Figure 1.3: a) Total cross section for
p ! p! and 
p ! p� . b) The production ratio
R(�=! ). The dashed line is the theoretical prediction from OZI. The shaded area indicates
results from p�p and �p reactions. Taken from Ref. [6].
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Even though at high energies, a higher value for the ratio canbe explained reasonably

well by pomeron exchange, at low energies pomeron dynamics alone is not su�cient to

explain the large ratio [6], suggesting that rather than being pure pomeron exchange, other

production mechanisms must be involved in� -meson photoproduction at low energies (see

Fig. 1.4). The pseudoscalar mesons1 � and � are expected to have important contributions

to the reaction mechanism (Fig. 1.4a) at forward angles as was recently published by

the Laser Electron Photon Experiment at SPring-8 in Japan [7]. Furthermore, it has

been proposed that the reaction mechanism may have contributions from scalar-glueball

exchange [8, 9, 10], scalar mesons (f 0, a0) [13], tensor-mesonf 0
2 exchange [11], and knock-

out processes [8, 9, 10] as depicted in Figs. 1.4(e) and (f). Figs. 1.4(c), (d), (e), and (f)

suggest as�s content in the proton.

Figure 1.4: Feynman diagrams responsible for� -meson photoproduction. (a) Pomeron
exchange, (b) meson exchange, (c) and (d)� -meson radiation, and (e) and (f) knockout
processes. Taken from Ref. [12].

The pomeron, scalar-glueball, pseudoscalar-meson (e.g.� , � ), scalar-meson, and tensor-

meson (f 0
2) exchanges are delineated in the framework of the Regge Theory [14, 15, 16, 17].

1Mesons are classi�ed based on spin and parity. Scalar mesons, e.g. K � , f 0, and a0, have spin-0 and
positive parity (even parity); pseudoscalar mesons, e.g.� , � and K s have spin-0 and negative parity (odd
parity); vector mesons, e.g.� , � , and ! have spin-1 and negative parity; pseudovector mesonsf 1 and a1

have spin-1 and positive parity; and tensor mesons, e.g.f 2, a2, have spin-2 and positive parity.
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We shall now review the underlying concepts of how these exchanges are conceived within

Regge phenomenology. Consider a two-body processA + B ! C + D, wherein all particles

have equal mass and are spinless. The invariant total energyof the center of mass squared

of the reaction is described by the Mandelstam variable,s, which is expressed as sum of

the initial state 4-momentum vectorss = ( pA + pB )2. Another Mandelstam variable, t,

describes the four-momentum momentum transfer squared between particlesA and C (or

particles B and D) is de�ned ast = ( pA  pC )2 (or t = ( pB  pD )2). It can be demonstrated

that when s is large andt is small, the total cross section will be proportional to� tot � s�  1,

where the parameter� is set by the spin of the exchanged particle [17]. If a spin-0 particle is

exchanged, the total cross section will decrease inverselyass 1. Similarly, if the exchanged

particle has spin-1, the total cross section will be constant; with an exchanged particle of

spin-2, the total cross section will increase linearly ass1. In reality, these behaviors do

not describe the observed energy dependence of the total cross section. But if we consider

the reaction to be mediated by exchanging a particle, we mustcombine the contributions

of all these spin-0, spin-1, spin-2, etc., in such a way to describe the behavior of the total

cross section. These particles belong to a \family of particles". For example, the� -meson

is a member of the� family, which is composed of� (770), � 3(1690), � 5(2350), etc., where

each member possesses di�erent spins and masses. Regge Theory is then a mathematical

formalism used to combine the collective e�ects of all thesemembers in a particular family.

From this theory, it can be shown that at high energies (s � j tj), the behavior of the

scattering amplitude of a two-body process is proportionalto s� (t ) , where � (t) is the spin

function associated with a speci�c family of particles and is called the \Regge trajectory".

By measuring the scattering amplitude as a function ofs, � (t) can be determined.2 Fig. 1.5

shows the Regge trajectory,� (t), for �p ! � 0p in the pion energy range 20 to 200 GeV

obtained by Barneset al. [18].

As can be seen in Fig. 1.5, the �t of the data in the region oft < 0, the trajectory � (t)

is described quite well by a straight line. By extrapolatingthis line to the region t > 0,

the � family was found to lie on this trajectory. To summarize, then, for every exchange,

2Regge theory tells us nothing about� (t). This we need to get from experiment.
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Figure 1.5: � (t) from �p ! � 0p in the pion energy range from 20 to 200 GeV. Data is
obtained at t < 0. The solid line, which is a �t to the data, is extrapolated tothe region
t > 0. Clearly the � family lies on this trajectory. Modi�ed from Ref. [17].

there is a Regge trajectory associated with it.3

The photoproduction of � -mesons is an incisive tool for investigating the e�cacy of the

OZI rule, and related to this, the dynamics of the pomeron exchange, the pseudoscalar-

meson exchange and the presence of some other mechanisms. Additionally, it is important

to recall that each particle in a family of particles carriesthe same parity. The pomeron

carries positive parity and pseudoscalar mesons� and � carry negative parity. To separate

positive and negative parity, we need a preferred directionin space to measure the decay

angular distributions. Linearly polarized photons provide this \yardstick". For example, if

the process proceeds through pure pomeron exchange, the� -meson decay products will lie

on a plane parallel to the polarization plane; else if it is mediated through pseudoscalar-

meson exchange, the decay products will lie on a plane perpendicular to the polarization

plane as shown in Fig. 1.6. Commonly, the decay products in plane are referred to as

a natural-parity exchange, and those reactions with the decay products out of plane are

called unnatural-parity exchange.

The angular distribution of the decay products from vector mesons, such as� -mesons,

produced with linearly polarized photons can therefore be used as a parity �lter to delineate

pomeron from pseudoscalar-meson exchange. The� -meson photoproduction is described

by the angular distribution of � -meson decay products in the� -meson rest frame. For our

3For pomeron � (t) = 1 :08 + 0:25t [19].
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Figure 1.6: Representation of natural and unnatural parityfor the process~
p ! p� . In
this work the � -meson decay angular distributions were studied by� ! K + K  .

studies on extracting polarization observables, the angular distribution of the decay kaons

is characterized by a linear combination of three functions, W 0, W 1, and W 2, which in turn

are parameterized in terms of nine spin density matrix elements (SDMEs). Since neither

W 1 nor W 2 is measurable with unpolarized photon beams, linearly polarized photons give

access to six more density matrix elements over just three from the W 0 term. These

SDMEs are used to extract information related to the reaction mechanism and to provide

a measurement of polarization observables. The theoretical background that follows the

� -meson decay angular distribution and its relationship with the SDMEs is explained in

the next chapter.

The Vector Meson Dominance Model (VDM) [20] (see Fig. 1.7) predicts that all but

two (� 1
1 1 and Im� 2

1 1) of the nine SDMEs di�er from zero and these two nonzero SDMEs

are related to each other by� 1
1 1 =  Im� 2

1 1.

Furthermore, VDM predicts that if the exchange is mediated by the pomeron, then

� 1
1 1 =  Im� 2

1 1 = +0 :5. On the other hand, if the exchange is through pseudoscalar

mesons, then� 1
1 1 =  Im� 2

1 1 =  0:5. These values are measurements of natural parity

(+0 :5) and unnatural parity ( 0:5). It is important to stress that any departure from

VDM predictions, such as nonzero values for the other seven SDMEs, will re
ect additional

OZI-evading processes such ass�s knockout [21, 22] (see Fig. 1.4(e) and (f)) or resonance
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Figure 1.7: Representation of the Vector Meson Dominance Model (VDM) for � -meson
photoproduction with pomeron exchange as the reaction mechanism. In VDM, the photon
is considered to be a 
uctuation of aq�q bound state going into a vector meson, and then

uctuating back into its original state as a photon. This meson is thought to behave as the
photon does, sharing the same quantum numbers as spin and parity. The name \Vector
Meson Dominance" in VDM comes from the type of meson that carries the same spin (J )
an parity (P) as the photon, which is a vector meson. The� , � , ! mesons are examples of
vector mesons, withJ P = 1  .

production mechanisms [9, 23] (see Fig. 1.4(b) and (c)).

The experiment for measuring the� -meson photoproduction by SDMEs was �rst pro-

posed by Philip Cole, David Tedeschiet al. [24] \Photoproduction of � -mesons with linearly

polarized photons"and is the motivation for this thesis. And as stated above, linearly po-

larized photons break the symmetry to allow for direct access for many � -meson decay

angular distributions to probe for parity-speci�c mechanisms. The data for the measure-

ment of SDMEs for~
p ! p� in the photon energy range from 1:7 to 1:9 GeV (momentum

transfer squaredt range of 1:2 to  0:25 GeV2) and from 1:9 to 2:1 GeV (t range of 1:4

to  0:25 GeV2) were collected during the g8b experimental run in the summer of 2005

in Hall B of the Thomas Je�erson National Accelerator Facility (JLab) in Newport News,

Virginia.

In the following chapters of this thesis, we shall discuss indetail how we identify � -

mesons unambiguously and how we extract the SDMEs from the decay-kaon angular dis-

tributions. The results reported herein are the �rst data to be extracted in the mid- to

higher-t range (central polar angle region) using linearly polarized photons at near thresh-

8



old energies for� -meson production, which is in the baryon-excitation energy regime. All

SDMEs are extracted in the helicity frame and extended to theGottfried-Jackson frame.

We report that several of the SDMEs depart from zero, which indicate that non-VDM

processes contribute to the cross section in the photoproduction of � mesons with linearly

polarized photons.
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Chapter 2

THEORETICAL BACKGROUND

2.1 Decay Angular Distribution and SDMEs

Before we can understand exactly how natural- and unnatural-parity exchange is de�ned

within the context of the � decay angular distribution (~
p ! p� with � ! K + K  ), we

must �rst take into account the spin and helicity states of the photon. Next, we will discuss

this within the framework of the spin density matrix elements (SDMEs). Linearly polarized

photons states can be decomposed into a linear combination of left-handed (J =  1) and

right-handed (J = +1) circularly polarized spin states; the subsequent helicity states is

based upon the spin-helicity relationship:

H =
~� � ~p
E 
 j~� j

(2.1)

where~� , ~pand E are the spin, 3-momentum, and energy of the photon, respectively. Here,

the helicity states of the photon correspond to� 
 = 1 (right-handed), �
0


 =  1 (left-

handed) and 0 (i.e. virtual photon) due to the directions of~p and ~� components. The real

photon state decomposed into the helicity base can written as

j > = a1j� 
 > + a2j�
0


 > : (2.2)

10



With the aid of the spin density matrix formalism,1 � , a connection between photon

state � (
 ) and vector meson state� (V ) can be denoted by a similarity transformation [25]

� (V ) = T � (
 )T y (2.3)

whereT is the production amplitude.

� (
 ) can be expressed in terms of a three-vector~P


� (
 ) =
1
2

(I + ~P
 � ~� ) (2.4)

I represents a 2� 2 unit matrix and � the Pauli matrices. In the special case of linear

polarization2, ~P
 is taken as

~P
 = P
 ( cos 2� ;  sin 2� ; 0) (2.5)

where � is the angle between polarization vector,~" = (cos � ; sin � ; 0), and the production

plane (see Fig. 2.1).

Using Eqs. 2.3 and 2.4 and the helicity-amplitude formalism[27], in the case of linearly

polarized photons, we can write:

� (V ) = � 0 +
2X

� =1

P �

 � � ; (2.6)

whereP �

 are the components of~P
 , and � � , � = 0; 1; 2 are hermitian matrices, which are

described explicitly in Ref. [25] as:

� 0
� V � 0

V
=

1
2N

X

� 
 � N 0� N

T� V � N 0;� 
 � N T �
� 0

V � N 0;� 
 � N
(2.7)

1From quantum operator theory: � = j ><  j
2Polarization components are derived from the so called \Stokes parameters". The magnitude of ~P


is called degree of polarization. A detailed theory of quantum treatment of polarization can be found in
Ref. [26].
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quantization-axis is de�ned as the direction opposite to the outgoing proton in the total
c.m. system.

� 1
� V � 0

V
=

1
2N

X

� 
 � N 0� N

T� V � N 0; � 
 � N T �
� 0

V � N 0;� 
 � N
(2.8)

� 2
� V � 0

V
=

i
2N

X

� 
 � N 0� N

� 
 T� V � N 0; � 
 � N T �
� 0

V � N 0;� 
 � N
(2.9)

with � 
 , � V (�
0

V ), � N and � N 0 as helicity values of the photon, the vector meson (� me-

son), the incoming nucleon, and the outgoing nucleon (proton), and T as the production

amplitude. The relation between� (V) and the decay angular distributionW is denoted

by:

W(cos�; � ) = M� (V)M y (2.10)

whereM is the decay amplitude and the angles:� and � are the polar and azimuthal angles
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of the K + de�ned in the helicity frame3 (HEL) as shown in Fig. 2.1. It allows us to jump

into the expression of the� -meson decay angular distribution (in this work it is theK +

angular distribution):

W(cos�; �; � ) = W 0(cos�; �; � )  P
 cos 2� W 1(cos�; �; � )  P
 sin 2� W 2(cos�; �; � ) (2.11)

with W 0, W 1, and W 2 are de�ned as

W 0(cos�; �; � ) =
3

4�
(
1
2

(1 � 0
00)+

1
2

(3� 0
00 1) cos2 �  

p
2Re� 0

10 sin 2� cos�  � 0
1 1 sin2 � cos 2� )

(2.12)

W 1(cos�; �; � ) =
3

4�
(� 1

11 sin2 � + � 1
00 cos2 �  

p
2� 1

10 sin 2� cos�  � 1
1 1 sin2 � cos 2� ) (2.13)

W 2(cos�; �; � ) =
3

4�
(
p

2Im� 2
10 sin 2� sin� + Im� 2

1 1 sin2 � sin 2� ): (2.14)

To facilitate extracting the SDMEs, W can be expressed as �ve separate one-dimensional

distributions, each one being a function of a particular angle, integrated over the remaining

ones [28], for example:

W L (� ) =
Z 2�

0

Z 1

 1
W L (cos�; �; �)d(cos � )d� (2.15)

where � is the angle the polarization plane and the reaction.Thus,

3Various authors use the Gottfried-Jackson frame where thez- or quantization-axis is de�ned as the
direction along the incoming photon in the vector meson restframe.
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W(cos� ) =
3
4

[1  � 0
00 + (3 � 0

00  1) cos2 � ] (2.16)

W(� ) =
1

2�
[1  2Re� 0

1 1 cos 2� ] (2.17)

W(�  �) =
1

2�
[1 + P
 (� 1

1 1  Im� 2
1 1) cos 2(�  �)] (2.18)

W(� + �) =
1

2�
[1 + P
 (� 1

1 1 + Im� 2
1 1) cos 2(� + �)] (2.19)

W(�) =
1

2�
[1  P
 (2� 1

11 + � 1
00) cos 2�] (2.20)

which are the de�ning functions for extracting the SDMEs from the g8b dataset. Up

to this point, we have made use of the standard relations among decay angular distri-

butions and the SDMEs, which are parameterized and de�ned bythe decomposition of

� (V ). For Eqs. 2.7, 2.8, and 2.9, helicity conservation ensues when � 
 = �
0

V , and the

helicity amplitudes are nonconserving when� 
 6= �
0

V . In the case of the Vector Domi-

nance Model (VDM), helicity is conserved implying that onlytwo SDMEs have nonzero

values, i.e.� 1
1 1 and Im� 2

1 1; the remaining seven SDMEs will be intrinsically nonconserv-

ing and will equal zero identically. In case of pure natural-and unnatural-parity exchange

j� 1
1 1j = j  Im� 2

1 1j = 0:5 (see Fig. 1.6). Expanding Eqs. 2.7, 2.8, and 2.9,� 0
00, � 0

1 1 we

see that

� 0
00 =

1
2N

X

� N 0� N

[T0� N 0;1� N T �
0� N 0;1� N

+ T0� N 0; 1� N T �
0� N 0; 1� N

] (2.21)

� 0
1 1 =

1
2N

X

� N 0� N

[T1� N 0;1� N T �
 1� N 0;1� N

+ T1� N 0; 1� N T �
 1� N 0; 1� N

] (2.22)
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These two SDMEs have simple physical explanations:� 0
00 will account for a single

spin-
ip transition � 
 ! � V = 0, and � 0
1 1 will account for double spin-
ip transitions

� 
 ! � V =  � 
 .

At low t or for very forward angles, in the photon energy range of 1:97 to 2:37 GeV, the

helicity nonconserving processes were found to be small (f 0
2 contribution where found to be

small) [7, 28], which arise mostly from two contributions: one from the pomeron exchange

and the other one from� , � exchange as depicted in Fig. 2.2. Here, the contribution from

unnatural-parity exchange is smaller than from the natural-parity exchange. This re
ects

the processes as depicted in the two panels of Fig. 1.4(a) and(b).

The SDME framework o�ers a rather intuitive approach for a better understanding of

which mechanisms are involved in� -meson photoproduction. And as stated above, any

departure from zero for any SDMEs, other than� 1
1 1 and Im� 2

1 1, will be an indication of

mechanisms beyond VDM.

2.2 Helicity Frame and Gottfried-Jackson Frame

The helicity frame (HEL) and the Gottfried-Jackson frame (GJ) are de�ned in the rest

frame of the vector meson (in this case, the� -meson), where thex- and z-axis lie in the

production plane (see Fig. 2.1). The production plane is then de�ned perpendicular to the

cross product~p
 � ~p� , which in turn de�nes the y-axis in the rest frame:ŷ = ~p
 � ~p� =j ~p
 � ~p� j.

Here, ~p
 and ~p� are the 3-momentum vectors of the incoming photon and outgoing � -meson,

respectively. The di�erence between HEL and GJ is the choiceof the z- or quantization-

axis as shown in Fig. 2.3. In HEL, the quantization-axis is taken opposite to the outgoing

proton, while in GJ the quantization-axis is taken along theincoming photon. HEL is

used to test \s-channel helicity" conservation, which means that the spinof the � -meson

is oriented along the direction opposite to the outgoing proton. On the other hand, the

GJ is used to study exchanges in thet channel, more speci�cally, it is used to examine

\ t-channel helicity" conserving process, which implies thatthe spin of the � -meson will be

15



Figure 2.2: Results of� -meson decay angular distributions from the LEPS collaboration
at forward angles ( 0:2 GeV2 < t + jtmin j ). These results are in the Gottfried-Jackson
frame. Taken from Ref. [7].

aligned along the direction of the incoming photon [64].

The two frames can be connected by a rotation about they-axis since they share the

same plane (production plane). Thus, the Gottfried-Jackson fame can be reached by rotat-

ing by an angle of� about the y-axis in the helicity frame. Here,� corresponds to the angle

between thez-axis in the HEL and the 3-momentum vector of the incoming photon. This

way, the new quantization-axis will point in the direction of the photon's 3-momentum vec-

tor. Note that at very forward angles, which means low-t momentum transfer squared, the

16



f

fS

g

ptarget
p

fg

K
-

K+

|P , p , h|P, p , h

z axis

HELICITY FRAME (!"s" channel!)!

f

fS

K
-

K+
g

p!,!N
*

ptarget p

f

p!,!N* p
z axis

GOTTFRIED!JACKSON FRAME (!"t" channel!)
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di�erence between HEL and GJ is very small. In this case SDMEsfrom HEL and GJ will

have very similar values, but in general, SDMEs depend on thechosen frame. This work

analyzes SDMEs in both frames, HEL and GJ. The method proceeds in the same fashion

as for extracting the angular distribution in the helicity frame, and is then extended to the

Gottfried-Jackson frame by ay-axis rotation as explained above. In Appendix G we have

explicit code for how to do this rotation by using the ROOT analysis package.
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Chapter 3

EXPERIMENTAL LAYOUT

The photoproduction of � -mesons o� the proton was achieved and measured by using

CEBAF1 and the CLAS2 detector located in the Hall B experimental area at the Thomas

Je�erson National Accelerator Facility (TJNAF) during the g8b run period (summer of

2005). CEBAF produced an electron beam directed onto a thin diamond radiator, which is

contained within a goniometer set to a speci�c orientation.Linearly polarized photons are

produced through the process of coherent bremsstrahlung [29, 30, 31]. Downstream of the

George Washington University (GWU) goniometer [32] (wherein a thin diamond is placed),

the post-bremsstrahlung electrons are separated from the photon beam by the magnets of

the Photon-Tagging System. In turn, these de
ected post-bremsstrahlung electrons are

focused onto a 767-channel hodoscope plane for rendering a precise value for the photon

energy (see Fig. 3.1).

Since most of the coherent photons are emitted at very small angles, the photon beam

was collimated to one half of the characteristic angle (� 50� rad) so as to enhance the polar-

ization. The goodness of the photon beam was monitored online by the IPN-Orsay/UTEP

Active Collimator [33, 36] and the PrimEx Pair Spectrometer. These instruments, along

with the GWU goniometer and the Photon-Tagging System [34],form the backbone of the

Coherent Bremsstrahlung Facility (CBF) at TJNAF that produ ces linearly polarized pho-

tons [35, 37] with high polarizations of� 75% for photon energies between 1:3 to 2:1 GeV.

1Continuous Electron Beam Accelerator Facility
2CEBAF Large Acceptance Spectrometer
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Figure 3.1: Schematic view of the Coherent Bremsstrahlung Facility at TJNAF.

The tagged and collimated photon beam impinges upon a 40-cm long liquid hydrogen tar-

get (see Fig. 3.2) placed 20 cm upstream of the CLAS geometrical center. The CLAS itself

is a toroidal magnetic spectrometer which covers� 70% of 4� in solid angle and is designed

to identify most particles in the �nal state.

Figure 3.2: g8b liquid hydrogen target. This target is cooled down to � 1K.

3.1 CEBAF

CEBAF consists of two LINACs { north and south { connected by 5recirculation arcs in

a \race-track" con�guration, which employees a matching set of 20 cryomodules. These

superconducting radio-frequency cavities (RF niobium cavities) provide a continuous wave

(CW) of electrons having high average current, which can then be injected to all three

experimental areas: Hall A, Hall B, and Hall C, and after the 12 GeV Upgrade the 4th

one, Hall D [38] (see Fig. 3.3). Initially, a 100-keV electron beam is generated from the

photocathode gun for each experimental area by three independent diode lasers (pulsed at

499 MHz) and directed towards a rotating disk having three variable-size slits to produce

three buckets of electrons with di�erent degrees of polarization and beam current, according

to the needs of each of the halls [39, 40].
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Figure 3.3: CEBAF layout view with some schematic modi�cations to be done by the
12 GeV Upgrade

Electrons are then injected to the south LINAC passing through a series of cryomodules

being accelerated until they reach a set of recirculating arcs. These arcs contain magnets

to de
ect electrons into the north LINAC. After this, the inj ected electrons are recirculated

up to 5 times (or passes) before reaching the experimental areas. Every pass provides a

� 1:2-GeV kick to the electron beam,� 0:6 GeV from each LINAC. At this point, since the

frequency of the rotating disk is set to 499 MHz, every hall will receive buckets of electrons3

separated by 2:004 ns with an energy up to 6 GeV. In this experiment the energyof the

electron beam was 4:554 GeV (4 passes).

3.2 Coherent Bremsstrahlung Facility (CBF)

Hall B operates in two modes: electron mode (electroproduction) and photon mode (pho-

toproduction). When photons are chosen, the CBF produces a clean photon beam from

CEBAF through the process of bremsstrahlung. For the g8b running conditions, electrons

were directed onto a thin radiator placed at the center of GWUgoniometer. Depend-

ing upon the radiator's material and whether the electron beam is polarized or unpo-

3On average, for a electron beam current of 16 nA, every bucketwill have � 200 electrons.
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larized, the bremsstrahlung photons can be unpolarized, circularly polarized or linearly

polarized. In the case of linearly polarized photons, unpolarized electrons are directed onto

a wafer-thin diamond radiator. Here, the photon energy distribution leads to two types of

electromagnetic radiation, which are called Incoherent Bremsstrahlung (IB) and Coherent

Bremsstrahlung (CB) processes, where CB appears as an enhancement from the typical IB

spectrum (see Fig. 3.4).

Figure 3.4: Dashed line shows the incoherent bremsstrahlung part arising from an amor-
phous radiator. The continuous line shows coherent bremsstrahlung produced from a dia-
mond crystal. Taken from Ref. [41].

Electrons with su�cient speed traveling close to a major crystallographic axis that cross

a periodic array of rows or planes of atoms produce constructive interactions or CB [30, 31]

as sketched in Fig. 3.5. The diamond's orientation is { by far{ the primary factor for

Figure 3.5: Representation of Coherent Bremsstrahlung of electrons and positrons in crys-
tals. Figure modi�ed from Ref. [31].

CB photon generation, which requires a high-precision goniometer for aligning the radiator

crystal axis with respect to the direction of the electron beam.
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3.2.1 Diamond Radiator and the GWU Goniometer

In g8b a diamond with 50-� m thickness of 50-mm2 cross-sectional area was used to produce

CB. The quality of the diamond was studied based on the e�ectsof the thickness and

impurities [35]. The diamond's orientation was controlledby the GWU goniometer. This

remotely-controlled device, which is able to precisely andaccurately position any of the six

radiators contained within the target ladder4 where, for example, the diamond wafer was

placed. Besides being able to move the radiator in or out of the beam, there 5 separate

degrees of freedom: three rotational axes (pitch, roll, andyaw) and two translational ones

(up/down and sideways).

Figure 3.6: GWU goniometer.

The radiator was positioned so that the electron beam was aligned to a speci�c well-

isolated reciprocal lattice vector, which de�ned a set of planes for CB. Details of this very

successful work are presented in full detail in Appendix A (Ref. [37]).

3.2.2 Photon Tagging System.

After passing through the radiator, which is placed inside of the goniometer, a mixed beam

of energy-degraded post electrons and photons is produced.These post electrons are then

diverted from the beam line by a magnet placed some 20 meters downstream of the GWU

4The target ladder has room for six di�erent radiators, among which were the high-quality diamond
target, amorphous radiator, and a phosphorescent screen for beam alignment.
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goniometer, which de
ects them towards a hodoscope. The hodoscope consists of two

scintillator planes as shown in Fig. 3.7.

Figure 3.7: Photon Tagger System in Hall B. Taken from Ref. [42].

The �rst plane, the \E-plane", has 384 scintillators, whichare called E-counters. These

scintillators overlap in triplets to give 767 channels overall. This overlapping arrangement

improves the energy resolution (� 10 3Ee0 ) within the tagging range of 20% to 95% of the

incident electron energy. By knowing the magnetic �eld, theelectron's curvature can be

determined and hence its trajectory, i.e. 3-momentum, be reconstructed. The corresponding

photon can be tagged in energy by directly measuring which set of E-counters the post

electron struck. By means of the conservation of energy, i.e.

E 
 = Ee0  Eed (3.1)

where e0, ed and 
 correspond to the incident electron from the accelerator, the post (or

energy-degraded) electron, and the photon emerging from the diamond radiator, respec-

tively.

The second plane, \T-plane", consists of 61 T-counters, each with a timing resolution

of � 110 ps. This T-counter time can then be related to the CEBAF accelerator RF time
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and subsequent detector systems downstream of the Tagger System to identify which ex-

act photon bucket triggered a speci�c event. The T-countersare read out at both ends,

which provides precise timing information. Also the T-counters are thick to allow for good

e�ciency.

3.3 IPN-Orsay/UTEP Active Collimator

The Active Collimator is composed of a stacking arrangementof thirteen 1:5-cm cylindrical

slabs, each of 5-cm diameter. And through each of these cylindrical slabs is drilled a 2-mm

precision hole of 25-micron tolerance. Three of the slabs are made of tungsten and the

other ten are all made of nickel [35, 36]. Between the �rst andsecond tungsten slabs (as

shown in Fig. 3.8), are the four Beam Centering Monitors (BCMs) that detect the photon

beam based upon the pair-production process, i.e.
 ! e+ e . The passage of the electron

or positron is registered by one of the BCMs. By relating the rates between various sets of

BCMs establishes how well photon beam is centered to the axisof the Active Collimator.

Figure 3.8: IPN-Orsay/UTEP collimator. Beam line goes fromthe right to the left.

The main function of the Active Collimator is to enhance the coherent part of the photon

distribution by eliminating the incoherent background. Most linearly polarized photons are

emitted at small angles as noted in Ref. [29]. Whereas the angular distribution of IB is

nearly independent of the photon energy,E 
 , the angle of emission (� ) for CB photons is
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directly correlated to the energy of the coherently-produced photon:

� 2 =
1  x

x
2E0ql  1 (3.2)

whereE0 is the energy of the electron,x is the fractional photon energyE 
 =E0, and ql is

the momentum transferred from the electron to a nucleus in the crystal lattice [33]. The

characteristic angle of the coherent radiation,� char , is expressed as:

� char =
mec2

E0
(3.3)

In order to produce photons with an average polarization larger than 70% [33], the

photon beam must be collimated to less than� char , which for g8b� char was� 110� rad. To

achieve less than1
2 � char � 50 � rad, the collimation has to be� 2 mm at a distance of� 20

m from the GWU goniometer. This is the reason for such a small aperture in the Active

Collimator. The e�ect of collimating the photon beam to � 50 � rad is shown in Fig. 3.9.

Figure 3.9: Tagged photon energy distribution before (a) and after (b) collimation [43].

Direct measurement from the tagged, but uncollimated, g8b dataset clearly shows that,

the photon distribution exhibits both incoherent and coherent structures as can be seen in

Fig. 3.9(a). After collimation, the incoherent backgroundis reduced by over 80% and a clean

spectral-like peak emerges (see Fig. 3.9(b)), thereby producing a linearly polarized photon

beam with an average polarization of� 75%. As we have no polarimeter, it is important to

point out that the photon polarization cannot be measured directly; it is calculated based
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upon a �t to the data using the bremsstrahlung code describedin Ref. [41]

3.4 Hall B Pair Spectrometer

The Hall B PrimEx Pair Spectrometer (PS) was used for alignment and online monitoring

of the photon beam. The PS [44] consists of a dipole magnet located downstream of the

photon tagger and collimator, and upstream of the CLAS, withtwo pairs of front and back

scintillator planes placed bilaterally symmetric to the beam as shown in Fig. 3.10.
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Figure 3.10: Top view of the Hall B Pair Spectrometer.

Near the dipole magnet's entrance, a converter is placed to allow for e+ e production.

Electrons and positrons are de
ected towards the scintillator planes by a horizontal mag-

netic �eld produced by the dipole magnet. The �eld was tuned to maximize symmetric pairs

at the coherent peak. That is, if the peak of the coherent bremsstrahlung is at 2:0 GeV,

for pair-produced electrons and positrons (
 ! e+ e ), the �eld is set to pick up the 1 GeV

e+ and the 1 GeVe . For g8b a coincidence rate of� 1000 Hz between scintillator planes

both left and both right gave a high con�dence on the photon beam alignment. The Active

Collimator and PS were crucial to photon beam alignment. Also note that for the core of

the photon beam going \o�-axis" with respect to the collimator, the rate would drop to

� 200 Hz, which is the same value for placing an amorphous radiator in. Just by looking at

the rate, we had a good measure of whether the photon beam was aligned to the collimator

or not. With such a device, we had real-time monitoring, which ensured that we were
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getting polarized photons on target.

3.5 CLAS Detector.

Figure 3.11: Hall B overview.

3.5.1 Introduction

The set of detectors comprising the CEBAF Large Acceptance Spectrometer (CLAS) is

situated within the Hall B experimental area at JLab. The overview of Hall B with the

CLAS and Photon Tagging System is shown in Fig. 3.11. Electrons enter Hall B from the

right, pass through the Photon Tagging System and reach the target cell placed at the

CLAS central region. CLAS, as mentioned above, is a toroidalmagnet spectrometer of

large acceptance capable of detecting �nal-state particles in high-multiplicity events [45].

This detector is composed of several subdetection systems.Among them are: the Start

Counter, the Time of Flight System, the Drift Chamber system, and, the Forward and Large

electromagnetic calorimeters. Fig. 3.12 illustrates how the subsystems are con�gured and

arranged in CLAS.

The Start Counter, in conjunction with the Photon Tagging System, associates the

photon with the speci�c beam bucket that produces hadronic events in the CLAS detector.

Subsequently, a coincidence between the Start Counter and the Time of Flight System
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Figure 3.12: 3D representation of CLAS detector [46].

allows for measuring the time of 
ight of the particles in CLAS. The Drift Chamber System

tracks charged particles from the Start Counter to the Time of Flight System. Based on

the magnetic �eld mapping information of the toroidal magnets, timing of photon beam

buckets, and the particle's time of 
ight, an event in CLAS can be reconstructed. For event

reconstruction of neutral particles (n; 
; � 0, and � ) the Forward and Large Electromagnetic

Calorimeters shown in Fig. 3.13 are used.

Figure 3.13: CLAS event view. The red track on the upper part of the �gure shows a
negative particle passing through CLAS while a positive one(lower part) bends away from
the beam. This means the magnetic �eld on the toroidal magnets was set to give more
acceptance to positive particles. Positive particles are \outbenders" and negative ones are
\inbenders".
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The tracks in Fig. 3.13 represent a reconstructed hadronic event. The solid red tracks

(numbers 2 and 3) are charged particles which are bent by the magnetic �eld of the toroidal

magnets. The blue track (number 1) coming from the target describes the trajectory of a

neutral particle going straight up to the electromagnetic calorimeters. The timing provide

by the calorimeters are used to determine the neutral particle time of 
ight.

3.5.2 Start Counter

The Start Counter is the �rst subdetection system that can trigger CLAS right after a

hadronic event is produced in the target. It covers the target cell from 11� to 135� in polar

angle (as measured from the beam axis) with six sectors of four scintillators each. Some of

its features can be seen in Fig. 3.14.

Figure 3.14: Final Start Counter assembly with the cell target inside of it (left) and a
cross-sectional view (right) [47].

Each 5:3-mm-thick scintillator has two main parts: the nose and theleg. In the leg

region, a linear relationship between the distance traveled and time elapsed for the light to

reach the light guide holds. However, this relation is not accurate for the nose part where

the relation between distance and time for light propagation is described, in a very good

approximation, by a quadratic relationship. Using these linear and quadratic relations,

the calibration procedures will extract the typical speed of the light inside the EJ-200

scintillator material (based on time di�erence measured between the PMTs at the end of

each scintillator and the time of RF beam bucket from the photon tagger). Details about

this calibration can be found in Ref. [48].

The main function of the counter is to determine which bucketof photons were respon-
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sible for the hadronic event based on a coincidence with the photon tagger. In e�ect, this

coincidence must be less than the 2:004-ns time di�erence between the tagger time and the

start counter time, � t tag to stn , to separate one photon bucket from the next one [47]. The

expected 2-ns structure in �t tag to stn can be seen in Fig. 3.15.

Figure 3.15: � t tag to stn timing between a photon time from tagger and the proton time
from the Start Counter. These data come from the g8b dataset skimmed for � -meson
photoproduction.

This timing measurement is an essential part of the calibration as well as the particle

identi�cation. It will de�ne the time of 
ight of the outgoin g particles from the vertex's

reaction by computing a time di�erence between a coincidence with the tagger and the

TOF, � t tag to T OF with � t tag to stn , this is: � t tag to T OF  � t tag to stn .

3.5.3 Time of Flight System.

The Time of Flight System (TOF) is composed of six sectors of double-ended scintillators

with lightguides connected to PMTs.5 Each sector has 57 scintillators grouped in 4 panels,

where each scintillator has the same thickness (5:08 cm) but di�ering lengths ranging from

32 to 450 cm due to the toroidal geometry as depicted in Figs. 3.16 and 3.17. The �rst 23

scintillators (panel 1, \Forward Counters") span the nominal polar angular region from 8�

to 45� [49]. The other 34 scintillators are divided into panels 2, 3, and 4, which cover the

central and backward region of the detector up to� 141� .

The TOF is used to determine the particle's time of 
ight as mentioned above. It is also

used to measure energy loss and velocity of the �nal-state particles [49]. The energy loss

for slow particles is obtained based on the fact that the signal pulse height is proportional

5PMT stands for Photomultiplier Tube
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Figure 3.16: TOF sector view. Some of the
scintillators have straight lightguide con�gu-
rations while the other have a bent one.

Figure 3.17: Front view of CLAS,
perpendicular to the beam line.

to the energy deposition of the particle in the scintillator. The velocity of the particle can

be measured by the momentum and travel distance from the start counter to the time of


ight provided by the Drift Chamber System.

3.5.4 The Drift Chamber System

The CLAS is divided into six di�erent regions de�ned by the six coils in the Superconductor

Toroidal magnet (see Figs. 3.18 and 3.19) that produce a toroidal magnetic �eld encircling

and perpendicular to the photon beam in order to de
ect charged particles towards or away

from the beam line. The �eld mapping can be seen in Fig. 3.20.

Figure 3.18: Drift chamber picture. Figure 3.19: Torus Coils.
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Figure 3.20: Magnetic �eld map of the CLAS Superconductor Magnets. A typical current
of 1940 A produces a magnetic �eld from 0:005 T up to 2 T.

In order to track particles, a tracking system of more than 35000 drift chamber cells

is placed in between the superconducting toroidal magnets.The Drift Chamber System

consists of 18 superlayers of drift chambers deployed into six sectors. Each sector has 6

superlayers partitioned into three regions: Region 1, Region 2, and Region 3, where one

of the two layers is axial to the magnetic �eld and the other isrotated 6� to give a stereo

azimuthal positioning [46]. Every layer has 6 sublayers of hexagonal cells where each cell

has a central sense wire connected to a voltage of� 1200 V, � 1400 V, and� 1500 V in

regions 1, 2, and 3 respectively. Field wires located at the vertexes of the hexagons are

connected to a negative voltages of� 633 V, � 700 V, and� 750 V (see Fig. 3.21).

In summary, the three regions of drift chambers allow the curved trajectory of the

charged particle in the toroidal magnetic �eld to be reconstructed, and with the magnetic

�eld mapping, measure the particle momentum:
R ~B � d~̀, and separate positively-charged

particles from the negative ones based on their curvature towards or away from the beam

axis.
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Figure 3.21: Location of the Drift Chambers in CLAS. The layout of the 6 hexagonal cell
layers in Region 3, as well as the locations of region 2 and 3 inthe torus coils are shown.

3.5.5 Electromagnetic Calorimeters

There are two sets of electromagnetic calorimeters in the CLAS. The �rst set, \Forward

Calorimeters", have full azimuthal coverage in the forwardpart of the CLAS [50] and the

second, \Large Angle Calorimeters" span two of the six sectors [51], sector 1 and 2 as

shown in Figs. 3.13. In total, they cover a range from 8� < � < 45� in sectors 3 to 5

and 8� < � < 70� in sectors 1 and 2. Forward calorimeters are composed of three planes

of scintillators, U-plane, V-plane andW-plane with a 2-mm lead sheets between them as

shown in Fig. 3.22. Each plane has 13 layers of scintillatorsthat are rotated 120� from each

other to provide positioning and energy information about hadronic showers.

The Large Angle Calorimeters that complement the coverage of the Forward calorime-

ters are used to detect neutral particles at backward anglesfrom 45� to 70� . They consist

of 33 scintillator layers grouped in 2 parts: inner part (17 layers) and outer part (16 layers).

These layers are 90� rotated to each other for stereo detection in space, grouping stacks of

scintillators in x- and y-directions as deployed in Fig. 3.23. The LACs were not used in

this analysis.
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Figure 3.22: Forward Electromagnetic Calorimeter view. Here it shown the three planes of
scintillators that the each calorimeter is made of.

Figure 3.23: Large Angle Calorimeter schematic view. The stacks are de�ned by ori-
entation. Spatial information is obtained from a hit in the crossing area of two stacks
perpendicular to each other. Taken from Ref. [52].

34



The main function of the calorimeters is to detect neutral particles such as neutrons as

well as photons from� 0 or � decay.

3.5.6 Cherenkov Counters

The Cherenkov counters are located between the Region 3 of the drift chambers and the

Forward electromagnetic calorimeters as depicted in Fig 3.13. They are used to separate

electrons from pions [53]. For this experiment, electron detection was irrelevant hence the

detector was not used.

3.6 Trigger Setup

For g8b, only one positively-charged particle was requiredto activate the CLAS trigger,

which was divided into two levels: level 1 (L1) and level 2 (L2). In L1, a logic coincidence

among the Photon Tagger, Start Counter, and the TOF system was required. It uses a

memory lookup technique [54], which employs a bu�er to storesignals and generate a lookup

database for triggering events. There are three lookup steps in L1. The �rst level lookup is

for mapping the signal into ranges in the subdetectors (i.e.TOF scintillators) from ST and

TOF. The second step is to check for combinations of signal, which are previously de�ned

per sector. These are called \sector events". The third level lookup applies geometrical

considerations to sector events involving the Photon Tagger. These signals are connected

to CAMAC units to control the width of the logic signal. A coincidence among Photon

Tagger, ST and TOF signals were allowed within 10-ns, 15-ns and 120-ns time windows

respectively.

L2 was used to reject L1 events based on tracking informationfrom the DC system. For

instance if a cosmic ray passes through the detector and triggers L1, should this event have

no tracking information, L2 will reject it. Inputs from L1 (L 1 starts the trigger process) and

L2 (L2 ends the trigger process) are received and administered by the Trigger Supervisor,

which makes the �nal decision of accepting/rejecting physical events based on how it was
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programmed.6

3.7 Concluding Remarks

Once all the detectors comprising the CEBAF Large Acceptance Spectrometer, the Photon

Tagger System and sundry beam line devices were all checked,cross checked, calibrated,

and recalibrated, we could process (or \cook") the data and extract pertinent information

to reconstruct the timing and 4-momentum of each �nal-stateparticle. In the next chapter,

we discuss how we sought to unambiguously identify the� -meson.

6It is possible to program the Trigger Supervisor just for L1.
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Chapter 4

EVENT SELECTION

4.1 Introduction

The g8b set of experiments was the second run in Hall B of Je�erson Lab to employ a

beam of linearly polarized photons directed onto a hydrogentarget. To adequately cover

the second baryon resonance regime (1:7 <
p

s < 2:2 GeV), �ve separate coherent photon

peak settings were selected, which provided a total data sample of 8.3 billion triggered

events. Table 4.1 shows the g8b highlights.

Target type Liquid H2
Electron end-point energy 4.544 GeV

Channels p(�; �; �; �; �
0
; ! ); K �

E CP

 at the coherent peak (GeV) Events [Billion]

1.3 1.5
1.5 1.5
1.7 1.5
1.9 1.0
2.1 1.0
Amorphous data 1.8

Table 4.1: Statistics for the g8b data set. Here,E CP

 is the photon energy setting for the

coherent peak. Note that the useful energy range for polarized photons spans from 90% of
E CP


 to the coherent peak, as can be seen by the semi spectral line shown in Fig. 3.9b.

Every beam setting required two di�erent radiators, a diamond wafer for producing the
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linearly polarized data, and a carbon (amorphous) target tocollect the unpolarized data.

In turn, the linearly polarized data were collected with twoseparate orientations of the

diamond crystal axis set at 90� with respect to one other. This de�nes the orientations

of the polarization vector,1 ~", parallel and perpendicular to the 
oor of Hall-B, referredto

as PERP and PARA data, respectively. The data sets are distinguished based upon the

diamond's orientation and the photon beam energy at the corresponding coherent peak.

Since the threshold energy to photoproduce� -mesons is 1:58 GeV and the cross section is

low { on the order of picobarns { right above threshold, thereis a dire paucity of � events

for the E CP

 = 1:7 GeV data set. For our� -meson photoproduction studies we used the

E CP

 = 1:9 GeV andE CP


 = 2:1 GeV data sets.

In the following sections of this chapter, we will discuss the method and criteria for

� -event extraction from the g8b CLAS experimental data. We shall further discuss, in

detail, the required cuts and background subtraction for identifying the � -meson signal.

4.2 Data Acquisition System (DAQ) and Analysis Soft-

ware

The CLAS data is acquired in terms of electronic readouts that are recorded into Bank

Format �les called \BOS" �les [55]. Bank structures are de�ned depending on the subde-

tection systems at CLAS, i.e. STN0 (Start Counter TDC bank) or DC1 (Drift Chamber

hit bank). This is called \raw" data. To translate \raw" data into physical variables such

as energy, 3-momentum, time, charge etc., the Reconstruction and Analysis Framework

software [56], RECSIS, is used. It generates a subsequent set of banks such as the EVNT

bank (Event reconstruction bank) and TAGR (Tagger Result bank), wherein the requisite

reconstructed event information is written. These reconstructed data are called \cooked"

data.

The analysis code use to study the reconstructed banks was written in ROOT soft-

1Refer to Chapter 2
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ware2 [57] and executed on the ROOTBEER platform (ROOT Bank Event Extraction

Routines) [58]. ROOTBEER is a software set of tools, developed by Ken Livingston of

Glasgow University, which greatly facilitates the handling and the bookkeeping of the BOS

�les in ROOT. It allows users to analyze or skim BOS �les into ROOT �le format or

ROOT-DST �les. 3

There are other types of banks as MCTK (Monte Carlo Track bank) and MCVX (Monte

Carlo Vertex) which are used for producing Monte Carlo (MC) simulations for speci�c

reaction channels. In order to extract the spin density matrix elements (SDMEs), it was

necessary to perform an acceptance calculation based on a MCsimulation written in ROOT.

This procedure is discussed further in the next chapter.

4.2.1 ~
p ! p� Reaction: Particles to be Detected

The � -meson has three major decay modes as shown in Table 4.2.

1 � ! K + K  49:2%
2 � ! K 0

L K 0
S 34:0%

3 � ! �� 0 ! � + �  � 0 15:3%

Table 4.2: � -meson decay modes from the Particle Data Group (PDG). Here,decay mode 3
is OZI suppressed.

Decay modes 2 and 3 (see Table 4.2) are not analyzed in this work. Decay mode 1,

moreover, possesses three di�erent topologies through which the � -mesons can be recon-

structed: (p)K + K  , p(K + )K  , and pK + (K  ). Here, the parenthesis indicates the particle

that is not directly measured and needs to be reconstructed through the missing mass tech-

nique, for example. Since the polarity of the g8b magnet was set for positive particles to

be de
ected into the detectors and away from the beam axis, the CLAS acceptance for

negative particles is poor, which will naturally have the opposite de
ection. Therefore an

exclusive measurement ofK + K  events yielded poor statistics and hence this topology was

not considered. For the same reason,p(K + )K  is not taken into account. Thus, this work

2Rapid Object-Oriented Technology.
3Data Summary Types.
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was based upon the reconstruction of two positively chargedparticles by using the decay

mode pK + (K  ) for extracting the � -meson. Also note in order to extract the angular

distributions and therefore the SDMEs, it is required to know the four-momentum of all

�nal-state kaons, be it direct or from reconstructed missing-momentum information.

In summary, the particles to be detected are the �nal-statep and K + . The photon

energy is extracted from the Photon Tagger information andK  is reconstructed by energy-

momentum conservation. The 4-momentum vector of the proton-target, pt , is set to have

one component which corresponds to its rest energy.

4.2.2 Particle Identi�cation

Particle identi�cation in the CLAS was based upon momentum measurements, charge iden-

ti�cation, vertex times, and missing- and invariant-mass computations. Roughly speaking,

by knowing the magnitude and polarity of the magnetic �eld that de
ects the particle {

through a precise magnetic �eld mapping { and measuring its trajectory with the three

sets of wire chambers, the particle's momentum,pmom, is measured. And by its de
ection

in the magnetic �eld, we can establish whether it is positively or negatively charged. The

next step is to extract the vertex and time of 
ight to pin down the mass of the particle.

Every TDC event in CLAS is referred by a trigger time which is the time of the photon

at the reaction's vertex, t 
 . For charged particles, the vertex time is traced back from the

TOF time, tSC , based on its trajectory through the drift chambers,pathSC , and pmom.

The photon's vertex time is used to compute the speed of the particle, � SC , as

� SC =
1
c

�
pathSC

tSC  t 

(4.1)

which is the speed value that appears in the EVNT bank,4 where c is the speed of light.

In order to �nd t 
 , we de�ne the vertex times forp and K + as

4Unfortunately \Beta" was misspelled in the EVNT bank as \Bet ta", which was a minor source of
confusion to the programmer.
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tp = tSC  pathSC �
1

c � � (mp)
(4.2)

tK + = tSC  pathSC �
1

c � � (mK + )
(4.3)

wheremp = 0:938 GeV andmK + = 0:493 GeV. The speed of the particle,� (m), is obtained

from the standard energy-momentum relationship,

� (m) =
pmom

p
p2 + m2

: (4.4)

These vertex times are compared totpho + �t , where �t is the z-position of the hydrogen

target with respect to the geometrical center5 of CLAS divided by the speed of light, and

tpho is the time set by the time at the T-counters in the tagger coordinated with the

RF time from the accelerator (binned in characteristic bucket width of 2:004 ns) and it is

recorded in TAGR6 bank. Being that there are usually several tagger hits, we loop over all

times to �nd the closest vertex time of the particle to one of the possible values oftpho+ �t ,

which will correspond tot 
 . Upon �nding this best time, � SC can be computed to �nd the

particle's mass by

m2
SC =

pmom2(1  � 2
SC)

� 2
SC

: (4.5)

m2
SC is then recorded in the EVNT bank. Based on the above de�nitions, the photon

that produced a speci�c event in CLAS can be tagged. This is explained in Section 4.3.2.

5The hydrogen target was located 20 cm upstream of the geometrical center of CLAS. That is to say
�t =  20 cm/c.

6Tagger Reconstruction Bank

41



4.3 Skimming

4.3.1 Initial Mass Cut

We impose several conditions for unambiguously identifying particles. We start with the

quality 
ags as shown in Table 4.3, where we select event candidates having less than 4

hits (or four �nal-state particles) in the EVNT bank. Two of t hese hits must be possible

p and K + candidates and the third one can be anything but aK  , so as to avoid issues of

double counting.

TAGR status = 7 or 15
EVNT DC status > 0, SC status> 0 and Status> 0

Table 4.3: Quality 
ags from the EVNT and TAGR banks. For more details refer to
Appendix B.

We then applied loose cuts to mass-identify the particles,p and K + , from the EVNT

bank. The particles and corresponding cuts are described inFig. 4.1.

Entries    5.570135e+07

)2 (GeV/c
p

 , m+Km
0.2 0.4 0.6 0.8 1 1.2 1.4

E
v
e
n
ts

0

200

400

600

310´ Entries    5.570135e+07

Figure 4.1: Loose cuts onp and K + masses. Applied cuts were 0:8 < m p < 1:2 GeV and
0:3 < m K + < 0:7 GeV. Note that the vertical scale is linear.

4.3.2 Picking the Right Photon

In the TAGR bank there may certainly be more than one possiblephoton candidate that

can trigger the event, as pointed in Section 4.2.2. In order to �nd out which one is the
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\right photon", a comparison between thep-
 vertex time di�erence,7 � tp;
 = tp  t 
 , as

a function of proton's momentum (pmomp) is made by looping over all hits in the TAGR

bank, which is shown in Fig. 4.2.
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Figure 4.2: � tp;
 as a function ofpmomp.

On the � tp;
 axis, the 2-ns beam bucket structure has a pronounced peak structure

around zero, which suggests that this is a good place to look for the \right photon". This

peak was binned along thepmomp axis in steps of 0:08 GeV/c to be �t by a Gaussian

function. The main idea of this was to extract the resolution(� ) and the peak position to

establish momentum-dependent timing cuts for maximizing acceptance for low-momentum

particles and minimize background for higher-momentum particles. Figs. 4.3 and 4.4 show

the behavior of� and the peak position as a function ofpmomp.
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Figure 4.3: Peak position as a function of
proton momentum.
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Figure 4.4: Peak resolution (� ) as a func-
tion of proton momentum.

As can be seen in the above �gures, the resolution for low-momentum protons is, as

expected, worse than for the higher momentum ones. In fact, protons with low momen-

7The proton was chosen to �nd the right photon because it exhibited a best detection resolution over
K + (see Fig. 4.1). That is to say theK + peak has signi�cant overlap with � + .
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tum tend to lose more energy when moving across the scintillator material which will

negatively impact timing measurements. The cuts delineated below will tend to eliminate

low-momentum protons. Since this work strictly focuses on extracting angular resolutions,

and not di�erential cross sections, we do not need to accountfor the reduced acceptance

absolutely, since we apply the same cuts to our Monte Carlo simulation.

Around 14% of good events were found to have more than one \right photon" as shown

in Fig. 4.5. An algorithm to select out the closest �tp;
 for events with more than one good

photon was used. The �nal applied 3-� cut is shown in Fig. 4.6; it is from this sample we

can pick which photon triggered the event.
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Figure 4.5: Number of good photons per event before timing cuts.
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 as a function ofpmomp. Final 3-� cut from Gaussian �ts.

4.3.3 Energy Cut on the Coherent Peak

After collimation, the photon energy distribution exhibits a dramatic enhancement on

certain E 
 ranges around the coherent peak. For most of the linearly polarized photons,

the coherent peak forE CP

 = 2:1 GeV andE CP


 = 1:9 GeV data sets were parameterized

in the ranges of 1:89 < E 
 < 2:102 GeV and 1:68 < E 
 < 1:91 GeV respectively. Fig 4.7
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and 4.8 show the parameterized photon distributions for PARA and PERP orientation in

these two energy ranges.
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Figure 4.7: Coherent peak forE CP
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Figure 4.8: Coherent peak forE CP

 =

1:9 GeV in PERP orientation.

4.3.4 K  Missing-Mass Cut and p� + Background Subtraction

The missing-mass distribution~
p ! pK + X shows the contributions of the two main par-

ticles, pions and kaons, as depicted in Figs. 4.9 and 4.10. Initially a cut of 5-� was applied

on the K  peak to reject non-pK + K  events based on the Gaussian plus second order

polynomial �t in Figs. 4.11 and 4.12. At this point most of the remaining background

noise comes from a misidenti�cation of the� + by confusing it with a K + . It is important

to note that particle identi�cation is based upon the relationship between the momentum

and � , which allows for clean particle separation at lower momenta. However, for higher

momenta (� 1:5 GeV/c) the K and � bands tend to merge. Figs. 4.13 and 4.14 are Dalitz

plots of K + X versus� + X the invariant masses squared for the 2.1-GeV and 1.9-GeV data,

respectively. Here� + and K + have the same momentum but di�erent mass.

Moving the kinematic cuts vertically down in steps of 0:01 GeV2 the � -meson invariant

mass was �t by a combined Breit-Wigner convoluted with a Gaussian function and a
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Figure 4.9: X missing mass forE CP

 =

2:1 GeV data set in PARA orientation.
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Figure 4.10: X missing mass forE CP

 =

1:9 GeV data set in PERP orientation.
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Figure 4.11: Fit on the K + missing
mass forE CP


 = 2:1 GeV data set in
PARA orientation.
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Figure 4.12: Fit on the K + missing
mass forE CP


 = 1:9 GeV data set in
PERP orientation.

background function modeled from a second order polynomial. The Signal-to-Noise Ratio

(SNR), the peak's resolution (� � ), and the signal with background events were recorded (see

Appendix C). From these studies, we found that the respective cuts of 0:67 and 0:66 GeV2

for the E CP

 = 2:1 GeV andE CP


 = 1:9 GeV data sets were reliable and robust. Background

reduction of the � -meson invariant mass is depicted then in Figs. 4.15 and 4.16.

4.3.5 Time Di�erence Cut between the p and � + Vertex Times

Up until now the event selection has not been enough to get ridof the � + background.

Although the time di�erence between protons and positive kaons vertex times,tp  tK +

(i.e., PARA E CP

 = 2:1 GeV data set) is expected to be close to zero as shown in Fig. 4.17,
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Figure 4.13: K + X versus� + X squared invariant masses for theE CP

 = 2:1 GeV data set

in PARA orientation. A vertical band around M 2
� can be seen. The diagonal band shows

misidenti�ed pions as kaons. The black arrow and dashed lineindicate a cut going down
to 0:67 GeV2 on the y-axis to get rid of the misidenti�ed kaons.

)2 (GeVX+K
2M

1 1.2 1.4

)
2

 (
G

e
V

X
+

p2
M

0.4

0.6

0.8

1
Entries  8674

0

5

10

15

20

25

Entries  8674

Figure 4.14: K + X versus� + X squared invariant masses for theE CP

 = 1:9 GeV data set

in PERP orientation. A vertical band around M 2
� can be seen. The diagonal band shows

misidenti�ed pions as kaons. The black arrow and dashed lineindicate a cut going down
to 0:66 GeV2 on the y-axis to get rid of the misidenti�ed kaons.

the time di�erence between protons and \positive pions" vertex times, tp  t � + (pions and

kaons share the same momentum) are expected to be away from zero.

The tails coming down from a maximum located around 3 ns (i.e., for the PARA
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Figure 4.15: � -meson invariant mass be-
fore and after (shaded) 0:67 GeV2 cut
from Fig. 4.13
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Figure 4.16: � -meson invariant mass be-
fore and after (shaded) 0:66 GeV2 cut
from Fig. 4.14

 (ns)+K - tpt
-10 -8 -6 -4 -2 0 2 4 6 8 10

E
v
e

n
ts

0

100

200

300

400

500

600

700

Figure 4.17: Time di�erence between proton and kaon vertex times.

E CP

 = 2:1 GeV data set) and 4 ns (i.e., for the PERPE CP


 = 1:9 GeV data set) to zero,

as shown in Fig. 4.18 and 4.19, seem to be full of misidenti�edpositive kaons. Applying

the tp  t � + <  3 ns ( 4 ns) condition improves the results.

4.3.6 Energy-Balance Cut

Energy balance was checked by plotting the di�erence between invariant masses at initial

and �nal states,8 M i  M f . � -meson events are expected to be close to zero but they are

still riding on top of signi�cant background as depicted in Figs. 4.20 and 4.21.

8M i =
p

(p
 + pptarget )2 and M f =
p

(pp + p� )2. Here p
 , pptarget , pp, and p� are the 4-momentum
vector of the photon, target, proton, and � -meson respectively.
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and � + vertex times for PARA E CP


 =
2:1 GeV . The dashed line indicates the
applied cut.
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Figure 4.19: Time di�erence betweenp
and � + vertex times for PERP E CP


 =
1:9 GeV . The dashed line indicates the
applied cut.
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Figure 4.20: Energy-balance for the
PARA E CP


 = 1:9 GeV data set.
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Figure 4.21: Energy-balance for the
PERP E CP


 = 1:9 GeV data set.

By systematically rejecting events from the left and right of Figs. 4.20 and 4.21, the

SNR (from the � -meson reconstruction) was plotted as a function ofM i  M f . For Fig. 4.22,

the best SNRs for PERP and PARA from left and right were chosen. Events from 0:01 to

0:003 GeV shown in Fig. 4.22 were accepted. A comparison of� -meson signals for PARA

and PERP are shown in Figs. 4.23 and 4.24.

By means of the energy-balance cut, the background noise wasreduced and the detector

resolution measurement was improved by 10%. The same analysis was applied to the
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Figure 4.22: The SNR analysis for theE CP
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applied cuts. Arrows show the direction of the systematic cuts from left and right.
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Figure 4.23: � -meson invariant mass for
the PARA E CP


 = 1:9 GeV data set before
and after (shaded) energy-balance cut.
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Figure 4.24: � -meson invariant mass for
the PERP E CP


 = 1:9 GeV data set before
and after (shaded) energy-balance cut.

E CP

 = 2:1 GeV data set with similar results. The cuts applied to theE CP


 = 2:1 GeV data

set were at 0:01 and 0:004 GeV. Improvements on detector resolution calculationsfrom

� -meson distributions before and after the energy-balance cut are summarized in Table 4.4.

4.3.7 z-Vertex Cut

The reaction vertex position in CLAS for charged particles is determined by extrapolating

their trajectories in the drift chambers back to the target or beam line. Figs. 4.25, 4.26,
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E CP

 = 2:1 GeV Before After Relative Improvement

PARA 10:59 MeV 9:71 MeV 8:31%
PERP 11:19 MeV 10:13 MeV 9:47%
E CP


 = 2:1 GeV
PARA 9:12 MeV 8:25 MeV 9:53%
PERP 9:22 MeV 8:19 MeV 11:17%

Table 4.4: Calculated detector resolution �tting � -meson distributions before and after
energy-balance cut. The improvement across data sets is� 10%.

4.27, and 4.28 show thez-vertex reconstruction for p and K + . Since the match to the

g8b 40-cm long target cell is excellent (except for a small number of events) no cuts on

z-vertexes were applied.
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Figure 4.25: Protonz-vertex coordinates
for PARA E CP


 = 2:1 GeV data.
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Figure 4.26: K + z-vertex coordinates for
PARA E CP


 = 2:1 GeV data.

4.3.8 Fiducial Cuts

This study ignored events where the reconstructed tracks went toward the torus coils that

partition the CLAS detector into six sectors. Acceptance isnot well understood within

and closely adjacent to these regions. And by applying �ducial cuts within the torus-coil

regions, we see that the data and Monte-Carlo simulation arein very good agreement, as

are shown in Figs. 4.29 to 4.32 from data (black line) and Monte Carlo (MC) simulation
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Figure 4.27: Protonz-vertex coordinates
for PERP E CP


 = 1:9 GeV data.
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Figure 4.28: K + z-vertex coordinates for
PERP E CP


 = 1:9 GeV data.

(red line). The cuts for rejected events are based on intersections between the red (MC) and

black (data) lines. Table 4.5 show azimuthal regions of selected events forE CP

 = 2:1 GeV

and E CP

 = 1:9 GeV datasets.
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Figure 4.29: p azimuthal distribution
comparisons of MC and the PARAE CP


 =
2:1 GeV data set.
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Figure 4.30: K + azimuthal distributions
comparison of MC and the PERPE CP


 =
2:1 GeV data set.
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comparison of MC and the PARAE CP


 =
1:9 GeV data set.
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Figure 4.32: k+ azimuthal distributions
comparison of MC and the PERPE CP


 =
1:9 GeV data set.

Coherent Peak E CP

 = 2:1 GeV data set E CP


 = 1:9 GeV data set
Sector Azimuthal region (� CM ) Azimuthal region (� CM )
1  240 to 240  240 to 240

2 360 to 840 360 to 840

3 980 to 1440 960 to 1440

4 1560 to 2040 1560 to 2040

5 2180 to 2640 2150 to 2640

6 2760 to 3240 2760 to 3240

Table 4.5: Fiducial cuts onp and K + azimuthal distribution in the LAB frame for E CP

 =

2:1 GeV andE CP

 = 1:9 GeV data sets.

4.4 Event Weighting Background Subtraction

After applying all event selection criteria, the four� -meson signals in Figs. 4.33 to 4.36 still

contain background, which could not be further eliminated by the application of additional

cuts. Removing this background noise from unduly pollutingthe signal was imperative for

accurately ascertaining SDMEs. By weighting every single event by a quality factor, Q:

0 < Q < 1, the desired� -meson signal was extracted.

There were two reasons for using the Q-factor technique (seeRefs. [59] and [60]).

The �rst reason has to do with an expected oscillation from the W(�  �) decay angular
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Figure 4.33: � -meson mass reconstruction
for PARA E CP


 = 2:1 GeV data.
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Figure 4.34: � -meson mass reconstruction
for PERP E CP


 = 2:1 GeV data.
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Figure 4.35: � -meson mass reconstruction
for PARA E CP


 = 1:9 GeV data.
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Figure 4.36: � -meson mass reconstruction
for PERP E CP


 = 1:9 GeV data.

distribution in the signal region of the� -meson mass distribution, and outside of the signal

region, there ought not be any signi�cant oscillations. This check was done by dividing

the � -meson mass distribution in two regions, the signal region:1:01 < M � < 1:03, and

outside-of-the-signal region: 1:01 GeV> M � > 1:03 GeV. TheW(�  �) was corrected by

using the amorphous data. The results can be seen in Fig. 4.37.

Since theW(�  �) has a small oscillation in the region outside of the� -meson mass

signal, events in this outside region will be a part of the background. The second reason

is because this Q-factor technique reproduces the background remarkably well as can be
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Figure 4.37: W(�  �) decay angular distribution corrected by amorphous data in the
signal region (top panels) and outside-of- the-signal region (bottom panels) for PARA
E CP


 = 2:1 GeV (left) PARA (right) E CP

 = 1:9 GeV data sets. Both sets were �t by

using N [1 + A cos 2(�  �)], where N is the normalization constant andA the amplitude's
oscillation.

seen in the left and right panels of Figs. 4.44 and4.45 and allows for e�ective background

subtraction. In the next section the Q-factor technique is discussed in great detail.

4.4.1 Quality Factors

The aim of this study on Q factors is to correlate events to the� -meson signal by sampling

a certain amount of the nearest events to the selected targetevent. Depending upon the

correlation, a numerical value or Q-factor ranging from 0 to1 is assigned. Most of the

procedure detailed below follows the logic described in Refs. [59] and [60]. Initially, a � -

meson event was de�ned by its mass value and,� HEL -angle and cos� HEL of the � -meson

decay product,K + . For every single event a sample of 200 (100) nearest events was taken.9

The distance between the target event (t) and the ith event in the sample,dti , was de�ned

by:

dti =
3
2

[(cos� t  cos� i )2 +
(� t  � i )2

� 3
] (4.6)

9Di�erent samples were used but samples of 200 events forE CP

 = 2 :1 GeV data and 100 forE CP


 =
1:9 GeV generated the best error estimates.
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Then, on an event-by-event basis, a� -meson histogram having 200 (100) entries was

�t by the same function used to �t the distributions depicted in Fig. 4.33 (Fig. 4.36). The

�tting function ( f T otal ) is a combination of a non-relativistic Breit-Wigner convoluted with

a Gaussian (f s) plus a phenomenological background function10 [61] (f bkg) de�ned as:

f T otal = f s + f bkg (4.7)

f s(m) = N
Z

 �

(mx  m� )2 + ( � =2)2
e

 ( m x  m ) 2

2� 2 dmx (4.8)

f bkg(m) = a0

q
m2  4m2

K + a1(m2  4m2
K ) (4.9)

wherem is the K + K  invariant mass,m� is the reconstructed mean value of� -meson mass,

 � is the � -meson resonance width,� is the resolution of the detector,N is a normalization

constant, andmK is the K + mass, witha0 and a1 being the background parameters. Fits

shown in Figs. 4.33 to 4.36 used a �xed PDG  � value of 4:26 MeV to obtain � and thus

reducef T otal as a function of just 3 parameters and one variable:11

f T otal (m; N; a0; a1) = f s(m; N ) + f bkg(m; a0; a1) (4.10)

to �t the � -meson histogram from the 200 (100) sample as can be seen, forexample, in

Fig. 4.38 (4.39).

The Q-factor is de�ned by the ratio betweenf s (black line) and f T otal (blue line) at the

corresponding� -meson reconstructed massm:

10In this background function, m is constrained to be larger than twice the mass of the kaon (2mK ).
11 � is �xed. m� and � are taken from �ts shown in Figs. 4.33 to 4.36.
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Figure 4.38: Example of a target event� -
meson mass reconstruction from a sample
of 200 events for PARAE CP


 = 2:1 GeV
data.
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Figure 4.39: Example of a target event� -
meson mass reconstruction from a sample
of 100 events for PERPE CP


 = 1:9 GeV
data.

Q(m; N; a0; a1) =
f s(m; N )

f T otal (m; N; a0; a1)
(4.11)

Most of the computed Q-factors were in the range between 0 and1 as is shown in Figs. 4.40

to 4.43.
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Figure 4.40: Q-factors for the PARA
E CP


 = 2:1 GeV data set.
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Figure 4.41: Q-factors for the PERP
E CP


 = 2:1 GeV data set.

In general, less than 2:1% of the calculated Q-factors gave values out of range due to

events where the reconstructed mass went away from the true� -meson mass values or when

the �t did not converge. Between 1:0 < m < 1:04 GeV events with Q-factors out of the

range dropped to less than 0:5%.

Figs. 4.44 and 4.45 show a comparison of the extracted signal(dashed line) and the

rejected background (shaded area) from the� -meson distributions shown in Figs. 4.33

to 4.36. Agreement between the background calculated from the Q-factor computations
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Figure 4.42: Q-factors for the PARA
E CP


 = 1:9 GeV data set.
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Figure 4.43: Q-factors for the PERP
E CP


 = 1:9 GeV data set.

is excellent. The shape of the� -meson from Q-factors matches the shape of the original

� -meson distribution (solid line).
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Figure 4.44: Comparison between� -meson mass reconstruction (solid line),� -meson signal
(Q: dashed line) and rejected background ((1 Q): shaded area from PARA (left panel)
and PERP (right panel) E CP


 = 2:1 GeV data sets.

4.4.2 Q-factor Uncertainties: � Q

Q-factors uncertainties are computed as in Refs. [59, 60]:

� 2
Q = � ij

@Q
@Qpari

(C 1
Qpar ) ij

@Q
@Qparj

(4.12)
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Figure 4.45: Comparison between� -meson mass reconstruction (solid line),� -meson signal
(Q: dashed line) and rejected background ((1 Q): shaded area from PARA (left panel)
and PERP (right panel) E CP


 = 1:9 GeV data sets.

where Qpar = ( N; a0; a1) and CQpar is the covariance matrix associated to the event.12

Figs. 4.46 to 4.49 show the results of� Q values. Most of the computed� Q values were in

the range between 0 and 1, and less than 1:5% of the calculated� Q values went out of this

range. Between 1:0 < m < 1:04 GeV, events with� Q values out of the range dropped to

less than 0:3%.
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Figure 4.46: Results of� Q values for the
PARA E CP


 = 2:1 GeV data.

Q-factor
s

-0.5 0 0.5 1 1.5

Ev
en

ts

0

500

1000

1500

2000

Figure 4.47: Results of� Q values for the
PERP E CP


 = 2:1 GeV data.

For any single bin in the� -meson angular distributions, errors were computed by adding

12The ROOT macro shown in Appendix D is an example of how Q-factors and � Q values were computed.
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Figure 4.48: Results of� Q values for the
PARA E CP


 = 1:9 GeV data.
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Figure 4.49: Results of� Q values for the
PERP E CP


 = 1:9 GeV data.

� Q as:

�yield j = � nev
i � Qi (4.13)

wherenev is the number of the events in the bin. Errors were not computed in quadrature

because this would underestimate the true error. However, by �yield j , 100% correlation is

assumed which makes it a \safe choice" in overestimating these errors [59, 60]. This can

be seen in a comparison of signal yield ofW(cos� ) and W(� ) with errors in quadrature to

�yield j shown in Fig. 4.50 to 4.51.
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Figure 4.50: Comparison between signal yield ofW(cos� ) (left) and W(� ) (right) with
errors in quadrature (� � 2

Q) and by �yield j (� � Q) for PARA E CP

 = 2:1 GeV data.

4.4.3 Systematic Uncertainties from the Q-factor Technique

Systematic errors from Q-factors are accounted for as the before-and-after di�erence of

applying the Q-factor technique on the data sample in extracting the � -meson signal.

After �tting the �rst one with a Breit-Wigner function convo luted with Gaussian function
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Figure 4.51: Comparison between signal yield ofW(cos� ) (left) and W(� ) (right) with
errors in quadrature (� � 2

Q) and by �yield j (� � Q) for PERP E CP

 = 1:9 GeV data.

plus a phenomenological background function as explained in Section 4.4.1 and the second

one by the same function with no background (see Figs. 4.52 to4.55), the integral of these

functions and the histograms were calculated in the interval 1:0 < M � < 1:04 GeV.
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Figure 4.52: � -meson reconstruction before and after Q-factors background subtraction for
PARA E CP


 = 2:1 GeV data set. Signal on top of the background (red line, leftpanel) and
signal from Q-factors technique (blue line, right panel) are �t to account for the di�erence
in events.
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Figure 4.53: � -meson reconstruction before and after Q-factors background subtraction for
PERP E CP


 = 2:1 GeV data set. Signal on top of the background (red line, leftpanel) and
signal from Q-factors technique (blue line, right panel) are �t to account for the di�erence
in events.
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Figure 4.54: � -meson reconstruction before and after Q-factors background subtraction for
PARA E CP


 = 1:9 GeV data set. Signal on top of the background (red line, leftpanel) and
signal from Q-factors technique (blue line, right panel) are �t to account for the di�erence
in events.
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Figure 4.55: � -meson reconstruction before and after Q-factors background subtraction for
PERP E CP


 = 1:9 GeV data set. Signal on top of the background (red line, leftpanel) and
signal from Q-factors technique (blue line, right panel) are �t to account for the di�erence
in events.
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Figure 4.56: � -meson reconstruction before Q-factors background subtraction with �ts on
the background (black dashed-line) and signal (red line) from a total �t (black solid-line).

Systematic errors from background subtraction were estimated as follows. First, events

from � -meson reconstruction (S + BKG ), in Fig. 4.56, and separately events from �t
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integrals of the signal (Sf it ) and background (BKF f it ) are accounted for in the range of

1:0 < M � < 1:04 GeV. Next, events from� -meson reconstruction after Q-factors (SQ) are

recorded. SinceS + BKG and Sf it + BKG f it di�er, a correction of

corr =
S + BKG

Sf it + BKG f it
(4.14)

has to be applied. Thus, the systematic uncertainty from background subtraction (�sys Q)

is computed as:

�sys Q =
�

Sf it � corr
SQ

� i

(4.15)

where i is equal to � 1 depending on which term in the fraction is larger (larger one goes

down). Results of�sys Q estimation are summarized in Table 4.6. Roughly speaking, the

systematic errors due to background subtraction vary from� 5% to � 9%.

Data (PARA) �sys Q (%) (PERP) �sys Q (%)
E CP


 = 2:1 GeV 4.70 9.19
E CP


 = 1:9 GeV 6.55 5.82

Table 4.6: �sys Q summary.

4.5 Energy and Momentum Corrections.

Typically, energy corrections are in the order of� 1%. This will be re
ected in a shift on

the � -meson's mass mean value. Since mean values are in very good agreement with the

reported PDG value of 1:0196 GeV for the� -meson mass, no further energy corrections

were applied (see Figs. 4.33 to 4.36).

The momentum corrections are small; they are are typically� 1% of the particle's

momentum. The g8b momentum corrections are based on the kinematically-constrained

and abundant reaction~
p ! p� + �  . The acceptance for this channel is much higher than

for ~
p ! p� with � ! K + K  . Since the statistics for� -meson photoproduction are low,

results from a momentum corrections coming from detectingKK will not be as accurate as
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for p�� . Moreover, momentum corrections are used mostly to correctslow protons (below

� 300 GeV/c) as depicted in Figs. 4.57 and 4.58.
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Figure 4.57: Momentum distribution of the proton in the lab frame for the PARA E CP

 =

2:1 GeV data set.
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Figure 4.58: Momentum distribution of the proton in the lab frame for the PERP E CP

 =

1:9 GeV data set.

We remark in closing that since most of the selected protons were not low-momentum

protons, and given the poorpKK acceptance, with the overarching low� -meson statistics,

we found no need to apply a one-percent-momentum correction.
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4.6 Summary of Events

E CP

 = 2:1 GeV Entire Range 1:0 < M � < 1:04 GeV

PARA 4192 2547
PERP 4027 2513
E CP


 = 1:9 GeV Entire Range 1:0 < M � < 1:04 GeV
PARA 2019 1382
PERP 2530 1724
TOTAL 12768 8166

Table 4.7: Summary of the data pool after all cuts.

The resulting � -meson events, after cuts, for the entire range of the reconstructed � -

mass ) and for 1:0 < M � < 1:04 GeV are tabulated above in Table 4.7. The latter range

is the pool of canonical events for which we shall extract thespin-density-matrix-element

polarization observables to be discussed in detail in the next chapter.
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Chapter 5

DATA ANALYSIS

5.1 Acceptance

In this chapter, we discuss how we acceptance-corrected thedata. The goal of this work

is to extract polarization observables by measuring the angular distributions of the two

daughter kaons resulting from the decay of the parent� -meson. The angular distributions

are characterized by the spin density matrix elements (SDMEs) and to extract the SDMEs

in a robust way requires a full and complete understanding ofthe CLAS acceptance. The

CLAS acceptance of particular interest for this work is in the helicity frame, where the

angular distributions of kaons are measured in the rest frame of the � -meson. The accep-

tance calculation described below employed a multiple-step Monte Carlo (MC) simulation.

The MC renders a realistic representation of the detector geometry and attendant detector

e�ciencies for a particle traveling within CLAS. The �rst st ep requires a realistic event

generator (EG) to simulate the 4-momentum event topologiesof all �nal-state particles in

� -meson photoproduction.

The � -meson decay angular distribution (Eq. 2.11) was parameterized by two sets of

SDMEs: A1 and A2. Initially, in the rest frame of the � -meson, all nine SDME parameters

(cf. Eqs. 2.12 and 2.13 in Chapter 2) were set to zero (� �
ij = 0) to make all 1-dimensional

angular distributions 
at except for W(cos� ), which was set to exhibit a sin2(� )-like distri-

bution. The generated events were then fed through a simulation of the CLAS detector, and
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from the simulated kaon angular distributions, experimental values for these nine SDMEs

were extracted. We then reiterated by using these new experimental values to feed into

the same simulation of the CLAS detector and again we extracted the SDMEs through the

same angular distribution analysis. In principle, one would reiterate until convergence was

attained, i.e. until the pre- and post-SDMEs were in agreement.

For our studies, however, we achieved convergence in just two iterations. The second

set of SDME parameters (A2) depended on the input of the �rst set (A1), but since the

output from A2 was nearly identical to the input, further iteration was not required. A

photon energy distribution was generated to match the photon-energy distribution within

the region characterized by the coherent peak as determinedfrom the real data of g8b run.

The z-vertex MC distribution was 
at along the length of the target reproducing the g8b

data. Table 5.1 shows the generated events for each dataset.

E CP

 = 2:1 GeV E CP


 = 1:9 GeV
PARA 1:125� 106 events 1:05� 106 events
PERP 1:125� 106 events 1:05� 106 events

Table 5.1: Statistical sample of generated events for acceptance calculation accordingly to
~
p ! p� with � ! K + K  .

Events from the MC simulation was recorded into a BOS �le and analyzed by the

GEANT Simulation (GSIM) package that simulates the geometry, by rendering an exact

representation (volume and density) of each of the elementsmaking up the CLAS detector.

The output of GSIM is fed into the input of the GSIM Post Processor package (GPP)

which gives a more realistic behavior of CLAS. The GPP package, for example, allows for

additional detector ine�ciencies, such as inoperative TOFscintillators and broken wires

in the Drift Chambers. In the parlance of CLAS, we then \cook"the data: the output

from the GPP package is used by the RECSIS package to reconstruct events producing a

data �le with the same format as in a real experiment. The 
ow of these procedures is

illustrated in Fig. 5.1, each of which will be discussed in detail in the subsequent sections

of this chapter.
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Figure 5.1: Analysis 
owchart showing the Monte-Carlo and real datastreams

5.1.1 GSIM, GPP, and MC reconstruction

GSIM is a package of routines that represents every single detection element in CLAS using

the CERN simulation package, GEANT [62]. The simulation accounts for the interactions

experienced by �nal-state particles passing through each detector subsystem in CLAS.

Simulation variables are written to a text �le where a set of FORTRAN-77 subroutines,

FFREAD, are con�gured using parameters from the g8b experiment (see Appendix F).

The FFREAD �le { in concert with a BOS �le from the event generator { �xes the input

for GSIM. The output for GSIM is still unrealistic; it is the r esult of simulating the CLAS

working at 100% e�ciency, that is, as a \perfect detector". In real life, of course, there is no

such thing. We require an additional layer of analysis to take into account the circumstances

under which CLAS ran for the period of the g8b experiment.

The GPP (GSIM Post-Processor) is a CLAS-speci�c software package that simulates

ine�ciencies in the CLAS detector, thereby giving a more accurate simulation of the each
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subdetector's resolution. GPP, for example, removes hits from known dead detection el-

ements, such as dead TOF scintillators or dead wires in the drift chamber system, and

smears the timing output from the TOF and drift chamber system by a Gaussian distri-

bution consistent with the overall resolution of the subdetector with the attendant dead

regions. The GSIM and GPP command lines used for acceptance calculation are shown

in Appendix F. The output from GPP is analyzed by RECSIS software irrespective of

whether it is MC or real data. The RECSIS command-line and command-
ags �le used

to reconstruct simulated data are shown in Appendix F. The command-
ags �le has a

set of 
ags that tells RECSIS to handle simulated data with a speci�c set of instructions

that match the conditions and information referred to in theg8b experiment. The output

from RECSIS is a set of reconstructed banks with the same format as the real experiment.

In turn the data are analyzed by ROOTBEER (ROOT Bank Event Extraction Routines),

which is a software package for the analysis of the CLAS data in BOS format using ROOT

written by Ken Livingston of Glasgow University.

5.2 Acceptance Calculation

The acceptance calculation arises from the ratio between two sets of simulated data, one

from the event generator (i.e. generated MC \data") and the other one comes from passing

GEN data through GSIM, GPP, and RECSIS which is the CLAS simulated data (RGEN

data). That is to say:

Acceptance=
RGENdata
GENdata

(5.1)

RGEN data were extracted from the angular distributionsW(cos� ), W(� ), W(� + �),

and W(�  �). Given that 2 � 1
11 + � 1

00 (cf. Eq. 2.13 of Chapter 2) associated withW(�)

was computed by the asymmetry relationship

P
 � 5 cos 2� �
W(�) P ERP  W(�) P ARA

W(�) P ERP + W(�) P ARA
!

W?  Wk

W?  Wk
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the acceptance e�ects cancels out.1 Figs. 5.2 and 5.3 show results with theA1 and A2

input conditions for the E CP

 = 2:1 GeV andE CP


 = 1:9 GeV datasets, respectively.
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Figure 5.2: Acceptances withA1 (open blue circles) andA2 (red circles) conditions for
PARA (left column) and PERP (right column) of the E CP


 = 2:1 GeV dataset.A1: SDMEs
set to 0, andA2: SDMEs set toA1 results.

In Figs. 5.2 and 5.3 the angular acceptances in the helicity frame (cos� , � , and � � �) are

1W (�) P ARA;P ERP correspond to the azimuthal � -meson angular distribution for PARA and PERP
orientations in the center of momentum, W� (� CM ), of the ~
p ! p� .
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Figure 5.3: Acceptances withA1 (open blue circles) andA2 (red circles) conditions for
PARA (left column) and PERP (right column) of the E CP


 = 1:9 GeV dataset.A1: SDMEs
set to 0, andA2: SDMEs set toA1 results.

plotted as functions of the orientation of the polarizationvector, (i.e. PARA and PERP) for

the two coherent energy peakE CP

 = 2:1 GeV andE CP


 = 1:9 GeV datasets, respectively.

With respect to the A1 and A2 input, for both the PARA and PERP E CP

 = 2:1 GeV

datasets, theW(cos� ) acceptance was stable over cos� except for a slight change at the
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very backward and very forward regions in the helicity frame. See Fig. 2.1 for the de�nition

of the helicity (HEL) frame. Acceptances forW(� +�) and W(�  �) were stable to within

3% for both orientations. For theW(� ) distribution, the acceptance drops dramatically

from 3:5% to around 1:0% in the region of 140� < � < 220� .

For the PARA and PERP E CP

 = 1:9 GeV datasets, the acceptance forW(cos� ) pre-

sented a similar shape as for theE CP

 = 2:1 GeV dataset, being stable for most of the bins

in cos� except for a drop in the backward and a enhancement in the veryforward regions of

the helicity frame. Acceptances forW(� + �) and W(� + �) presented the same behavior

for both orientations in the E CP

 = 2:1 GeV data. Around 3% of the generated particles

were accepted by CLAS for both orientations. Likewise as forthe E CP

 = 2:1-GeV-W(� )

data, the acceptance drops dramatically from 3:5% percent to less than 1:0% in the region

of 1400 < � < 2200. This issue of such low acceptance made it more di�cult to extract

� 0
1 1 robustly. However, the observations that the acceptances are stable under the two

input conditions, A1 andA2, give con�dence that the acceptance extraction algorithms are

stable and are reasonably understood.

5.3 SDME Extraction

For the extraction of the SDMEs, the following parameterizations are used to �t the one-

dimensional angular distributions (see Eqs. 2.16 to 2.20):

W(cos� ) = N [
1
2

(1  � 1) sin2 � + � 1 cos2 � ] (5.2)

W(� ) = N [1  � 2 cos 2� ] (5.3)

W(�  �) = N [1 + 2P
 � 3 cos 2(�  �)] (5.4)

W(� + �) = N [1 + 2P
 � 4 cos 2(� + �)] (5.5)

with
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� 1 = � 0
00 (5.6)

� 2 = � 0
1 1 (5.7)

� 3 =
1
2

(� 1
1 1  Im� 2

1 1) (5.8)

� 4 =
1
2

(� 1
1 1 + Im� 2

1 1) (5.9)

where P
 is the photon beam polarization, and� i , N are �t parameters. The P
 for the

E CP

 = 2:1 GeV andE CP


 = 1:9 GeV datasets were calculated from the polarization tables

in Ref. [63] having the values depicted in Table. 5.2. Details of this calculation can be

found in Appendix E.

PARA PERP
E CP


 = 2:1 GeV 0.642� 0.0104 0.675� 0.0103
E CP


 = 1:9 GeV 0.738� 0.0204 0.736� 0.0204

Table 5.2: Photon polarization results for theE CP

 = 2:1 GeV andE CP


 = 1:9 GeV data.

5.3.1 � 1;2;3;4 Extraction.

The angular distributions corresponding to SDMEs� 1;2;3;4 were corrected �rst by the ac-

ceptance using theA1 input conditions, i.e. the VDM-like event topologies, and then nor-

malized by the number of entries for each histogram withN less than 1; this a�orded easier

scaling and handling of the histograms. The errors from event weighting were taken into

account as delineated in Section 4.4.

Tables 5.3 and 5.4 summarize the SDMEs, with 20, 24, and 30 bins, from �ts of 1-

dimensional decay angular distributions with theA1 input conditions and is shown in Figs.

5.4 and 5.5. To proceed to the next iteration (i.e. theA2 condition), the output from the

24-bin scheme from theA1 input acceptance calculation was chosen; the �tting errorsand

goodness-of-�ts were the smallest of the three binning schemes. Table 5.5 summarizes the

results of SDMEs under theA2 acceptance conditions.
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Figure 5.4: Decay angular distribution with A1 conditions for PARA (left column) and
PERP (right column) E CP


 = 2:1 GeV data.
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Figure 5.5: Decay angular distribution with A1 conditions for PARA (left column) and
PERP (right column) E CP


 = 1:9 GeV data.
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Figure 5.6: Decay angular distribution with A2 conditions for PARA (left column) and
PERP (right column) E CP


 = 2:1 GeV data sets.
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Figure 5.7: Decay angular distribution with A2 conditions for PARA (left column) and
PERP (right column) E CP


 = 1:9 GeV data.
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5.3.2 � 5 extraction.

We took the mean polarization to be the same for each orientation (parallel and perpen-

dicular) for both the E CP

 = 2:1 GeV and E CP


 = 1:9 GeV datasets. The asymmetry

distribution for PARA and PERP orientation was then normalized and �t by the asymme-

try relationship2

W?  Wk

W?  Wk
=

(P?

 + P?


 )� 5 cos 2�

2 + ( P?

  P k


 )� 5 cos 2�
(5.10)

where

Wk;? = N (1 � P k;?

 � 5 cos 2�) (5.11)

and � 5 (�tting parameter) is de�ned as

� 5 = 2� 1
11 + � 1

00 (5.12)

Figs. 5.8 and 5.9 show the behavior of the �tting function (Eq. 5.10) forE CP

 = 2:1 GeV

and E CP

 = 1:9 GeV data with the results summarized in Table. 5.8.
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Figure 5.8: Results for� 5 from the E CP

 =

2:1 GeV data.
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Figure 5.9: Results for� 5 from the E CP

 =

1:9 GeV data.

2Assuming the limit when P?

 � P?


 , Eq. 5.10 will have the usual relationship:

P
 � 5 cos 2� =
W ?  W k

W ?  W k
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5.4 SDMEs in the Gottfried-Jackson Frame

The procedures to extract the SDMEs from the Gottfried-Jackson frame were the same

those used in the helicity frame. Moving from one to the otheris simply a matter of

rotating the quantization-axis about the y-axis as explained in section 2.2. This rotation

can be easily performed in ROOT (see Appendix G). Fig. 5.10 shows the �ts applied to

the data and the results are summarized in Table 5.9.
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Figure 5.10: � -meson decay angular distributions in the Gottfried-Jackson frame from
E CP


 = 2:1 GeV (column 1: PARA, column 2: PERP) andE CP

 = 1:9 GeV (column 3:

PARA, column 4: PERP) data sets.
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5.5 Summary of SDMEs

At the time of the submission of this thesis, the polarization measurements were not entirely

exact, partly due to the jittering motion of the coherent edge during data-taking and partly

due to the inherent accuracy of the method of extracting the polarization using the software

package, ANalytical Bremsstrahlung spectra calculation (ANB code, see Appendix E). The

current systematic errors on the mean polarization are� 5% for the E CP

 = 2:1 GeV data

and � 10% forE CP

 = 1:9 GeV data. A detailed study of the polarization is currentlybeing

carried out by comparing single-pion asymmetries with measurements from GRAAL.3 It is

anticipated that the systematic errors will reduce to� 2% in the �nal values of polarization.

By the time we are ready to publish the results delineated in this thesis, which is soon,

we expect to have more precise knowledge of the polarization. Even though the mean

polarization is clearly a factor in extracting the SDMEs from the kaon angular distributions,

we do not envision a major shift in the �nal results from what is written in this thesis. We

do, however, expect higher precision in the published data.For now, the reported values

are summarized in Table. 5.10.

E CP

 = 2:1 GeV E CP


 = 1:9 GeV
SDME PARA PERP PARA PERP

Helicity Frame
� 1 0.0448� 0.0246 0.0528� 0.0247 0.0393� 0.0106 0.0140� 0.0219
� 2 -0.1350� 0.0259 -0.1112� 0.0260 -0.1570� 0.0290 -0.0960� 0.0245
� 3 0.1916� 0.0392 0.1986� 0.0373 0.1019� 0.0443 0.1350� 0.0356
� 4 0.0492� 0.0402 0.0694� 0.0387 -0.0201� 0.0438 0.0119� 0.0356
� 5 0.0142� 0.0371 0.0332� 0.0503

Gottfried-Jackson Frame
� 1 0.4015� 0.0304 0.3560� 0.0289 0.4375� 0.0342 0.3764� 0.0293
� 2 -0.0174� 0.0277 0.0460� 0.0273 0.0531� 0.0297 0.1058� 0.0255
� 3 0.1235� 0.0399 0.1454� 0.0371 0.0945� 0.0447 0.1079� 0.0356
� 4 0.0987� 0.0404 0.0417� 0.0381 -0.0213� 0.0431 0.0011� 0.0360
� 5 0.0142� 0.0371 0.0332� 0.0503

Table 5.10: SDMEs from the Helicity and Gottfried-Jackson frames.

The extracted SDMEs� 1;2;3:4 shown in Table 5.10 used the 24-bin scheme with theA2

3GRenoble Anneau Accelerateur Laser.
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input, which provided the best combination of errors and� 2 values. The same scheme of

24 bins was used to extract the� 5 values. Note that � 5 was measured in the center-of-

momentum frame.
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Chapter 6

DISCUSSION AND CONCLUSIONS

Polarization observables are quite sensitive { at the few-percent level { to the underlying

production mechanisms. Hence these observables are incisive tools for constraining models.

In this thesis, we report our results on the photoproductionof � -mesons o� protons using

a beam of linearly polarized photons in the energy regime near threshold. We extracted

the spin density matrix elements (SDMEs) from the angular distributions of the daughter

kaons resulting from the decay of the photoproduced� -mesons using a beam of linearly

polarized photons with a polarization averaging� 75%. From our rather large sample of

� 8200� -mesons photoproduced in the baryon-excitation energy regime, { highest ever yet

obtained { we can extract the SDMEs. Moreover, we can extractthese observables in

the central region (� c:m: = 90� ), where vector-meson-dominance-model (VDM) e�ects are

expected to become vanishingly small. The nine SDMEs obtained from linearly polarized

photons track the production mechanisms. At higher photon energies, earlier data indicate

that the interaction of the photon with the nucleon is consistent with a q�q 
uctuations of

the incident photon mediated through pomeron or pseudoscalar exchange, i.e. VDM. For

the case of VDM, all but two of the nine SDMEs will be zero; the other two will have

an absolute value of 0.5; any deviation from these values will indicate other production

mechanisms beyond VDM are involved.

We are the �rst to report extracting polarization observables in the central region,

which we characterize by the four-momentum transfer square, t, in the range of  1:4 <

89



t <  0:25 GeV2. We used two sets of data in two energy ranges in the baryon-excitation

region of 1:7 < E 
 < 1:9 GeV and 1:9 < E 
 < 2:1 GeV. And to minimize systematic errors,

we took measurements at two di�erent photon polarization orientations: parallel (PARA)

and perpendicular (PERP), where the electric �eld vectors are transversely directed 90�

with respect to one another. The extracted� -meson angular pseudoscalar decay products

in the helicity frame (see Figs. 2.1 and 6.1) and azimuthal� -meson angular distributions

allowed for extracting� 1, � 2, � 3, � 4, and � 5 as de�ned in Eqs. 5.6, 5.7, 5.8, 5.9, and 5.12, re-

spectively. These SDMEs were also extracted in the Gottfried-Jackson frame (see Fig. 6.1),

which a�orded a nice cross check to our results. The results can be compared from the �ts

in Figs. 6.2 and 6.3, and from the values in Table 6.1. Most of the systematic errors are

associated with the polarization measurement and background subtraction. Adding them

all up in quadrature, we estimated the systematic errors forthe E CP

 = 2:1 GeV data to

be: � 7% for the PARA and � 11% for the PERP setting. For theE CP

 = 1:9 GeV datasets,

we found the systematic errors to be� 12% for both the PARA and PERP orientations.
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Figure 6.1: Helicity and Gottfried-Jackson frames. Modi�ed from Ref [64].

In the helicity frame, which tests for s-channel helicity conservation,� 1 = � 0
00 was

found to be relatively small, having the same values, withinerror bars, for both E CP

 =

2:1 GeV and E CP

 = 1:9 GeV datasets. Since� 1 = � 0

00 is sensitive to single helicity-
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E CP

 = 2:1 GeV E CP


 = 1:9 GeV
SDME PARA PERP PARA PERP

Helicity Frame
� 1 0.045� 0.025 0.053� 0.025 0.039� 0.011 0.014� 0.022
� 2 -0.135� 0.026 -0.111� 0.026 -0.157� 0.029 -0.096� 0.025
� 3 0.192� 0.040 0.199� 0.037 0.102� 0.044 0.135� 0.036
� 4 0.049� 0.040 0.070� 0.039 -0.020� 0.044 0.012� 0.036
� 5 0.0142� 0.0371 0.0332� 0.0503

Gottfried-Jackson Frame
� 1 0.402� 0.030 0.356� 0.029 0.438� 0.034 0.376� 0.030
� 2 -0.017� 0.028 0.046� 0.027 0.053� 0.030 0.106� 0.026
� 3 0.124� 0.040 0.145� 0.037 0.095� 0.045 0.108� 0.036
� 4 0.099� 0.040 0.042� 0.038 -0.021� 0.043 0.001� 0.036
� 5 0.0142� 0.0371 0.0332� 0.0503

Table 6.1: SDMEs from the helicity and Gottfried-Jackson frames.


ip transitions [10], � 
 ! � � = 0, the probability to �nd the � -meson with longitudinal

polarization (� � = 0) produced by a transversely polarized real photon [65] (� 
 = � 1) is

then small in the s-channel (see Fig. 6.1). This behavior does not agree with the value

reported in Ref. [64] of� 0
00 = 0:253� 0:018 in the photon energy range of 1:53 < E 
 <

2:57 GeV. In addition, the angular distributionW(� ) was found to have a strong oscillation.

Averaging over the PARA and PERP data� 2 = � 0
1 1 =  0:146� 0:038 forE CP


 = 2:1 GeV

data, and � 2 = � 0
1 1 =  0:103� 0:035 for E CP


 = 1:9 GeV data. However, the �t applied

to E CP

 = 1:9 GeV dataset appears with a poor� 2=NDF . In absolute value,� 0

1 1 agrees

with the reported value in Ref [64] of� 0
1 1 = 0:14 � 0:014. The strong oscillation in

W(� ) suggests a possible contribution of a non-helicity conserving exchange processes in

the s-channel, which favors the idea that the proton hass�s content. Similarly, W(�  �)

was found to have an strong oscillation with the same values for both orientations in

E CP

 = 2:1 GeV data (the average of PERP and PARA data sets:� 3 = 0:195� 0:053),

and E CP

 = 1:9 GeV data (the average of PARA and PERP data:� 3 = 0:1184� 0:056).

The large di�erence of� 3 betweenE CP

 = 2:1 GeV andE CP


 = 1:9 GeV data suggests an

energy dependence. In contradistinction,W(� + �) exhibits a small oscillation, where � 4
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Figure 6.2: � -meson decay angular distributions in the helicity frame from E CP

 = 2:1 GeV

(column 1: PARA, column 2: PERP) andE CP

 = 1:9 GeV (column 3: PARA, column 4:

PERP) data sets.

was found to be small for both datasets. Assuming� 4 � 0 (from Eqs. 6.1 and 6.2),� 1
1 1

and Im� 2
1 1 are, in absolute value, close to each other:� 1

1 1 �  Im� 2
1 1 � 0:195� 0:053 for
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the E CP

 = 2:1 GeV data, and� 1

1 1 �  Im� 2
1 1 � 0:1184� 0:056 for theE CP


 = 1:9 GeV

data. These two SDMEs,� 1
1 1 and Im� 2

1 1, are understood as a measure of the parity

exchanged by the mechanism (or mechanisms) through a kinematical channel (in this case

the s-channel). Thus, the positive value of� 1
1 1 implies that the contribution from natural-

exchange mechanisms (i.e. nucleon exchange with positive parity) are larger than the one

from unnatural-exchange mechanisms (i.e. nucleon exchange with negative parity). This

is to say, in the s channel of the helicity frame, a possible mechanism could bea nucleon

resonance. It cannot be a meson, due to charge conservation.

� 1
1 1 = � 3 + � 4 (6.1)

Im� 2
1 1 = � 3  � 4: (6.2)

In the Gottfried-Jackson frame, which tests fort-channel helicity conservation,� 1 = � 0
00

was found to have the same values within error bars for both the E CP

 = 1:9 GeV and

E CP

 = 2:1 GeV datasets. Averaging over the two datasets:� 0

00 = 0:3875� 0:061. And

unlike for the case of thes-channel, the probability to �nd the � -meson with longitudinal

polarization (� � = 0) in the t-channel is high. Nevertheless, except for the PARAE CP

 =

2:1 GeV data, there is a small oscillating structure with� 0
1 1 < 0:1 suggesting a small

contribution from non-helicity-conserving processes in the t-channel. This can be explained

by a possiblef 0
2 exchange as pointed out in Ref. [10], where� 3 was found to have similar

values, within error bars, for both orientations as expressed in the E CP

 = 2:1 GeV and

E CP

 = 1:9 GeV data. Averaging over PARA and PERP� 3 = 0:134 � 0:053 for the

E CP

 = 2:1 GeV data, and� 3 = 0:10� 0:057 for theE CP


 = 1:9 GeV data. The values of

� 3 for E CP

 = 2:1 GeV data agree with the value reported in Ref [7] of� 3 = 0:19 � 0:03

at low-t in the photon energy range of 1:97 < E 
 < 2:17. � 4 was found to be small

for the PERP at E CP

 = 2:1 GeV and for both the PARA and PERP E CP


 = 1:9 GeV

datasets. For the PARA E CP

 = 2:1 GeV dataset� 4 was as large as 0:0987� 0:0404. For

the PARA E CP

 = 2:1 GeV data, � 1

1 1 = 0:222� 0:056 and Im� = 0:0248� 0:055, and

for PERP E CP

 = 2:1 GeV data, assuming� 4 � 0, � 1

1 1 �  Im� 2
1 1 = 0:145� 0:0371.
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Averaging over the two orientations for theE CP

 = 1:9 GeV data, and assuming� 4 � 0,

� 1
1 1 �  Im� 2

1 1 = 0:10 � 0:0357 (see Eqs. 6.1 and 6.2), the� 1
1 1 was found to have a

positive value. Similar to the SDMEs measured in the helicity frame, in the t-channel, the

contribution from natural-exchange mechanisms (i.e. pomeron) are larger than those from

unnatural exchange mechanisms (i.e.� , � exchange). Nevertheless, the marked discrepancy

from the VDM prediction ( � 1
1 1 �  Im� 2

1 1 = 0:5) points out that some other natural-

parity-exchange mechanism beyond pure pomeron exchange needs to be taken into account.

We observe that the contribution from natural-parity exchange mechanism was larger

than unnatural-parity exchange for both channels, those being the s- and t-channels. These

relative contributions appear to be energy dependent in thet-channel and contrarily, appear

not to be energy dependent for thes-channel. Adding to all this, a strong signature of

non-helicity-conserving process in thes-channel, which tends to indicate the existence of

a exchange mechanism in thes-channel. Similarly, a relatively small oscillation inW(� )

suggests that a small pseudoscalar-meson-exchange component, and not pomeron exchange,

is present in thet-channel.

With a yield of � 8200 � -mesons in the mid- to higher-t range, we have the highest

number of photoproduced� s in the threshold energy regime with linearly-polarized photons.

Together with the � 5000� -meson events at low-t obtained from LEPS (the Laser Electron

Photon Experiment at SPring-8), our recent results establish the world's dataset using

linearly polarized photons. Although SDMEs were successfully extracted in this work, a

detailed study of how the SDMEs evolve with �ner binning oft and s is needed in order

to clarify the production mechanisms involved in thet- and s-channel. Nonetheless, it is

important to study the � -meson photoproduction in every decay mode of the� -meson. Not

only for comparing them side by side, but also to see how the di�erent backgrounds interfere

in each decay mode, i.e. the �nal statepK + K  can be reached not only through� -meson

photoproduction, but also through theK + �(1520) channel. At threshold energies, the� -

meson and the �(1520) share a large part of their phase space making di�cult to separate

one from the other. Furthermore, our SDME results are the very �rst measurements in
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Figure 6.3: � -meson decay angular distributions in the Gottfried-Jackson frame from
E CP


 = 2:1 GeV (column 1: PARA, column 2: PERP) andE CP

 = 1:9 GeV (column

3: PARA, column 4: PERP) data sets.

the central-t region of the excited-baryon energy regime; albeit with rather large statistical

error bars, which range from� 15% to � 30%.
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So to conclude, we have unambiguous indications of non-VDM mechanisms in the pho-

toproduction of � mesons. But for us to really pin down whether the mechanisms are from

the s�s knockout or other new physics mechanisms, we need a more accurate measurement

with higher statistics and/or other polarization observables to further constrain the bilinear

combinations of the helicity amplitudes. With this analysis, we have taken the �rst big

steps. We are optimistic, and perhaps rather sanguine, thatwith the completion of FROST

(g9) and the upcoming HD-ICE (g14) set of CLAS experiments, the key to the underlying

mechanisms for� photoproduction is closely at hand.
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Appendix A

CBF

The Coherent-Bremsstrahlung Facility in Hall B at Je�erson Lab y

F.J. Klein1, B.L. Berman2, K. Livingston3, P.L. Cole4, M. Anghinol� 5, S. Boyarinov6,

W.J. Briscoe2, H. Crannell1, C. Cuevas6, K.S. Dhuga2, J.P. Didelez7, L. Fichen7,

A. Freyberger6, J. Kellie3, L.Y. Murphy 2, P. Musico5, E. Pasyuk8, J. Pro�tt 6, A. Puga9,

J. Santoro1, D. Sober1, D.J. Tedeschi10, B. Vlahovic11;6 M.H. Wood10, and

B. Wojtsekhowski6

A.1 Motivation

The study of photo-induced exclusive reactions is greatly improved when measuring not only

cross sections but also spin observables which give access to interference terms, i.e. bilinear

products of di�erent amplitudes. The two basic modes of photon polarization, circular

y(2006) unpublished
1The Catholic University of America, Washington, DC 20064, USA.
2The George Washington University, Washington, DC 20052, USA.
3The University of Glasgow, Glasgow G12 8QQ, UK.
4Idaho State University, Pocatello, ID 83209, USA.
5INFN, Sezione di Genova, 16146 Genova, Italy.
6Thomas Je�erson National Accelerator Facility, Newport News, VA 23606, USA.
7IN2P3, Institut de Physique Nucleaire, 91406 Orsay, France.
8Arizona State University, Tempe, AR 85287, USA.
9The University of Texas at El Paso, El Paso, TX 79968, USA.

10University of South Carolina, Columbia, SC 29208, USA.
11North Carolina Central University, Durham, NC 27707, USA
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and linear, give access to di�erent interference terms. However, spin observables involving

linearly polarized photons incident on a nucleon target notonly elucidate more terms, but

also are more sensitive in general.

The two common methods for producing linearly polarized photons are Compton backscat-

tering and coherent bremsstrahlung. In Compton backscattering [1], which is preferably

employed at facilities with storage rings, the electron beam collides with a soft x-ray [2] or

laser beam of short wavelength [3], resulting in high-energy polarized photons. Technically,

the undulator (and re
ection mirror) or the laser system signi�cantly limit the intensity and

maximum fractional photon energyx = E 
 =E0 , whereE0 denotes the electron beam energy

and E 
 the photon energy. Coherent bremsstrahlung has been successfully employed at var-

ious facilities [4, 5] to produce high-energy polarized photons. In this process [6], linearly

polarized photons are produced on a crystal at discrete fractional energiesx corresponding

to speci�c momentum transfersq of the electrons to the crystal nuclei according to the Laue

condition, ~q= ~g, where~g is the reciprocal-lattice vector of the crystal. By carefully choos-

ing the orientation of the crystal with respect to the direction of the electron beam, one

can select isolated reciprocal-lattice vectors, e.g.,jgj = 2 �
a

p
22 + 2 2 for Miller index [022].

The constant a denotes the interplanar distance; in the case of diamond,j~gj = 9:85 keV/c

for [022]. The energy of coherent bremsstrahlung depends onthe longitudinal momentum

transfer ql :

qmin
l '

m2
ec3

2E0

x
1  x

� ql �
m2

ec3

2E0(1  x)
(A.1)

We discard the transverse component of the momentum transfer qt , which is e�ectively

limited to 0 � qt � mec due to the rapid decrease of the cross section withqt . Eq. A.1

together with the Laue condition show thatqmin
l increases withx until it exceeds the longi-

tudinal component ofg, leading to a discontinuity of the cross section at the corresponding

fractional energyxd given by:

xd =
2E0ql

m2
ec3 + 2E0ql

(A.2)
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Whereas the angular distribution of incoherent bremsstrahlung is nearly independent

of the photon energy, the emission angle of coherent bremsstrahlung is directly correlated

to x and decreases with increasing photon energy (x � xd):

~� 2 =
1  x

x
xd

1  xd
 1 (A.3)

where~� is the reduced angle in units of the characteristic angle� char = mec2=E0. By tightly

collimating the photon beam, the relative contribution of coherent bremsstrahlung (in

comparison to the incoherent part) can be enhanced. In this case, the maximum emission

angle is limited by the opening angle of the collimator� coll , which provides a lower limit

xmin for the coherent bremsstrahlung energy passing the collimator xmin � x � xd with

xmin =
xd

1 + (1  xd)� 2
coll=� 2

char

(A.4)

An example for the calculated intensity and polarization ofcoherent bremsstrahlung

from an incident 5.8-GeV electron beam is shown in Fig. A.1. For this calculation, we

included the e�ects of thickness and mosaic spread (impurity) for an existing diamond

radiator. The e�ect of tight collimation to 1
2 � char ' 45 � rad is depicted by the dashed lines.

A.2 Beamline for Producing a Beam of Linearly

Polarized Photons

The Hall-B beamline for experiments with coherent bremsstrahlung is depicted in Fig. A.2.

Experiments with linearly polarized photons using the CEBAF Large Acceptance Spec-

trometer (CLAS) [7] typically are run at photon energies above 1 GeV, produced from

electron beams of 4-6 GeV. In order to produce such energeticpolarized photons in a dia-

mond radiator, the angle of incidence between the reciprocal-lattice vector of the radiator

and the electron beam must be aligned to approximately 0:1 mrad. A goniometer is used

to align diamond radiators of thickness 20-50� m. An instrumented collimator, positioned

22:9 m downstream of the diamond radiator, is used to enhance thedegree of linear po-
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Figure A.1: Calculated photon spectrum for a diamond crystal of thickness 20� m for an
incident electron beam of 5:8 GeV. The crystal is oriented such that coherent peak (for
reciprocal-lattice vector [02�2]) is set to 2:0 GeV. The dashed lines show the e�ect of (tight)
collimation to 1

2 � char .

Figure A.2: The Hall-B beamline for the coherent-bremsstrahlung facility at Je�erson Lab
(not to scale).

larization by ensuring that the central portion of the photon beam passes through the

collimator. The spectrum of the collimated photon beam incident on the target centered

in CLAS is monitored by a pair spectrometer. The degree of polarization is calculated by

comparing the collimated photon spectrum with simulated distributions, based on the anb

code by F.A. Natter [8]. A direct measurement of the photon polarization is obtained using

a pair polarimeter based on a four-layer silicon microstripdetector positioned in front of
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the pair spectrometer.

A.3 Goniometer and Diamond Radiators

The energy of coherent bremsstrahlung is directly correlated to the crystal orientation, and

thus the energy of the coherent peak can gradually be changedby rotating the crystal

slightly. In order to perform a proper alignment, the diamond crystal is mounted on

a goniometer that allows horizontal and vertical motion of the crystal as well as rotation

with high accuracy about all three independent axes. For convenience, a third translational

axis has been installed to move the radiator-target ladder centered in the cradle without

re-adjusting the position of the goniometer. The goniometer [9] in Hall B, as shown in

Fig. A.3, is a comparatively large device (44cm � 20cm � 76cm) that provides accuracies

of � 25 � m (horizontal), � 180 � m (vertical translation), and � 0:7 to 1:3 � rad for the

rotational axes yaw (� v), pitch ( � h), and roll (� ).

Figure A.3: The Hall-B goniometer. Diamond radiators are mounted on the target ladder
centered in the cradle.

The level of reproducibility was found to be fully consistent with the accuracy of the

end-stop switches. The device does not have independent mechanisms to verify the proper
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motion of the stepper motors, such as optical encoders. Therefore, the tagged-photon

spectrum and rate asymmetries of the instrumented collimator are continuously monitored

during its in-beam operation. Natural and synthetic diamond radiators for this facility are

selected after passing quality control tests in the form of rocking curves, i.e. the intensity

spectrum resulting from x-ray di�raction when the crystal is rotated through the Bragg

angle. The width of the rocking curve is a direct measure of the mosaic spread (impurity)

in the irradiated area of the crystal. We require that the mosaic spread of the selected

crystals be small (� 10-20� rad) over a large fraction of the crystal surface. The rocking

curve in Fig. A.4 shows that the mosaic spread for this synthetic crystal is about 7 � rad,

which is less than twice the natural width (labeled \FWHM theory" in Fig. A.4). The

rocking curve was taken before thinning the 44 mm2 sized crystal to 20� m. The inset of

Fig. A.4 shows a polarized� h photograph of this crystal.

The alignment of the diamond radiator at higher energies is complicated by the fact that

the crystal angles scale with 1=E0, thus requiring very accurate settings. Our technique for

aligning the crystal by means of a series of scans is an extension of that of Lohmann [5], and

is detailed in Ref. [10]. The alignment procedure entails executing small angular movements

of the crystal and recording the corresponding tagged-photon spectrum for each shift in� h

(pitch) and � v (yaw). A scan of a 20� m-thick diamond crystal is shown in Figs. A.5 and

A.6.

The radial distance corresponds to the photon energy. The dark radial ridges on the

plots trace the energy of the coherent peak as the angle between the beam and the face of

the crystal varies. Fig. A.5 shows the initial scan of that crystal. The lines and text denote

the result of �tting the spectrum to a template composed of eight lines, spaced 450 apart.

These lines correspond to the orientation of the crystal axes [022], [02�2] (bold lines), and

[044], [04�4] (light lines). The second, �nal scan - shown in Fig. A.6 - isclose to a perfect

four-fold symmetry, showing that the crystal is very well aligned with the beam.
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Figure A.4: Rocking curve and polarized photograph (inset)of a diamond crystal. The
mosaic spread of this synthetic crystal is less than twice the natural width.

A.4 Photon Tagger

The photon spectrum, as measured by the Hall-B photon tagger[11], is the key diagnostic

tool for aligning the reciprocal-lattice vectors of the diamond radiator with respect to

the incident electron beam. To this end, the energy countersof the tagger hodoscope were

improved considerably; all 384 energy counters received improved shielding, new bases, and

individual HV controls; 90Sr sources were attached to a rail located along the hodoscope

to calibrate the counters individually; the output signalsare fed into custom-built pre-

ampli�ers and VME-scaler arrays as well as into commercial FASTBUS multi-hit TDCs.

The scalers can be used both in free running and in gated mode;triggering with a device

downstream of the collimator allows the determination of the photon spectrum incident on
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Figure A.5: Scan of a 20� m-thick di-
amond crystal, illustrating the align-
ment procedure by �tting a template.
Here the face of the crystal, i.e. the
[100] plane, is o�set in� h and � v with
respect to the direction of the incident
electron beam.

Figure A.6: Final scan of the same
crystal, showing that the crystal is now
well aligned.

the CLAS target. These improvements enable accurate monitoring of the tagged-photon

spectrum as well as calculation of the degree of linear polarization, as shown in Fig. A.7.

A.5 Instrumented Collimator

An instrumented collimator, having an aperture of 2:0 mm in diameter, is installed in

the Hall-B beamline downstream of the tagger magnet and located 22:9 m away from the

diamond radiator. The collimator [12] serves to enhance thedegree of linear polarization,

P
 , within the coherent peak. As shown in Fig. A.8, the coherentdistribution, peaked at

1:90 GeV, is considerably enhanced by tightly collimating thephoton beam to one half of

a characteristic angle. The spectra were taken in July 2001 for an electron beam energy

of 5:7 GeV. Since the merit function scales as 1=P 2

 , the collimation as shown in Fig. A.8

enhances the quality of the polarization data by 30%.

The collimator is formed of a stacking arrangement of thirteen nickel disks, each of thick-
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Figure A.7: Normalized photon energy spectrum. Higher counter numbers correspond to
lower photon energies. The spectrum produced in a diamond radiator has been normalized
to a spectrum produced in amorphous carbon radiator.

Figure A.8: Normalized photon spectrum before and after collimation. Note that both
spectra have the same vertical scale. This highlights the e�ect of tight collimation. The
�ts to the photon spectra are based on the code of Ref. [8].
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ness 15 mm with an outer diameter of 50 mm. The disks are stacked within a cylindrical

sheath of stainless steel (Fig. A.9).

Figure A.9: Side view of the instrumented collimator, showing a sheath containing the nickel
disks and the four photomultipliers connected to thin scintillators positioned between the
�rst two disks.

Four 4-mm cubic scintillators are sandwiched between the �rst two disks to monitor the

rate of e+ e -pairs produced by photons outside the 2-mm core incident onthe �rst nickel

disk. The scintillators are read out by photomultipliers (HamamatsuR1635), which were

gain matched by lining up the �rst and second minimum ionizing peaks. The entire device

is operated under vacuum.

Asymmetries between the count rates of the scintillators are directly related to shifts in

the beam position. Fig. A.10 compares the asymmetry of the top and bottom scintillators

to the beam position as determined by beam-position monitors (� =10 � m) located just

upstream of the goniometer. Such comparisons show that the asymmetries obtained from

the instrumented collimator track beam shifts to a sensitivity better than 25 � m.
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Figure A.10: Variation of the vertical beam position duringa speci�c run of 90 minutes
length. The upper plot shows the variation of the beam position measured by the asym-
metry of top and bottom scintillators in the instrumented collimator, the lower plot the
readout of a beam position monitor in front of the goniometer.
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Appendix B

EVNT and TAGR Bank De�nitions

B.1 EVNT bank

TABLE EVNT ! create write display delete

! RECSIS reconstructed event bank

!

! ATTributes:

! -----------

!COL ATT-name FMT Min Max ! Comments

!

1 ID I -5000 5000 ! Particle Data Group ID (from SEB)

2 Pmom F 0. 20. ! momentum (from tracking)

3 Mass F 0. 10. ! mass squared

(from SEB =p**2(1.-betta**2)/beta**2)

4 Charge I -1 1 ! charge (from tracking)

5 Betta F 0. 1. ! Particle velocity in the units

of c (=R_trk/TOF/c)

[Betta was unfortunately misspelled
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in the code]

6 Cx F -1. 1. ! x dir cosine at track origin

7 cy F -1. 1. ! y dir cosine at track origin

8 cz F -1. 1. ! z dir cosine at track origin

9 X F -100. 100. ! X coordinate of vertex (cm)

10 Y F -100. 100. ! Y coordinate of vertex (cm)

11 Z F -100. 100. ! Z coordinate of vertex (cm)

12 DCstat I 0 50 ! Pointer to DCPB bank

(=0 if DC is not involved)

13 CCstat I 0 50 ! Pointer to CCPB bank

(=0 if CC is not involved)

14 SCstat I 0 50 ! Pointer to SCPB bank

(=0 if SC is not involved)

15 ECstat I 0 50 ! Pointer to ECPB bank

(=0 if EC is not involved)

16 LCstat I 0 50 ! Pointer to LCPB bank

(=0 if LAC is not involved)

17 STstat I 0 50 ! Pointer to STPB bank

(=0 if ST is not involved)

18 Status I 0 0xFFFF ! Status word (=0 out of time particle)

!

! RELations:

! ----------

!COL RELname RELtype INTbank ! Comments

! (COL)

!

END TABLE
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B.2 TAGR bank

! BANKname BANKtype ! Comments

TABLE TAGR ! create write display delete

! Tagger result bank

(AL-LYM-FR 9/29/1997 --- FYDW)

!

! ATTributes:

! -----------

!COL ATT-name FMT Min Max ! Comments

!

1 ERG F 0. 10. ! Energy of the photon in GeV

2 TTAG F -20. 200. ! Time of the photon has reconstructed

in the Tagger

3 TPHO F -20. 200. ! Time of the photon after RF correction

4 STAT I 0 4096 ! Status ( 7 or 15 are Good) other values

have problems (see tag_process_TAGR.F)

5 T_id I 1 121 ! T counter Id

6 E_id I 1 767 ! E counter Id

!

END TABLE
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Appendix C

Cut on Misidenti�ed K +

In Fig. 4.13 is plotted the invariant mass squared ofK + X vs. � + X . From this Dalitz

plot, we seek to enhance the� -meson signal by removing as many as the masquerading

� + s as possible, which are misidenti�ed asK + s. We studied the e�ects of cutting this

background by moving down they- or m2
� + X -axis in steps of 0:01 GeV2 starting from y =

0:77 GeV2 down to y = 0:64 GeV2 as depicted in Fig. C.1. Every� -meson reconstruction

Figure C.1: K + K  invariant mass andpK + versusp� + invariant masses for the PARA
E CP


 = 2:1 GeV dataset. Background from theK + K  invariant mass is reduced with no
change in the peak's height until reaching 0:66 GeV2. At this point, the cuts are cutting
into the � -meson signal region and the peak starts decreasing (gray lines). The color scheme
from the inserted key correlates the speci�cy-axis cut with the color in the K + K  invariant
mass distribution shown in the main plot.

histogram was �t to a Breit-Wigner function, with the characteristic � -meson width of
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4.26-MeV, convoluted with a Gaussian to simulate the detector resolution, plus a second

order polynomial as a background function. Results are summarized in Tables. C.1 to C.4,

where the potential cuts for each dataset are highlighted inbold font. We found the optimal

values were 0:67 GeV2 for the E CP

 = 2:1 GeV data and 0:66 GeV2 for the E CP


 = 1:9 GeV

data.
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Appendix D

ROOT Macro for Computing

Q-factors

// This MACRO is base on ``langaus.C'' MACRO in ROOT tutorial to convolute a

//Bretit-Wigner and a Gaussian functions.

//

// NOTE: There is a very nice explanation of a convolution's m eaning in

// "wiki encyclopedia"

/////////////////////////////////////////////////// //////

//#include<iostream>

//#include<fstream>

Double_t breitgausfun(Double_t *x, Double_t *par)

{

// Fit parameters:
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// par[0]= BW's with (gamma)

// par[1]= BW's mean

// par[2]=Total area (integral -inf to inf, normalization c onstant)

// par[3]=Width (sigma) of convoluted Gaussian function

// constants

Double_t invsq2pi = 0.3989422804014; // (2 pi)^(-1/2)

Double_t twoPi = 6.2831853071795; // 2*Pi

// Control constants

Double_t np = 100.0; // number of convolution steps.

Double_t sc = 0.4; // convolution extends to +-sc Gaussian si gmas

// Variables

Double_t xx; // this the variable to be integrated

Double_t fbw; // BW function

Double_t sum = 0.0; // Integral's result

Double_t xlow,xupp; // Integration's interval

Double_t step; // Differential (xupp - xlow)/np

Double_t i; // convolution steps counter

// integral ranges

xlow = x[0] - sc * par[3];

xupp = x[0] + sc * par[3];

step = (xupp-xlow) / np;
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// Convolution integral of Breit and Gaussian by sum

for(i=1.0; i<=np/2; i++) {

xx = xlow + (i-.5) * step; // this is the variable to

//be integrated and it corresponds to

// gaussian's mean <x>

fbw = TMath::BreitWigner(xx,par[1],par[0]);

sum += fbw * TMath::Gaus(x[0],xx,par[3]);

xx = xupp - (i-.5) * step;

fbw = TMath::BreitWigner(xx,par[1],par[0]);

sum += fbw * TMath::Gaus(x[0],xx,par[3]);

}

return (par[2] * step * sum * invsq2pi / par[3]);

}

/////////////////////////////////////////////////// //////

/////////////////////////////////////////////////// //////

Double_t background(Double_t *x, Double_t *par) {

return par[0] + par[1]*x[0] + par[2]*x[0]*x[0];

//return (par[0]*x[0] + par[1])*(par[0]*x[0] + par[1]) + p ar[2];

//return par[0] + par[1]*x[0];

}

/////////////////////////////////////////////////// //////

Double_t bkgFun(Double_t *x, Double_t *par){

return par[0]*sqrt( x[0]*x[0] - (4.0*par[2]*par[2]) )
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+ par[1]*( x[0]*x[0] - (4.0*par[2]*par[2]) );

}

/////////////////////////////////////////////////// //////

Double_t totalFit(Double_t *x, Double_t *par) {

//return breitgausfun(x,par) + background(x,&par[4]);

return breitgausfun(x,par) + bkgFun(x,&par[4]);

}

/////////////////////////////////////////////////// //////

/////////////////////////////////////////////////// //////

void error_bin_gbbw_linear_v1()

{

TCanvas *b=new TCanvas("b","histos",500,500);

// file with 100-entries histograms

TFile *ff=TFile::Open("/home/julian/run_2.1GeV/data_ D/test21GeV_perp.root");

// list of masses by event

char mass_name[100];

sprintf(mass_name,"/home/julian/run_2.1GeV/data_D/m ass_phi_perp.dat");

ifstream mass;

mass.open(mass_name);

ofstream error_out("error_q_fac.dat"); //file with Q-er rors
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double aux1;

double num1;

while(!mass.eof()){

mass >> num1;

mass >> aux1;

}

const int total_ev = num1;

mass.close();

mass.open(mass_name);

ofstream q_file("/home/julian/q_fac.dat"); //file with Q-factors

double lim_1 = 0.99;

double lim_2 = 1.005;

double lim_3 = 1.035;

double lim_4 = 1.07;

// BW convoluted with G fit (BW-G)

TF1 *peak = new TF1("peak",breitgausfun, lim_1, lim_4, 4);

// background (B) fit

TF1 *back = new TF1("back",bkgFun, lim_1, lim_4, 3);

// Combined B and BW-G fit

TF1 *total = new TF1("total",totalFit,lim_1, lim_4, 7);
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// signal from total parameters

TF1 *signal = new TF1("signal",breitgausfun,lim_1,lim_4 ,4);

//background from total parameters

TF1 *backTotal = new TF1("backTotal",bkgFun,lim_1,lim_4 ,3);

total->SetParName(0,"#Gamma");

total->SetParName(1,"Mean");

total->SetParName(2,"const");

total->SetParName(3,"#sigma");

total->SetParName(4,"p0 back");

total->SetParName(5,"p1 back");

total->SetParName(6,"p2 back");

// setting initial signal parameters

Double_t par[4];

par[0] = 0.001; //2.495;

par[1] = 1.02;

par[2] = 30; //1000.0;

par[3] = 0.002; //10.0;

peak->SetParameters(par);

// setting background parameters

back->SetParameters(1,1,1);

back->FixParameter(2, 0.493677);
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for(int i=1; i< total_ev; i++){ //loop over events

char histo_name[100];

sprintf(histo_name,"nc/nc_ev_%d",i);

TH1F *histo = (TH1F*)ff->Get(histo_name); // histogram to be fit

//fitting the phi-meson signal.

histo->Rebin(8);

histo->Fit(peak, "0qwr");

histo->Fit(back, "0qwr");

// setting total fit parameters

Double_t para[7];

peak->SetParameter(1,histo->GetBinCenter(histo->Get MaximumBin()));

peak->GetParameters(para);

back->GetParameters(&para[4]);

total->SetParameters(para);

total->FixParameter(1, 1.021);

total->FixParameter(0, 0.00426); // resonance with gamma

total->FixParameter(3, 0.02);

total->FixParameter(6, 0.493677); //Kaon mass

// fitting with total fit

histo->Fit(total,"0qwr");
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signal->SetParameter(0, total->GetParameter(0));

signal->SetParameter(1, total->GetParameter(1));

signal->SetParameter(2, total->GetParameter(2));

signal->SetParameter(3, total->GetParameter(3));

backTotal->SetParameter(0, total->GetParameter(4));

backTotal->SetParameter(1, total->GetParameter(5));

backTotal->SetParameter(2, total->GetParameter(6));

double gamma = total->GetParameter(0);

double sigma = total->GetParameter(3);

double mean = total->GetParameter(1);

double norm = total->GetParameter(2);

double p1 = total->GetParameter(4);

double p2 = total->GetParameter(5);

double p3 = total->GetParameter(6);

//output to the screen

cout << " +++++++++++++++++++++++++++++ " << endl;

cout << "gamma: " << gamma << endl;

cout << "sigma: " << sigma << endl;

cout << "mean: " << mean << endl;

cout << "norm: " << norm << endl;

cout << "p1: " << p1 << endl;

cout << "p2: " << p2 << endl;

cout << "p3: " << p3 << endl;

cout << " ----------------------------- " << endl;

//computing Q-factors
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int evnt;

double mphi;

mass >> evnt;

mass >> mphi;

cout << "Event: " << evnt << " Mass phi rec: " << mphi << endl;

double q_fac;

double fs;

double ftot; // fs + fb

fs = signal->Eval(mphi);

ftot = total->Eval(mphi);

q_fac = fs/ftot;

double a[3], er_a[3], dpa[3];

double a[2] = total->GetParameter(2);

double a[0] = total->GetParameter(4);

double a[1] = total->GetParameter(5);

double er_a[2] = total->GetParError(2);

double er_a[0] = total->GetParError(4);

double er_a[1] = total->GetParError(5);

double mk = 0.496377;

//error derivatives

132



double dpa[2] = (ftot - fs)*fs/(a*ftot*ftot);

double dpa[0] = -fs*sqrt(mphi*mphi - mk*mk )/(ftot*ftot);

double dpa[1] = -fs*(mphi*mphi - mk*mk )/(ftot*ftot);

cout << "ftot: " << ftot << endl;

//error calculation: computing de derivatives

//with the covariant matrix elements.

double er_q = 0.0;

for(int si = 0; si < 3; si ++){

for(int sj = 0; sj < 3; sj ++){

double er_aux;

er_aux = dpa[si]*er_a[si]*er_a[sj]*dpa[sj];

er_q = er_q + er_aux;

}

}

// output to the screen

cout << "Q:---> " << q_fac << endl;

cout << "sigma: " << er_q << endl;

cout << "" << endl;

cout << "" << endl;

error_out << i << " " << q_fac << " " << er_q << endl;

cout << "Q: " << q_fac << "Total events: " << total_ev << endl;
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q_file << i << " " << q_fac << " " << mphi << endl;

b->cd();

histo->GetXaxis()->SetRangeUser(0.98, 1.12);

// Drawing and updating histos

histo->Draw();

total->SetLineColor(2);

total->Draw("same");

signal->Draw("same");

b->Modified();

b->Update();

char img_name[100];

sprintf(img_name,"gif1/evnt_%d.gif",i);

b->Print(img_name);

}

}

134



Appendix E

Photon Beam Polarization

E.1 Introduction

The degree of the photon polarization is obtained by analyzing two photon energy spec-

tra, one coming from tagger scalers and the other one from a coincidence between timing

information of T-counters in the photon tagger and CLAS detector. Initially, a �t on the

tagger scales spectra gives the most accurate position of the coherent peak used for further

calculations. Base on this, a lookup table on an event-by-event basis is produced to have

initial values of the coherent edge to begin with and to locate the corresponding T-counter.

Then polarized data, from both tagger and T-counters, is divided by the corresponding

amorphous data and normalized. Then a �t by a ANalytical Bremsstrahlung spectra cal-

culation (ANB code [66]), which uses several parameters i.e., beam divergence, end-point

of electron beam, radiator thickness, etc., is applied. Details of this procedure can be found

in Ref. [67]. An example of ANB calculation by using 1:3 GeV coherent data is shown in

Fig. E.1. The �t by the ANB code is excellent but still some areas are not reproduced

very well. The main sources of systematic uncertainties of this calculation comes from four

factors: dependence of the E-counters on the photon tagger,theoretical and data compari-

son limits, the varying height of the coherent peak, and the uncertainty from TDC Spectra

normalization. Overall, the systematic errors from these e�ects, added linearly, have an

overestimate value of 4:3%. This calculation is detailed in Ref. [67].
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For E CP

 = 2:1 GeV and E CP


 = 1:9 GeV data sets, the results of this calculation are

Figure E.1: ABN �t to 1 :3 GeV coherent peak from tagger data (top) and a calculation of
the degree of polarization as a function of photon energy (bottom).

summarized in Tables. E.1 and E.2
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E-counter (ID ) E 
 (MeV) PARA PERP
255 2106.3 0.274 0.275
256 2097.4 0.333 0.428
257 2088.5 0.400 0.549
258 2079.5 0.467 0.632
259 2070.6 0.537 0.683
260 2061.7 0.599 0.713
261 2052.7 0.644 0.730
262 2043.8 0.675 0.739
263 2034.9 0.699 0.743
264 2025.9 0.714 0.743
265 2017.0 0.722 0.740
266 2008.1 0.725 0.736
267 1999.1 0.724 0.730
268 1990.2 0.722 0.724
269 1981.2 0.717 0.717
270 1972.3 0.711 0.711
271 1963.4 0.705 0.704
272 1954.4 0.698 0.696
273 1945.5 0.690 0.688
274 1936.6 0.682 0.680
275 1927.7 0.674 0.672
276 1918.7 0.666 0.663
277 1909.8 0.656 0.654
278 1900.9 0.647 0.645
279 1892.0 0.638 0.635
280 1883.0 0.628 0.625

Table E.1: Polarization table for theE CP

 = 2:1 GeV data set.

E.2 Mean polarization for E CP

 = 2 :1 GeV and E CP


 =

1:9 GeV data

To calculate the mean polarization, the photon energy spectrums for E CP

 = 2:1 GeV and

E CP

 = 1:9 GeV data sets were binned by steps of 26 and 29 E-counters respectively.1

Then, by using the number of entries per energy-bin (Nbin) and from the polarization

tables, the corresponding polarization value (Pol) per E-counter (ID ), the mean polariza-

126 E-counters are from 255- to 280-E-counter from Table. E.1and, 29 E-counters from 275- to 302-E-
counter from Table. E.2.
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E-counter (ID ) E 
 (MeV) PARA PERP
275 1927.7 0.361 0.138
276 1918.7 0.477 0.203
277 1909.8 0.587 0.268
278 1900.9 0.664 0.394
279 1892.0 0.713 0.533
280 1883.0 0.741 0.641
281 1874.1 0.760 0.712
282 1865.1 0.779 0.754
283 1856.2 0.790 0.780
284 1847.3 0.796 0.796
285 1838.3 0.798 0.803
286 1829.4 0.798 0.807
287 1820.5 0.795 0.808
288 1811.5 0.791 0.807
289 1802.6 0.786 0.804
290 1793.7 0.781 0.801
291 1784.7 0.776 0.796
292 1775.8 0.769 0.790
293 1766.9 0.763 0.785
294 1757.9 0.756 0.779
295 1749.0 0.749 0.772
296 1740.1 0.741 0.766
297 1731.1 0.733 0.759
298 1722.2 0.724 0.751
299 1713.2 0.715 0.743
300 1704.3 0.706 0.735
301 1695.4 0.696 0.726
302 1686.5 0.686 0.717

Table E.2: Polarization table for theE CP

 = 1:9 GeV data set.

tion is computed by

meanP ol =

P
ID P olID � Nbin IDP

ID Nbin ID
(E.1)

where ID runs from 255- to 280-E-counter and 275- to 302-E-counter for E CP

 = 2:1 GeV

and E CP

 = 1:9 GeV data sets respectively.

Mean polarization statistical errors� stat were computed based on the statistical error per

bin (
p

Nbin ) weighted by the corresponding polarization value from polarization tables.

Statistical and systematic errors from the calculated meanpolarization for E CP

 = 2:1 GeV
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Figure E.2: 26-bin Photon beam energy histogram for PARA (left) and PERP (right)
E CP


 = 2:1 GeV data sets.
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Figure E.3: 26-bin Photon beam energy histogram for PARA (left) and PERP (right)
E CP


 = 1:9 GeV data sets.

and E CP

 = 1:9 GeV data are summarized in Table. E.3.

PARA � � stat � � sys (%) PARA � � stat � � sys (%)
E CP


 = 2:1 GeV 64.2 � 6.42 � 3.21 67.5 � 6.41 � 3.375
E CP


 = 1:9 GeV 73.8 � 5.65 � 7.38 73.6 � 5.96 � 7.36

Table E.3: Mean photon polarization fromE CP

 = 2:1 GeV andE CP


 = 1:9 GeV data sets.

139



Appendix F

MC Simulation Parameters

F.1 FFREAD cards

AUTO 1

CUTS 1.e-3 1.e-3 1.e-3 1.e-3 1.e-3

SCCUTS 1.e-4 1.e-4 1.e-4 1.e-4 1.e-4

STCUTS 1.e-4 1.e-4 1.e-4 1.e-4 1.e-4

DCCUTS 1.e-4 1.e-4 1.e-4 1.e-4 1.e-4

MAGTYPE 2

MAGSCALE 0.4995 0.0

SIGBEAM 0.0

BEAM 4.558

TARGET 'g11a'

NOGEOM 'MINI' 'PTG' 'FOIL' 'SOL' 'IC'

RUNG 48301

GEOM 'ST'

STTYPE 1

STZOFF -24.06
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TGPOS 0.0 0.0 4.06

DCAY 1

KINE 1

TAGMATE 'LH2'

SAVE 'ALL ' 'LEVL' 10 'HADR' 0.001

STOP

F.2 GSIM, GPP and RECSIS command lines

GSIM:

gsim_bat -mcin <MCdata.bfp> -ffread ffread.in -bosout <GS IM_ouput.bfp> -kine 1

GPP:

gpp -R48373 <GSIM_output.bfp> -o<GPP_output.bfp>

RECSIS:

user_ana -t recsis_file.tcl

F.3 Command-
ags �le: recsis �le.tcl

global_section off;

set ltrk_do -1;

set legn_do -1;

set lcc_do 0;

set lic_do 0;

set lgem_do 0;

set ltof_do -1;

set lst_do -1;

set ltime_do -1;
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set lcall_do 0;

set lrf_do -1;

set ltagger_do 0;

set lec1_do -1;

set lusr0_do 0;

set lusr1_do -1;

set lseb_do -1;

set lhbid_do -1;

set ltbid_do -1;

set lpart_do -1;

set lpid_make_trks 0;

set lgpid_do -1;

set photon_trig_type 4;

inputfile gpp_10.bfp

outputfile a1c_10.bfp PROC 2047

setc outbanknames(1) all

set torus_current 1930;

set mini_torus_current 0;

set poltarget_current 0;

setc bfield_file_name bgrid_T67to33.fpk;

setc prlink_file_name prlink_tg-20.bos;

set dc_xvst_choice 0;

set trk_maxiter 8;

set trk_minhits(1) 2;

set trk_lrambfit_chi2 50.;

set trk_tbtfit_chi2 50.;

set trk_prfit_chi2 20.;

set trk_minlramb 4;

set trk_level 4;
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set lmon_hist 0;

set lall_nt_do 0;

set lechb_nt_do 0;

set lseb_nt_do 0;

set ltrk_nt_do 0;

set ltbtk_nt_do 0;

set lscr_nt_do 0;

set lccr_nt_do 0;

set llac_nt_do 0;

set lpart_nt_do 0;

set lmctk_nt_do 0;

set lec_nt_do 0;

set lsc_nt_do 0;

set lst_nt_do 0;

set lcc_nt_do 0;

set ldc_nt_do 0;

set ltrk_h_do 0;

set legn_h_do 0;

set st_type 1;

set st_tagger_match 15.;

set tagger_etwin 10.;

fpack "timestop -9999999999"

set lscat $false;

set ldisplay_all $false;

set lepics 0;

set linfo 0;

set lwarn 0;

set lerror 0;

set lfatal 0;
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setc rec_prompt "gsimtest> "

go 75000;

exit_pend;
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Appendix G

ROOT Example of a Rotation

This is an example of how to do a Lorentz boost to the the Helicity frame (HEL) and how

to go from HEL to Gottfried-Jackson frame (GJ) just by doing arotation using ROOT.

G.1 From LAB frame to HEL frame

...

...

/***************

* Boost to CM *

***************/

b_cm = pgl.E()/(pgl.E() + pptl.M());

//b_cm = (ppl + pphil).Rho()/(ppl + pphil).E();

BCM.SetXYZ(0,0,b_cm);

LAB_TO_CM = I;

LAB_TO_CM.Boost(-BCM);
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pgcm = LAB_TO_CM*pgl;

pptcm = LAB_TO_CM*pptl;

ppcm = LAB_TO_CM*ppl;

pkpcm = LAB_TO_CM*pkpl;

pkmcm = LAB_TO_CM*pkml;

pphicm = LAB_TO_CM*pphil;

/*************************

* Rotation about Z-axis *

*************************/

pgrest = pgcm;

pptrest = pptcm;

pprest = ppcm;

pkprest = pkpcm;

pkmrest = pkmcm;

pphirest = pphicm;

pgrest.RotateZ(-azimuth(pphicm));

pptrest.RotateZ(-azimuth(pphicm));

pprest.RotateZ(-azimuth(pphicm));

pkprest.RotateZ(-azimuth(pphicm));

pkmrest.RotateZ(-azimuth(pphicm));

pphirest.RotateZ(-azimuth(pphicm));

// after this line PHI-meson azimuth angle changes

//rotation about Y-axis

//here the phi-meson should be py = 0 and px > 0

pgrest.RotateY(-polar(pphicm));
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pptrest.RotateY(-polar(pphicm));

pprest.RotateY(-polar(pphicm));

pkprest.RotateY(-polar(pphicm));

pkmrest.RotateY(-polar(pphicm));

pphirest.RotateY(-polar(pphicm));

// after this line PHI-meson polar angle changes

//here phi-meson px = py =0 pz > 0

/***********************

* Boost to REST frame *

***********************/

b_rest = pphirest.Pz()/pphirest.E();

BREST.SetXYZ(0,0,b_rest);

CM_TO_REST = I;

CM_TO_REST.Boost(-BREST);

pphirest = CM_TO_REST*pphirest;

pprest = CM_TO_REST*pprest;

pkprest = CM_TO_REST*pkprest;

pkmrest = CM_TO_REST*pkmrest;

pgrest = CM_TO_REST*pgrest;

pptrest = CM_TO_REST*pptrest;

//here phi-meson px = py = pz =0

//here outgoing proton should be px = py =0 pz < 0

/********************//

// Helicity frame!!!!
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//********************//

pghel = pgrest;

ppthel = pptrest;

pphel = pprest;

pkphel = pkprest;

pkmhel = pkmrest;

pphihel = pphirest;

...

...

G.2 From HEL to GJ

...

...

/********************//

// Helicity frame!!!!

//********************//

pghel = pgrest;

ppthel = pptrest;

pphel = pprest;

pkphel = pkprest;

pkmhel = pkmrest;

pphihel = pphirest;

/***********************************/

// Going from hel fram to GJ frame

/***********************************/
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//This is a rotation about y-axis at HEL

rGJ = polar(pgrest);

pghel.RotateY(rGJ);

ppthel.RotateY(rGJ);

pphel.RotateY(rGJ);

pkphel.RotateY(rGJ);

pkmhel.RotateY(rGJ);

pphihel.RotateY(rGJ);

...

...
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