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ABSTRACT OF THE DISSERTATION

MEASUREMENT OF THE INDUCED POLARIZATION OF\(1116) IN KAON
ELECTROPRODUCTION WITH CLAS

by
Marianna Y. Gabrielyan
Florida International University, 2012
Miami, Florida

Professor Brian Raue, Major Professor

The CLAS Collaboration is using th€e, ¢’ K *p)=x~ reaction to perform a measure-
ment of the induced polarization of the electroprodudétil16). The parity-violating
weak decay of thed into pr— (64%) allows extraction of the recoil polarization of the
A. The present study uses the CEBAF Large Acceptance Spectrof@éks) to de-
tect the scattered electron, the kaon, and the decay pr@bAS allows for a large
kinematic acceptance i9? (0.8 < Q* < 3.5 GeV?), W (1.6 < W < 3.0 GeV), as well
as the kaon scattering angle. In this experiment a 5.499 GeMretebeam was inci-
dent upon an unpolarized liquid-hydrogen target. The got mmap out the kinematic
dependencies for this polarization observable to provige censtraints for theoretical
models of the electromagnetic production of kaon-hypernaal States. Along with pre-
viously published photo- and electroproduction crossisestand polarization observ-
ables from CLAS, SAPHIR, and GRAAL, these data are needed in a coapbathel

analysis to identify previously unobservedhannel resonances.
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CHAPTER1

Introduction

1.1 Historical Overview

Particle physics studies the internal structure of maiteestigating the properties of
so-called elementary particles that make up matter andititeractions. But we must
note that it was not an easy task to define what “elementaryhmeEhe definition was
constantly changing throughout the stages of developnfgrarticle physics. At every
stage the elementary signified the smallest possible f@dfanatter that could not be
further subdivided.

At early stages, in the absence of accelerators, cosmic rages tiwe only source
from which the scientists could gather information about thepprties of elemen-
tary particles and their interactions. By the end of 194%s&@velementary particles
were discovered, among which were the electror{1897), photony (1900), protorp
(1919), neutrom (1932), as well ag® (1938),x* (1947) andx* (1949). Each one of
these particles was assigned quantum numbers such ascetbetrge, baryon number,
spin, parity, strangeness etc., to describe their intenagiroperties. Conservation of
guantum numbers in nuclear reactions was assumed to be ersaiNaw. It was also
known that the interactions are governed by four fundamentakf of nature: strong,
electromagnetic, weak and gravitational.

By 1949 scientists already recognized that there were moogvkrmparticles than
quantum numbers, and some of them have very similar propefitas similarity mo-
tivated the first attempts to classify the known particles. ©hthe first attempts to

classify the particles was made by Fermi and Yang in 1949, wiosep andn and

their antiparticlesp andn to be the basic elementary particles and tried to construct

all other known patrticles by different combinations of thésar. The Fermi and Yang

model obviously failed when applied to strange particles.



PARTICLE | m(MeV) | B| z|J((h)| P| T | S|Y=S+1B
P 938.3| +1 | +1 12| +1|1/2] 0 +1
n 9396 +1| O /21 +1|1/2| 0 +1
A 11156 +1| O 1/2 | +1 0] -1 0
D 938.3| -1 | -1 /2| -1 12| 0 -1
n 9396| -1| O /2] -1|11/2| 0 -1
A 11156| -1 | O 172 | -1 0| +1 0

Table 1.1: Summary of quantum numbers for basic set of bargb®akata
model ). HereB, =, J, P, T, S andY are the baryon number, electric charge,
spin, parity, isospin, strangeness, and the hyperchaggpectively.

In 1951, track analysis of cosmic ray interactions revedeshape tracks that cor-
responded to a neutral particle decaying at rest into twoggathparticles. The detailed
analysis demonstrated that the decay products warelr—. So the newly discovered
particle was a baryon that was a little heavier than the munde The new particle was
namedA. The problem withA particle was that it was produced in a strong interaction
but the decay time was around—!? s which is typical for weak decay. This property
was a characteristic of strange particles. So the newly deseal particle was a strange
baryon.

In 1956 Sakatal], 2, 3] proposed an alternative model of particle classification. As
a basic set he suggested taking then addition top andn and their antiparticles, in
order for it to be possible to construct all known baryons as a&Hll strange particles.
The members of the basic set should also have half-integes sporder for it to be
possible to construct the states with integer as well as halgentepins. Tabld.1
summarizes the quantum numbers and masses of these bafyenshoice of baryons
for the model was influenced by relative similarity of thetpae masses (Table.1[2]),
which ensures that at very small distances, their strongaot®ns are approximately
the same. When applied to mesons, it is obvious that the catmshould be a
baryon-antibaryon pair in order to ensue0. In the Sakata model it is shown that from
three baryons and their antiparticles it is possible to tansnine baryon-antibaryon
pair combinations: a unitary octet and a unitary singletbl@d.2 summarizes these

nine combinations for pseudoscalar mesons. The six offeshal elements of Tablke 2



PARTICLE

ANTIPARTICLE p| n| A
Dl pp| m | K~

al #t | an| KO

Al Kt | KO | AA

Table 1.2: Table of pseudoscalar mesons constructed asgda Sakata’s
constituent modeld].

are identified with corresponding mesons. Three more combmsatan be constructed
from the linear combinations of the diagonal elements ol@at?2. The first is7" with
combination fp-nn)/v/2 and isospiri’=1. The second combination igpfnn-2AA)/\/6
with isospinT=0 corresponds tg. And the last combination igig+nn+AA)/\/3, fully
symmetric undep, n andA exchange and forms a unitary singlet. The last combination
later on turned out to be thg(958) meson. According to Sakata model, pions and kaons
belong to the same unitary octet which was surprising becatifee relatively large
mass difference between the pions and kaons. But when thesgdgsawere viewed
as bound states and the binding energy was calculated,|&teedinding energy ratio
turned out to be0.1 <« 1. This statement can be proved for all eight members of
the unitary octet?]. The defects of Sakata model become noticeable when applied to
baryons. The three baryon combinations must be excludeausecno baryons with
B=3 are observed in nature. The conclusion was that the basioslel not bey, n, and
A.

Although the Sakata model does not describe all known hadmpepties, it serves
a nice introduction to subsequent attempts of hadron cleagsdn. The new models
also used the same basic assumption made in Sakata modelehmtdions with the
same spin and parity can be grouped into multiplets. The sustessful alternative
model was suggested by Gell-Mann and Neeman in 19p1They assumed that the
basic set of particles must hafractional baryon charge wittb=1/3 and spin=1/2. The
electric charge was calculated according te T3+i}5 [2], which was alsdractional.
In 1964 Gell-Mann named these patrticles “quarks.” In theigtEfold Way” model @]

they constructed mesons from quark-antiquark pairs angobarfrom three quarks.



QUARK | J | B | ST T T3
w | 12| 13| +23] 0| 12| +12
d| 12 13| -U3| 0| 12| -12
s |12 13| -U3[-1] 0O 0
c |12 13| +23] 0] 0 0
b |12 13| -3 0] O 0
t 1213 +2/3] 0] © 0

Table 1.3: Summary of quark quantum numbéfls Here J, B, z, S, T and
T3 are the spin, baryon number, electric charge, strangeisesqin and the
third component of isospin, respectively.

When applied to baryons, combining three quarks gave thecdosets of multiplets
that were observed in nature. Within the framework of this eipthey were able to
construct all baryons and mesons known at that time and eeslicbthe existence of
the Q~. The strong objection to this model was the fact that it requireee identical

guark combinations in direct contradiction with the Paulnpiple, which states that
no two particles with the same quantum numbers can occupy the spin state. The
way out from this situation was given in the framework of Quam@hromodynamics
(QCD), which assigned “color” charge (red, green and blue) &rkgias an analog to

electric charge in Quantum Electrodynamics (QED).

1.2 Motivation

At the present moment there are six known quarks. The quarktgoanumbers are
summarized in Tablé.3. The interaction between quarks is mediated by gluons, the
gauge bosons of strong interactions. The QCD theory desailmesurrent understand-
ing of the interactions between the quarks and gluons. QCDgtsetthe existence of
excited nucleon states, called* resonances, some of which have been observed ex-
perimentally. These resonances form the QCD spectrum. Arwptd some existing
explanations, baryon excitations are the result of intarginteraction dynamics, or the
presence of diquark clustering inside baryons. The causescdations are still under

investigation. They are the driving force for most of thereut Jefferson Laboratory



experiments and also are the focus of the present analysis.

According to QCD, quarks can emit and absorb gluons, much the seay as
a charged particle can emit and absorb photons according tQ#i2 theory. The
strength of these interactions is determined by so calleglowy constants. Unlike
QED, where the coupling constant= 1/137 is independent of energy (for Jefferson
Laboratory energies), the coupling constant of the strotgractions in QCD is pretty

much energy dependent, and goes to zero as the interquaniaepr goes to zerod]:

1

Inr

g3(r) ~ (1.1)

—-
At very high energies the coupling constant of the strongauion is very small, but at
energies below7 GeV, g5 >1. All calculations both in QED and QCD are performed
using perturbation theory with the corresponding coupliagstants used as expansion
parameters. In QED calculations, every higher order ternuiags| an additional fac-
tor o2, therefore decreasing its contribution by a factonéf~ ﬁ at all energies.
One can stop including terms once the desired precision chegha At the present mo-
ment the experimental results and QED calculations agree tgntsignificant digits.
Perturbation theory works fine for QCD calculations at higkrgres as well. At low
energies, however, this technique cannot be used becauserttndbation from every
higher order term either increases or contributes with aygprately the same weight
(gs ~ 1) to the amplitude.

As an alternative, different quark models were developed &fgoming calcula-
tions in the low-energy region where perturbative QCD cannafy#ied. One way to
test the predictions of these models is to obtain the QCD spa¢since it can be ver-
ified experimentally. One such model is the constituent quaskiel (CQM) proposed
by Capstick and Robert®]. In CQM model, baryons are treated as three quark sys-
tems consisting of onlyalence quarks {, d ands) with relativized wave functions. The
CQM model is the relativized version of tié&, hadron decay model, which assumes

that the hadron decay goes via production of quark-antigpairs with a quantum num-



Nx — KA

State| Rating | B.R. (K'A)
N*(1650)511 el 3-11%
N*(1675) D5 Hkkk <1%
N*(1680)F'15 il -
N*(1700)Dq3 ek <3%
N*(1710) P, ok 5-25%
N*(1720) P35 ok 1-15%
N*(1900) P35 * 2.4%
N*(1990) F1; * -

N*(2000) Fi5 *

Table 1.4:N* resonances below 2 GeV listed by Particle Data Group (PDG)
that couple tak ™A. The star rating is the PDG standard and the B.R. indi-
cates the branching rati@][

ber JPC = 0+ (consistent with vacuum quantum numbers). These quantumensmb
correspond to thép, state, hence the name of the model.

The predictions of these models introduce the so catisdng resonance problem.
The problem is that the models predict about four times mesmmance states than
have been experimentally detected. One of the explanatidghatishe formation chan-
nel plays a significant role in resonance creation. Most ofekisting experimental
results are for the N — N* — =N reactions. But calculations show that not all reso-
nances can be created via this channel. To fully understangdrtfduction and decays
of excited baryon states, other reaction channels mustflerex. Recent experiments
revealed that som&™ resonances can be created yjaphotoproduction andp elec-
troproduction.

For this analysis we have chosen thep — ¢/ + K + A reaction. Thex+ A produc-
tion mechanism is treated as a two step process: first thénaogs baryon resonance is
formed in thes-channel, then it decays into the final"A state. Tablel.4 summarizes
the list of knownN* baryons that can couple to the" A channel. Although this final
state has a low cross section, the two-body decay is kinerntgatoare favorable for
states below 2 GeV, because of the relatively higher masdes gfrticles involved, as
compared to the multipion final states. Studying this finaksteecomes more advanta-

geous, since most of the missing resonances are predictesd¢anasses below 2 GeV.



PARTICLE | Decay Mode| Mass(MeV)| J | B | z| S| T | P cT
K+ (us) | ptv, (63%) 493677 O] O|+1|+1|1/2| -1|3.712m
A (uds) | pr— (63%) 1115683 1/2| 1| 0| -1 0| +1| 7.89cm

Table 1.5: Summary of quantum numbergof andA [7]. HereJ, B, 2, S, T
andP are the Spin, Baryon number, electric charge, strangersesgin and
parity respectively.cr is the proper distance that the particle travels before
decaying.

The masses and full quantum numbers of bisthandA are summarized in Table5.

The KT A channel is relatively easy to detect with the CLAS detector ez afiits
large acceptance. A detailed description is given in Chapte The K lives long
enough to be detected directly, while thdravels, on average, only8 cm before de-
caying. Experimentally, th& can be identified either via detecting both decay products
that traverse the CLAS detector then reconstructing theigmamass or by reconstruct-
ing the hyperon missing mass spectrum. The later method tsfos@resent analysis
and is discussed in detail in SectiBr8. Because of the parity violating decayofthis
channel is also easy to analyze for polarization by lookinthe@ angular distributions
of one of the decay products from pr— decay mode for present analysis). Note that
KT andA are produced in the strong interaction which conserves isodia isospin
conservation prevents resonances from decaying info* A, thus playing the role of
a filter.

The strange quark plays an important role in understandingttioeg interactions
of the nucleons. The investigation of strangeness prooludti both photo- and elec-
troproduction reactions has been carried out since thesl 95 as of today, there is
no comprehensive model describing the reaction mechanidra. present analysis is
part of a larger program, carried out at Jefferson Lab, tordates cross sections and
polarization observables in kaon photo- and electroprbdncwith a final goal of de-
veloping a comprehensive model of the strangeness produstazess. The cross sec-
tions and the polarization observables can be expressedms t& response functions
according to the framework of Re®]. In order to have a model-independent descrip-

tion of pseudoscalar meson production, a total of 36 indéeenresponse functions



need to be measured in single- and double-polarizationrempets as summarized in
TableA.1[6]. Some of these observables have already been measureckatscaissed
in Sectionl.6. Polarization observables possess a strong discriminatavgipthat can
be used for distinguishing between different theoreticatlei® and their variants when
trying to describe the underlying strangeness productiealranism, for which the dif-
ferential cross sections alone has proven to be insuffici€he results of the current
analysis, when added to the world database, will help to canstradel parameters of
strangeness production. Ultimately, a full partial wavelgsia will provide informa-
tion aboutN* resonances involved in the production process. The resultsaafirm

or reject the existence of weakly establisheanmssing N* resonances.

1.3 Physics Variables and Formalism

The kinematics of the+p — ¢/ + K + A reaction is shown in Figl.1 The process of
electron scattering off of a nucleon is mediated by the emghaf a virtual photon. As
a result of this interaction two strange particl€s (us) andA(uds) are produced in the
final state. This process is known as strangeness electnagirod. The virtual photon
Is characterized by two Lorentz invariant variables: trensferred energy; and the

transferred four-momentum squaregt:

v = Ej— Ly,

9,0
Q* = —(pe—pe/)2=4EiEfsln2(§), (1.2)

whereE; and £, are the initial and final electron energies in the laboratorsngaThe
pe andp,, are the initial and final four-momenta of the electron, resipely, and 6.
is the electron scattering angle in the laboratory framee Vintual photons, denoted

as~*, possess both longitudinal and transverse polarizatitikeureal photons, which



7/
electron scattering plane

decay plane

Figure 1.1: Kinematics fok ™A electroproduction showing angles and po-
larization axes in the c.m. (left) and lab (right) refereff@anes.

only possess transverse polarization. Theolarization components are given by:

1
3
1+2(1+ &) tan? (%)
2
€, = Q—e. (1.3)
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Another important set of Lorentz invariant variables aresbealled Mandelstam vari-

ables, which manifest the four-momentum conservation in¢héering process:

s = (¢+p)* = (px +pr)? (1.4)
t = (¢—pr)*=(pr—pr)% (1.5)
u = (¢—pr)?=(pr—pK)* (1.6)

In these equationg p;, px, andp, are the four momenta of the virtual photon, target
proton, kaon, and, respectively. Mandelstam variables define the correspgrglif)
andu-channels of the scattering process shown in Eig. Each channel corresponds to

a Feynman diagram where the invariant mass squared of the edéta or exchanged


Chapter1/Chapter1Figs/kin4.eps

Y. ¥

D
(a) (b) (c)

s—channel t—-channe! u-channel

Figure 1.2:ep — KY reaction channel diagrams.

particle is equal te;, ¢, andu, respectively. The intermediate hadronic-state energy
W =./sis:
W? = s =M +2Mpv — Q% (1.7)

The target proton is stationary in the laboratory frame tséaur-momentum isx/,,0),
where, is the mass of the proton.

The present analysis employs the missing-mass techniquerttfydine final state
of interest. The missing-mass technique uses energy ancentam conservation laws
to reconstruct the mass of the undetected (missing) part8ihce\ cannot be detected
directly because of its short lifetime, it is identified bg rtieconstructed mass. In the

ep — ¢/ KT X reaction the missing mass is defined as:

M% = ((pe +pt) — (per + PK))*. (1.8)

The M% missing mass calculated from Ef.8 for the p(e, ¢’ KT)A final state should
be consistent with thé& hyperon mass. In the same way, the missing mass for the

ep — ¢/ KTpX reaction can be calculated by:

M% = ((pe + pt) — (per + prc +1p))° (1.9)

wherep, is the four-momentum of the detected proton that comes frarhiiperon

decay. In this analysis th&?2, calculated by Eql.9, is constrained to be consistent

10


Chapter1/Chapter1Figs/stu_channels.eps

with the pion mass squared.

The reaction kinematics are uniquely defined by the set af fadables @2, W/,
cos 0SM | ¢ 1), wheregPM is the kaon angle in the CM frame defined in FigL ¢ is
the relative angle between the electron-scattering andatieh-production planes.

The KA electroproduction cross section in the most general fonrbeeexpressed

as a product of the virtual photon flux and the photo absorptiosscsectiong):

d3a doy
dQpdQ g dE' N FdQK’ (1.10)

where
a W

1
- EW(WZ — M2) {—] . (1.11)

PRl (1 —¢)
The photo absorption cross section in terms of the respmmmi@nstO‘ IS given using

the notations of Refg] as:

doy

Q0

— KSaSj [R@O‘ + e, RP 4+ /2eL(T+ ) ( CRPY cos g + *RPY sin )
+ € CR?% cos 29 + SR?% sin2¢ )

+ hy/2er,(1 —€)( CR?,O‘L, cos g + SR?%, singg) +hv1— 62R§£},} . (112

In this expression, the kinematic fact@r= ]L%KW is the ratio of the kaon center-of-mass
and virtual photon momenta aridis the electron-beam helicity. The superscripts
and 3 refer to the target and polarizations, respectively, where a sum oweand 3

is implied. Thec and s superscripts on the response functions refer to the cosine or
sine terms they accompany. Talflel summarizes which response functions survive
for different polarizations.

The spin-projection operators are defined as

Sa - (178),

Ss = (1,8,

11



with

S = ( €T y7*§2’))

" = (S,,5,,5.).

The unprimed-coordinate syste3ns associated with the electron-scattering plane. Itis
defined with the: axis along the virtual photon momentum vecipy is normal to the
electron-scattering plane, and= j x 2. The primed-coordinate systeshis associated
with the hadron-plane coordinates and is defined scithatlong the kaon momentum
vectorpy, with ¢/ normal to the hadron production plane, afd= ' x 2'.

In the simplest case nothing is polarized, so the contribatfoam the beam, target

and recoil polarization vanish, and equation Ed.2reduces to

op = (552)00: K [R%O + GLROLO + \/WR%OL cos P + ER%QT cos 2¢K] ,
(1.13)
so thatk R?O = ¢; are the usual unpolarized cross-section components.
During this experiment, a polarized electron beam was imtidpon an unpolarized

target proton, producing a polarized recoil hyperon. F& tlase, Eql.12becomes

d . . .
o = 00(1+hATL’+Px’Sx’+P’S /—l—PZ/SZ/), (114)
dQ YTy

where

K
Appr = 0—\/26L(1 - e)ROTOL, sin ¢ i
0

describes the electron beam spin asymmetry. Fagerms describe the hyperon polar-
izations. Each component of the polarization by itself carkpressed as a sum of the
beam-helicity independeninduced polarization) and helicity-dependentdnsferred
polarization) terms?; = P]Q, +hPj, whererQ denotes thénduced polarization of the

A, andP]’., corresponds to thieansferred polarization. Both polarization components in

12



the primed coordinate system can be expressed in terms od$pemse functions as:

K
Pg?, = 0—0<\/2€L (1+e¢) RTL51n¢K+eRTT81n2¢K) (1.15)
0 K y'0 y'0 y'0
P, = a_<R +e R+ /2 (1+€) RTLCOS¢K+6RTTCOSQ¢K>
0
K
PS, = U—O<\/2€L +€) RTLsm¢K+eRTTsm2gbK>
K )
PS,C/ = O_-(\/2€L 1—6 RTL/COS¢K+ 1—¢€ RTT/>
K
Pé, = 0_—\/2€L (1—¢) RTL,sm¢K

Eqg.1.14can be integrated over, angle. The experimental purpose of the integration
is to improve the statistics and allow fine binningtin and cos 6" variables. First
we need to define the transformation that relates the coordieaociated with these
planes. The transformation from the primed coordinateesygb the unprimed coordi-
nate system is achieved by simple rotations, firsé gyabouty’, followed by ¢z about

2'. The rotation matrix that relates the coordinates is

cosfp cos oy —singr sinfg cos dg
R=| cosOpsingr cosoy sinfgsinoy

—sinfg 0 cos O

We can define the spin-projection operator in the hadronepilarierms of that of the
electron plane using this transformatiorﬁ*j/ = R—lgj. Using these relationships for

Sj/, the cross section can be rewritten as:

doy

A0
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whereP; = P} + hPj with

P = Pg,COSQKCOSQSK+P£,(—sin¢K)+PZO,S'1119KCOS¢K (1.17)
J Pg,cosﬁKsin¢K—i—Pg?,cosqﬁK—l—Pg,sinHKsingbK

P = PS/(—SHIQK)—FPZO/COSQK

P, = PQ’C,COSHKCOSQSK+Pé,(—sin¢K)—i—PZf,sinQKcosgbK

P = P;/COSQKSHMﬁK+P?;/COS¢K+PZI,/Sin9KSiH¢K

P, = Pl (—sinfg)+ P cost.

These are now the observed inducé@)(and transferred}(jf) polarizations of the\
measured with respect to the electron-plane coordinatersyst

The integration ovep ;- from 0 to2r greatly simplifies the cross section expression:

/027r jg:{ déy, = (/00) (14 PpSy + PySy + P.5.), (1.18)
where
/ o9 = 2 K(RY + e RY) (1.19)
and
Pj =P+ P, (1.20)

where? ;s are¢ i -integrated polarization components. The individbgs are:

P0 = 0 (1.21)
70 = Wm%uﬁ’g cos i + RYY + R0 sin6)

P) = 0

o= ﬂm%(}f%g, cosfOp — R;}lg, + R%lg, sinfg)

Py, =0

P, = QT\/QUEO(—R%IJQ/QHQK—G—R%%/COS@K).
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The ¢ integratedP; components in the primed coordinate system are given by:

0

K / /
0o _ 2 (pyo Y0
?y—-%<Rr+qﬁL>
0
:PZ/ — 0
/ K "0
(Pﬁ/ = 0_—0 1—62R5:1T/
jD// == 0

K :
P, = ;6\/1—62R%%p

The coordinate systemi, ¢, 1), that was used in this analysis, is defined witilong
the A momentum {= —2), # normal to the hadron plane afd- —z’. The polarization

components in this system are given by:

P,=-P, P,=P, P =-P, (1.23)

x Y z

The integration ovep ;- gives:

PV = 0 (1.24)
fPO _ E(Ry’O_i_e RZ/O)
n oo \'T LAy,
P =0
K
¥ - —SisaRg,
0
PL=0

K /O
j)g = _0'_0 V ]_ — EQR%T/
From Eq.1.24we see that only the normal component of the induced polarizatien su

vives the¢ integration and only the in-plane components survive fortthesferred

part.
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1.4 A Polarization

Although theA is produced in a strong hadronization process it can only deeakly.
The reason for this is that is not heavy enough to decay into a nucleon and another
strange meson in order to preserve strangeness, which aebebkss to be conserved
in a strong process. The main decay modes afepr— andnz” with branching ratios
of 64% and 36%, respectively]|

One can qualitatively show that the induced polarization @alg have a non-zero
component normal to the production plane, while the other teramonents must turn
to zero. Thep(e, ¢’ KTp)r~ reaction is an electromagnetic interaction which conserves
parity. The total cross section of the reaction must be iavhrunder parity transfor-
mation. The differential cross section of this interactisigiven according to EdlL.14
for the case of a polarized electron beam, polarized reaait, an unpolarized target
proton. The beam spin asymmetry term will drop out after integna Under parity
transformation any in-plane component will change the digrder for the total cross
section of the reaction to be invariant under parity transftion, the in-plane compo-
nents must turn to zero. Recall that under the parity transition in the production
plane, the momentay, — —py andp+ — —pg+, butpy x pi+ does not change the
sign, meaning that, x pg+ Is invariant under the parity transformation. So, the
spin is forced to be oriented either along or oppositgto< p+. On the other hand,
pA X D+ 1S, by definition, perpendicular to the production plane. Tjualitative argu-
ment regarding the induced polarization only works if thegéd is unpolarized. On the
other hand, if the target is polarized, th&nnduced polarization is not constraint to be
in the normal direction but can also have in-plane components

Parity violation is a general property of weak decays, which allexisaction of the
A polarization from the angular distribution of one of the agproducts. The remainder
of this section describes in detail the self-analyzing reatdrtheA [3].

Fig. 1.3shows definitions of the coordinate axes and directions ohttiecay prod-

ucts. Thez-axis is defined along th& spin direction in the\ rest frame. The total
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Figure 1.3:A decay axes definitionS].

angular momentum must be conserved as well as the third ceenpoh the angular
momentum in the decay process. Recall that forAh#he total angular momentum is
J = 1,7, = +1. The proton and pion can be produced with a relative orbital angular
momentum. The angular distributiord(¢) of the decay products will depend on their
relative orbital angular momentum. Two possible options fare! = 0 (s-wave) with
thep and A spins aligned of = 1 (p-wave) with thep and A spins antialigned. If we
call the z-components of the proton spin;, the! orbital angular momentum., and
the angular momentum wave functim’;ﬁm, then for thes-wavem; = +%, my = 0 and
v}, =YY so that:

g = aSYOOX+, (1.25)

wherea, is the amplitude ang ™ is the proton spin-up wave functiom( = +%). For
thep-wave case the conservation of the third component of theaalar momentum
(m1+mg = J. = +3) can be achieved either with; = +1 andmgy = 0 orm; = —3 and
mg = 1. Using the Clebsch-Gordan coefficients frof the p-wave function becomes:

2 . 1,
2y, . ZY. +
Vo =5

Uy = ap : (1.26)
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The total wave function is the sum of thk@ndp waves:

201
CLp\/;yl

as anda, are complex amplitudes with an arbitrary phase. One can chibesghase

Y =1s+1p = |:aSYOO - a_pylo X+ + X - (1.27)

V3

of a5 in such a way as to make it real. Using the orthogonality ofytheandy— states
and replacing the’}, by their expressions (see e.@))f Y{ = 1, Y{/v3 = cos 057,
\/ngl = —sin e{fF, the probability amplitude of this angular distribution of the tores

can be written as:

Yt = ag|? + ]ap|20052 OfF + |ap|231n2 HZ?F — ag Cos QI])%F[ap + ap*]
= as® + ]ap|2 — 2asReay, cos GﬁF
2asRea’ RE
= (Jas|® + |ap/?)(1 = ———L % cos O1F). (1.28)
jas|? + [ap|? i
By making a substitution:
QQSRGCL;;

a = ——

|as|? + |ap|?
No = las|* + lapl*, (1.29)

the angular distribution of the decay products can be brbtatine form:

dN

W = No(l — (X COS eﬁF) (130)

Recall now that the angl@?F in this expression is defined with respect to thepin
direction, but this direction is arbitrary. In order to maess the angular distribution
experimentallyﬂﬁF needs to be redefined with respect to the normal to the production
plane. If theA spin and the normal are assumed to point in the same direction then

Eq.1.30becomes:
dN
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In our analysis, the normal to the production plane is defeed cross product of the
CM momenta of the\ and virtual photon and is assumed to be directed opposite to the

A spin. With this definition of the normal, Eq.31becomes:

dN

where P is the average polarization of the Eq. 1.32 shows that the polarization,
P, can be extracted from the angular distribution onlyvif£ 0, which is possible
when boths andp waves are present. Parity violation is the result of the interfee
between the andp waves, which gives rise to an asymmetry in the angular distribution.
Experimentallyn = 0.642 4+ 0.13 [7].

The polarization can be extracted by two methods:

1) By fitting a first degree polynomial to the proton angulatrisitions in theA rest

frame. In this casey P = initls(;};ipt'
2) Forming the forward-backward asymmetry with respecit@/’*" = 0: In this case
we integrate Eql.32from -1 to O (backward) and from O to 1 (forward), respectively,

to get the corresponding yields:

1
P
Nt = /No(l—l—aPcosHﬁF)dcos%%F:No—i-NOaT
0
! RF RF aP
N~ = / No(1 + aPcost," )dcos b, :NO—NOT- (1.33)
-1

One can define the asymmetry as:

Nt —N—  aP

-V o (1.34)
The polarization can be expressed in terms of the asymmieas/
+ o —
p_A_2 N =N (1.35)

a o NtErN—
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1.5 Theoretical Models

In this section we continue the discussion started in Sedtigrregarding the non per-
turbative nature of QCD in the nucleon resonance region. Whitégh energies the
quark interactions are described by QCD predictions, at mnalesonance energies dif-
ferent theoretical models, which are approximations to QCOstrbe employed as jus-
tified in Sectionl.2 Three major classes of models that try to describe the strasgene
photo- and electroproduction are the traditional hadraaiyic models, coupled-channel

and Regge plus Resonance (RPR) approaches.

Hadrodynamic Models

The hadrodynamic or isobar models are derived from an effetthgrangian approach.
The Lagrangian is constructed from tree-level Born termdchvicorrespond to, K,
andY exchanges and extended Born terms, corresponding to ass@atnances, in
the s, t, andu reaction channels, shown in Fit1.2 Only first order terms are included
in the calculations, since both photons and electrons daonbetact strongly with the
target nucleons, which occurs in pion induced reactions. lerotlords, only one ex-
change particle is allowed in the intermediate state. Withengeneral framework of
the hadrodynamic approach, models differ by the choicesdmance diagrams in their
calculations. Depending on this choice, very differentaosions can be drawn.

One of the limitations of this type of model is the fact that thsr@o consistent
way of including resonances with spips5/2. Another limitation is the large number
of model parameters involved in the calculations, which eneés one from drawing any
clear conclusions about the existence of any missing res@sa

The predictions of the hadrodynamic model by Mart and Benl(®lB) [12, 13]
have been compared with SAPHIR( and CLAS R2, 24, 27, 32, 33] cross-section
and polarization data. The coupling constants in this modeéwetermined from
the fits to existing kaon capturé&(p — ~Y) and KY photoproduction data. The
CLAS data were not included in the fits. Mart and Benhold (MB) ineldideveral
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established-channel resonances in their calculations, listed in the PBGvall as a
D13(1960) missing resonance, in an attempt to explain the bbogwp observed in
the cross section around 1900 MeV. The choiceDag(1960) was motivated by the
constituent quark model (CQM) by Capstick and Robet®, [which predicts contri-
butions fromS11(1945),,11(1975),P13(1950) andD13(1960) resonances with signifi-
cant couplings to th& A final state. Na:-channel hyperonic resonances were included
in the model. MB results excluded the first three states, ireguonly the missing
D13(1960) to explain the data. On the other hand, Saghai in R6J, nalyzing the
same data, shows that fine tuning thiehannel background eliminates the need for
including anys-channel missing resonances.

The MB calculations of recoil polarization are not very sensitive to inclusion of the
D13(1960) missing resonance in the model, as shown in R&J. ]\ recoil polarization
turned out to be a non-suitable candidate for further stuglyhis resonance with the
MB model.

Coupled-Channel Models

Several coupled-channel approaches were developed to siaitsly describe pion-
and photon induced reactions. The importance of this apprasignified in Ref. 14,

16, 17]. As was shown in Ref.14], it is necessary to take into account the multistep
processyN — =N — KY, where the non-resonant pion-nucleon state is produced as
an intermediate state in strangeness production. Thisteff&nown asneson clouding
effect. It was shown that it can have up to a 20% impact on the total crat®sef

vN — KY direct production15].

The latest dynamical coupled-channel approaches alsati@kaccount the off-shell
effects at the vertices, associated with including spinr@édnances. These effects have
been integrated over in effective-field models. High-sgisonance contributions be-
come very important at highe#’, where the most missing resonances are predicted.

The off-shell effects can play a significant roll when intetong the decay properties
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and drawing any clear conclusions about the missing res@saneolved in the reac-
tion. In Ref. [L4] these effect were taken into account by includikiyy — KY as an
intermediate state in the production process.

The coupled-channels model by Julia-Dia8]| after fitting CLAS photoproduction
data, claim the contributions from known resonangeg1535),13(1900),D13(1520)
into theyN — KY reaction. Three new resonances were also required by this model to
describe the experimental data. The most significant dmritan is from D13(1954),
and, to a lesser extent, froR11(1806). They also do not exclude small contributions
from P13(1893). The coupled-channels model by Sarantd€} demands the pres-
ence of P11(1840) andD13(2170) in addition toD13(1954) in order to describe the
CLAS and SAPHIR photoproduction data. Shklya#], on the other hand, identifies
S511(1650),P13(1720) andr13(1900) as the main contributors, and claims that there is
no need to include any missing resonances to describe the @hASAPHIR photo-
production data.

The constantly growing high quality database of cross secaadgolarization ob-
servables forN — KY andyN — KY creates a very favorable environment for
developing and testing coupled-channel models. Eleatchpotion provides access to
interference response functions that are not accessitd@yppther means. Adding the
results of the current analysis to the world database ofgaaess production will allow
the theorists to also incorporate electroproduction datatheir models for simultane-

ous fits.

Regge plus Resonances

The last class of models are the RPR models. The RPR approaldoian effective-
field model starting from Feynman diagrams. However, the st@hBeynman propa-

gators are replaced by Regge propagators in the amplitudelagons:

1

— P s, ax(t)]. (1.36)
t —m3 cgg¢
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The non-resonant background contributions are treatea@saages of kaonic Regge
trajectories in the-channel, withkx'(494) andk*(892) as dominant trajectories of the

form ax(t) = ax o+ oy (t — m?X). The corresponding propagators are given by:

K () (s e (0) 1 T () 1
PRegge(S’t) N (50) sin(waK(*)(t)) F(l + Q) (t)) o T (x) ) (1.37)

Hereay (t) = 0.70 (t—mf,{) anda e« (t) = 1+0.85 (t—m%{*) [9] are the Regge trajectories
for K™ and K*, respectivelys andt are the standard Mandelstam variables, anis

a mass scale. Propagators can be used with a constant (1) torgdta‘™(*)) phase,
which can be fixed by fitting to high energy photoproduction ditativated by existing
experimental data, these models then furmishannel background with established and
some missing-channel nucleon resonances in order to explain the structuses\aul

in the cross section and polarization data.

Initially the RPR model was developed for the photoproducpimtess. The exten-
sion to electroproduction was achieved by multiplying thehannel diagrams by the
electromagnetic form factor (EMFF) of a monopole foriy; (Q?) = (1 + QQ/A%)—l,
where Ay is a mass scale. The advantage of this approach is that it gredtigas
the number of model parameters as compared to typical hgdamiic models. It also
eliminates all gauge invariance breaking issues that aiigethe inclusion of hadronic
form factors.

Ref. [9] includes all establishestchannel resonances listed in the PDGif their
calculations. The missing13(1900) andP11(1900) resonances were also considered
as possible contributors. Comparison of calculations ¢ A and K30 separated
cross sections from Ref2f] and theKk " A transferred polarization electroproduction
data from Ref. 32] allowed the authors to exclude11(1900) as a possible candidate.

Only including theD13(1900) into their calculations lead to reasonable fits of the.data
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1.6 Previous Experimental Data

Strangeness production experiments from various nuckgets have been carried out
since the 1970s, but high quality data became availablereabntly. Differential cross
sections and induced hyperon recoil polarization dataif®r photoproduction have
been published by the SAPHIR(], LEPS 21], GRAAL [23], and CLAS R2, 24,

25| collaborations. The publishedy” photoproduction data cover the full range of
cos HIC(M andW from 1.6 to 2.3 GeV. Recent photoproduction data by McCracRkeén [
extended the existing’ range by 500 MeV and largely improved the precision of the
cross section and hyperon induced polarization data foktha final state.

High statistics data fok'Y electroproduction are relatively scarce as compared to
photoproduction. Recent data, covering the full kaon ceottenass angular range,
were published by the CLAS collaboration. The separatedtstreifunctions;, o, oy,
opr, ando; forthe K+ A and K+ 3V final states were published by Ambrozewi@7],
These high statistics data cover thé range from 0.5 to 2.8 GeVand thelV range
from threshold to 2.4 GeV. In a recent publication from Hall AJefferson Lab by Co-
man 8], the longitudinals,, and transversey;, cross sections were separated by the
Rosenbluth technique at fixétl and¢. These results cover the kinematic range@r
from 1.90 to 2.35 Ge¥and 1V range from 1.80 to 2.14 GeV. The first measurement of
the polarized structure functiafy 7/ in the resonance region by Nasseripo2@][cov-
ers thelV range from the threshold-(1.6 GeV) up to 2.05 GeV and th@? range from
0.65 to 1.00 GeV, while spanning the full range abs HIC;M. Separation of the lon-
gitudinal and transverse cross sections injghee KT)A, x0 reactions was published
by Mohring [30, 31]. These Jefferson Lab Hall C data cove@arange from 0.5 to 2
GeV’ at an invariant masg’ = 1.84 GeV.

Recent beam-recoil transferred polarization data for #udusivep(e’, ¢’ K +)T re-
action by Carmand2, 33] have wide kinematic coverage spannifig range from 0.7
to 5.4 GeV* andV range from 1.6 to 2.6 GeV. These dag&8] extended the existing

CLAS data for transferred polarization faf ™ A and presented first ever measurements
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for the K X0 final state.

PreviousA induced polarization data also exist for the exclugiwe <’ K +)A reac-
tion. The results of this measurement, performed by S. McAl&4r have never been
published. Because of the lack of statistics, several detagith different beam en-
ergies had to be combined, potentially obscuring the unogylghysics. These data
span thep? range from 0.5 to 2.8 GeVand nearly the entire range afs ¢ . When
mapping out the kinematic dependences of the induced patei, the results had to
be integrated over the other kinematic variables in ordeetluce the statistical uncer-
tainties. The results were dominated by kaon forward angle ddtare the statistics

were the largest, preventing asychannel resonance contributions to be observed.
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CHAPTER 2

Experimental Setup

2.1 Facility Overview

This experiment was carried out at the Thomas Jefferson Nathreelerator Facil-
ity, Newport News, VA. Data were taken during the E1F run period in 20€i8g the
CEBAF Large Acceptance Spectrometer (CLAS) located in expetahéfall B. A
schematic diagram of the facility is shown in Fy1 The electron bunches are pro-
duced in the injector and are sent into the accelerator likgter each pass through
the accelerator, the electrons gain about 1 GeV. The maximeamlenergy achieved
is about 6 GeV withAE/E < 10~ energy resolution and a beam spot sizerof
250 um. The continuous electron beam from the accelerator caplitdstween three
end stations called Halls A, B, and C. Every third bunch canddweted to an experi-
mental hall, allowing simultaneous experiments to run iritakke halls. Because of the
1497 MHz RF structure of the linac cavities, the electromnbéainches are separated

by 2 ns intervals in each experimental hall. The comprekenshysics program of the
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Figure 2.1: Schematic view of the Jefferson Lab acceler&gajr [

26


Chapter2/Chapter2Figs/machine_setup.eps

facility is devoted to investigations of the electromagmstructures of nucleons and
mesons with high energy electron and photon beams. The ssaimhmissing baryon
resonances and investigations of the spin structure of gickeans in single and dou-
ble polarization experiments are also carried out. Theed&din Laboratory also has a
large hypernuclear program. These experiments probe theaatiien of lambda hy-
perons with ordinary nuclear matter. One of the goals is to teified baryon-baryon

interaction models.

2.2 CLAS Detector

The Hall B physics program is mainly based on the CEBAF Largeefaitance Spec-
trometer (CLAS) B5]. The CLAS detector is designed in such a way as to allow op-
eration with both electron and photon beams while providinggptance coverage of
approximately 50% ofr in solid angle.

The large acceptance of the CLAS is crucial for the investigationth@fmulti-
particle final states that result from the decay of the preduexcited baryons and
mesons. The volume of the detector is divided into six idehBectors by toroidal mag-
net coils. Each of the CLAS sectors is equipped with an identetadisdetectors: three
layers of drift chambers (DC) for charged particle trackargl momentum reconstruc-
tion, Cherenkov counters (CC) for electron identificatiord driggering, scintillation
counters (SC) for time of flight measurements and chargeiicfardentification, and
electromagnetic calorimeters (EC) for electron identtfma and triggering. Fig2.2
illustrates the schematic view of the CLAS detector subsystdtach of these compo-
nents will be discussed in detail in the next sections of Chidpte

The geometrical shape of the CLAS detector allows a large kitieraeceptance in
Q% and as well as hadron scattering angles (frofrt@142) and electron scattering
angles (from 8o 45). In this experiment, a 5.499 GeV polarized electron beam was
incident upon an unpolarized liquid-hydrogen target. Te¢egtered electrons and some

of the reaction products are detected by the CLAS spectronmiEhtes data set covers a
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Figure 2.2: Schematic view of the CLAS detector showing all sstesys of
the spectrometer.

Q? range from 0.8 to 3.5 Gedand alv’ range from threshold (1.6 GeV) to 3.0 GeV.
Standard spherical coordinates are used in the descripfitime experimental setup,
where thez-axis is directed along the beam directi@ns the polar angle, and is the
azimuthal angle.

The CLAS detector can operate at luminosities up t& ®n2 s—1. One of the
major limiting factors for luminosity is the drift chambec@dental hit occupancy re-
sulting from low energy photons and Mgller scattering in thrgea The flux of low
energy particles reaching the drift chambers greatly redube tracking efficiency for

accidental hit occupancies above 536]

Main Torus

The main magnetic field of the spectrometer is provided by spesconducting coils

measuring 5 m in length and spanning 5 m in diame3é}.[ The generated magnetic
field is toroidal with its main component in the azimuthal direc. The arrangement
of the coils around the beamline is shown in R2g3. The magnetic field is calculated

directly from the current in the coils. The coils are capaligenerating magnetic
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fields up to 2.5 T at forward angles and 0.6 T at $@attering angles at a maximum
torus current of 3860 A. The choice of the toroidal magnetic fieljugified by the
requirement of keeping the target region free from magnegidgito make the polarized
target experiments possible. The coils and DC readout eldct limit the azimuthal
acceptance of CLAS to 80%. During the E1F run period the main touaent was
set at 2250 A. The polarity of the magnetic field was set so thgathesly charged
particles were bent towards the beamline. Since the main coerg of the magnetic
field is azimuthal, the tracks are bent only in the polar dicetg while the azimuthad

angles of the tracks remain unchanged.

Mini-torus Coils

Main Torus Coils

Figure 2.3: Schematic diagram of the CLAS detector. The regiosition-
ing of the main and mini-torus coils are shown with respect to thgetar
position.

Mini-Torus

The inner layers of the drift chambers are located aroundatiget, inside of the main
torus field. In electron scattering experiments, low momsnglectrons produced in the
target as a result of Mgller scattering can reach the inn@rgaof the drift chambers
which will increase the rates and reduce the live time of the ddlsam To improve

the drift chamber performance, small magnet coils (mimnix$) are placed around the

target as shown in Fi@.3 The small magnetic field generated by the mini-torus sweeps
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away low momentum electrons directing them into the forwdirdction and out of the
fiducial volume of CLAS, thus preventing them from reaching th& dhambers. The

mini-torus current was set at 5995 A during E1F run period.

Drift Chambers (DC)

The primary goal of the CLAS drift chambers is to provide thargfed particle track re-
construction and momentum measurements for particles wehgges above 200 MeV.
The DCs cover the full scattering range fromt8 142 with the azimuthal acceptance
limited to 80%. A total of 18 drift chambers are located at éhdifferent radial dis-
tances from the target in each sector. These positions taeae to as Regions, with

Region 1 being the closest to the beamline (Ri§).

Drift Chambers:
Region 1
Region 2
Region 3

Electromagnetic Calorimeter

TOF counters Cerenkov counters

Figure 2.4: Typical CLAS event reconstruction. Negativelyrged particles
are bent towards the beamline. Track segments are combindteredt su-
perlayers of all regions to form the charged particle trajgetothat traverse
the volume of the CLAS spectrometer.

Regions R1 and R3 are positioned out of the main torus field whilésR2aced

between the coils within the field. It is actually mounted on thenriorus cryostats.
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The magnetic field in this area is the largest, so the parttiajectories are bent in this
region. Each region is subdivided into two superlayers wikhiayers of sense wires
in each, except for R1, where, due to the lack of space, onlyléyers of sense wires
are present. All sense wires are surrounded by six field wirgaifay hexagonal cells.
The wires in one superlayer are arranged parallel to the ntagiredd while the wires
of the second superlayer are tilted by With respect to the first. The tiling is done
in order to obtain the azimuthal angle information of thetigég. There are a total
of 35,148 individual sense wires in the drift chamber systexi.drift chambers are
filled with a 90% argon and 10% G@as mixture. This mixture was chosen for safety
considerations as well as to improve the operation and lilefithe tracking system.
The tracking resolution is about 310, 315, and 38dfor R1, R2, and R3, respectively.
The DC track reconstruction is done in two steps. The first &dpe hit-based
tracking, during which the algorithm identifies the hits andsthe hit wire positions to
form the track segment in each superlayer then combines émtifieéd track segments
from different regions. Typical event reconstruction lsstrated in Fig2.4. The po-
larity of the magnetic field for this experiment bends theategly-charged particles
towards the beamline. After hit-based tracks are formedptbmentum of the particles
can be determined within 3-5% accuracy because of the smalbsike DC cells. The
second step is time-based tracking. In this step the timegtitfas determined by SC
is used to correct the drift times. The corrected drift tiraes then converted into drift
distances by using a look up table created by simulationgs&mew track segments
from different superlayers of all three regions are agaimismed together to form the
new time based track. Overall efficiency of the tracking systeceeds 95% for up to
4% hit occupancy, with a momentum resolutiompfp < 0.5% and angular resolution
60,5¢ < 2 mrad. In order to do particle identification, the tracksmegched in software
with timing and energy-loss information from outer deteatomponents. Additional

information about the CLAS tracking system can be found in R31.
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Cherenkov Counters (CC)

The CLAS Cherenkov counters are intended for electron idertificaand are also
used in trigger formation. They cover a scattering-angtegeafrom 8 to 45 in all

six sectors. Each module of the Cherenkov counters containsialiphyperbolic,
and cylindrical mirrors to transport the light to photoniplier tubes (PMTs). The CC

optical system is schematically shown in F2gb. They are designed to focus light only

Optical Mirror System

Elliptical Mirrors

HJ’P”_’ bolic Photomultiplier Cones
Mirrors

B ~__ SeclorCetteliie __— |

Magnetic Shield / "

S

Light Collection Elliptical Mirror Elliptical Mirror
Cene ha

Electron Trak |

Figure 2.5: CC Optical mirror system.

in the ¢ direction thus preserving the polar angle information ofélextron. There are
a total of 18¢-strips, which are also divided into 2 azimuthal segments with tlte m
plane of each sector acting as a symmetry plane between tleenfi.2.5). So, each
6 strip is covered by 12 identical CC modules in thdirection. All PMTs are placed
in the regions partially covered by the torus coils in ordeatwoid further limitation
of the acceptance. The volume of the detector is filled witkg radiator gas with a

refractive indexn, = 1.00153.
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The Cherenkov radiation threshold expressed in terms of #ngcfe energy and
mass is:

Efm> (2.1)
1-22

wheren is the refractive index of the medium. For electrons, the €hkov radiation
threshold in this medium is 9.24 MeV, while for pions, it is ab@b6 GeV. The CC
can effectively separate electrons from pions below eesrgf 2.56 GeV. Above this
threshold, the signals from EC must be used for electron/@entification. The CC
in coincidence with EC, is used in the Level 1 trigger formatigntdlling the master
readout that an electron was likely.

The efficiency of the Cherenkov detectors is about 99% insidefitheial vol-
ume. The studies of the CC efficiency was performed usinglastic scattering using
the coplanarity of the scattered particles. The reconsttlelectron scattering angles
(9¢, ¢c) can be used to uniquely project the electron entry points o&surface. For

further information about the CC, please refer to Ré€]]

Forward Electromagnetic Calorimeter (EC)

The forward electromagnetic calorimeter is intended fec&bn identification and trig-
gering above 0.5 GeV. It is also capable of detecting photbosea0.2 GeV for? and
n reconstruction. For neutron detection and discriminatrom photons, the EC infor-
mation is used together with time of flight measurements.

The forward electromagnetic calorimeter covers the pat@les from 8 to 45 in
all six sectors. EC modules have the shape of an equilatenadgjte with a base area of 8
m?2. Each module consists of 39 layers of a lead-scintillatodsach. Every successive
layer has a little larger area than the previous one in ordéultp contain the electro-
magnetic shower. Each layer consists of 10 mm thick BC412 sciotilfallowed by a
2.2 mm thick lead sheet. All EC scintillator layers consisB6fslices parallel to one
side of the triangle. Each layer is rotated by 12@th respect to the previous layer,

thus creating three configurations called U, V and W planefiawis in Fig.2.6. The
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13 layers of each plane are further grouped in 5 (inner) anou8¢() layer stacks in-
tended for obtaining the information about the longitudlpragress of the showers and

improving hadron identification. The algorithm of the ECHeitonstruction first selects

Scintillator bars

U - plane p

Lead sheets

V - plane p

W - plane p-

-
—d

Figure 2.6: CLAS electromagnetic calorimeter modules. U, ¥ @hlayers
are shown.

the strips and groups them together in each of the U, V, and Wepla®ignals from all
three planes are required for the reconstruction. The skstap is to find the intersec-
tion points. Each of the intersection points correspondshid as shown in FigR.7. If
there is more than one hit in a single plane, then the weighteygrof the group can
be assigned to all hits. In CLAS, electrons and pions are stuhlby Cherenkov coun-
ters for up to 2.5 GeV. Above 2.5 GeV pions exceed the Cherenldbatran threshold
makinge— /7~ separation impossible by the CC. Instead, the EC is used paragng
the electrons from the fast moving pions. Electrons and pamosit their energies
into the calorimeter by two different mechanisms. The etet deposit their energy by
producingete™ cascades. The energy deposition mechanism by shower creation is
mentum dependent. Unlike electrons, the pions deposit appabely a fixed amount
of energy (about 40 MeV) by ionization, practically indepentlof their momentum.
The appropriate cut on the energy deposited in the EC canatepthe fast moving
pions from electrons as described in SectBoh The calorimeter can measure only a
fraction of the incident particle’s energy, since the cleargarticles, while propagat-
ing through the calorimeter, also interact with the lead aoirhis fraction is called a

sampling fraction (S.F.) and it is an intrinsic property bétcalorimeter. For electron
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Figure 2.7: CLAS event reconstruction by EC.

energies above 3.0 GeV, the S.F. of the calorimeter is ab8utHEhergy resolution for
electrons is expressed by:
g 0.1

5 < m (2.2)

The position resolution provided by the ECN2 cm and the timing resolution is200
ps for electrons and 600 ps for neutral particles, which is comparable with SC timing

resolution. For additional information, please refer td.RR88].

Time of Flight System (TOF)

The CLAS TOF system consists of scintillation counters (SC)ifoe of flight mea-
surements, the event start time determination, and triggeiThe TOF system, along
with the DC, is used for charged particle identification, sittte momentum of the par-
ticle alone is not enough to determine its mass. Detailetbdson of charged particle
identification is given in Chapte.

The TOF paddles are long plastic scintillators (Bicron B@¥@ith one PMT at-
tached at each end. The positioning of the TOF paddles relatiother subsystems of
CLAS can best be seen from Fig.4. They are located outside of the tracking system
and Cherenkov counters, but before the electromagneticicedters. There are a total

of 57 paddles in each sector mounted in four panels covermgdaattering-angle range
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Figure 2.8: TOF scintillator paddles for one sector.

from 8° to 142 (Fig. 2.8). The geometrical sizes of the paddles are chosen to optimize
the timing resolution at the 100 ps level and allow the TOF system to operate at rates
of about 100 kHz. The scintillator paddle lengths range f&#rcm to 445 cm, with a
thickness of 5.08 cm. All scintillators on panel 1 (covering Htattering angles 45°)

and the last four on panel 4 measure 15 cm in width. The rest aédimillators are

22 cm wide. Each paddle covers abottr2polar angle. The fine segmentation allows
the TOF to be used in Level 1 trigger formation. The last 18 scihditlaounters are
paired together, forming a total of 48 logical counters intesector. The achieved time
resolution is about 120 ps or better at forward angles andt2&0 ps at angles greater

than 90. For more information about the SC, please refer to Rf.

2.3 Cryogenic Target

The experimental target used during E1F run period is showngnZ9. The target
cell is 50 mm long and filled with liquid hydrogen. It was positidnre25 cm upstream
from the center of the CLAS. A 0.001” Kapton film is cut to fit thdleeall. 5 layers of
super-insulation, each with one layer of Cerex (1.0 mg/tayer/Ply), are surrounding
the cell wall. The target cell has a 12 mm inner diameter ab#se and a 7 mm diameter
at the downstream end. The enlarged base of the cell was edeadllow gas bubbles

to escape easily. The target cell entrance and exit windowsnaae of 15um Al
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Figure 2.9: E1F cryogenic target.

and are about 4 mm in diameter. Target parameters, maintdim&agy the run period
are summarized in Tabt2 1 Although multiple empty target runs were performed to
estimate the contributions from the target walls, no sepasabtraction of target wall
contributions were performed in this analysis. Insteadyetivall contributions are

removed in the background subtraction process, describ8dctiord.4.

Length 50 mm
Temperature ~20.5K
Density | ~0.0704 g/cm
Pressure ~1230 mb
Z-location -25¢cm

Table 2.1: Hydrogen cryotarget parameters during the E1peniod.

2.4 Data Acquisition and Trigger System

The event readout from CLAS is initiated by the two-level triggehe Level 1 trigger
processes the PMT signals from different CLAS componentsjif@y coincidences be-
tween EC, CC, and TOF scintillators and sending them to the trigggervisor (TS).
When a Level 1 trigger occurs, the TS generates the gatesvidrtitne-to-digit con-
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verters (TDCs) and signals the analog-to-digit converdd ) to integrate the PMT
signals within the gates. The TS also generates the commorfiicsttie drift chamber
TDCs.

The Level 1 trigger can be used by itself or together with the L&véigger to
initiate event readout. The Level 2 trigger checks for pdssitack segments in five
out of six superlayers of the drift chambers. If track segteeme present in at least
three superlayers, then a comparison is made with previowsigrated templates to
confirm or reject a possible track. The Level 2 trigger can éis@onfigured to check
for coincidences between DC, EC, CC, and TOF signals by extrapgldimtracks. If
there are no track candidates available in CLAS, then thellZtrggger fails, sending
a fast clear signal to the TS. Upon receiving the fast clearadighe TS resets all
electronics and is ready to accept new events.

In case possible track candidates are found, the TS recaivegel 2 trigger confir-
mation, and the information is collected from all CLAS sulisyss, digitized and sent
to a process called the Event Builder (EB). Until this digitizatfrocess is finished,
no new events can be accepted. The EB then groups the informfedim CLAS sub-
systems into separate banks, forming a complete eventsl#imm by a unique event
number within the current run, and sends them to the Eventiidec(ER). Finally, the
ER writes the information to a tape silo for permanent stord@@mplete information
about the run conditions like beam energy and current, ntagfeld settings, applied
high voltages, triggers, target etc. are permanently dtoréhe run database and can
be accessed at any time during the offline data analysis. @tn& data acquisition,
some portions of the data were constantly analyzed by the aomloretoring programs

in order to check for the detector performance and the qualitiie data.
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CHAPTER3

Particle Identification

Careful particle identification is required to select theafistate of interest in addition
to the initial track reconstruction. The complete particlentification procedures and
the cuts employed to select thé:, ¢/ K)A final state are described in the following

sections of this chapter.

3.1 Electrons

The trigger for this experiment was the coincidence betwae&@ and a CC in the
same sector. This trigger configuration ensures that aliteveave an electron candi-
date. Electron candidates are also required to have a vatill in the DC corresponding
to a negatively charged particle and a hit in the time of fli§8tsystem that coincides in
time with the hit in the EC. The events, for which these conditioesat satisfied, are
rejected in the offline analysis during reconstruction. Séhare the minimum require-
ments for electron candidates. They still can include mésead electrons, electrons
that hit non-fiducial regions of the detector and backgropiods that accidentally cre-
ated a signal in CC and passed all other electron requirementsg the course of the
analysis we performed detailed studies of the standard saitsfpreviously used for

CLAS analysis. This standard set of cuts include:

e Cut on the number of photoelectrons in the CC

EC energy cuts

EC fiducial cuts

Geometrical fiducial cuts

z-Vertex position cut
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Figure 3.1: Reconstructedl mass with reduced (red curve) and standard
(blue dot-dashed curve) electron cuts. The black dashae @arresponds
to events rejected by the removed cuts.

It became clear that most of these cuts instead of improvingasi@ background
ratio, are removing mostly good events. The exclusivity & teaction of interest,
namely requiring detection of scattered a electron, kaoth paoton, along with the cuts
on the hadron side, make the electron cuts overly string@atoving some of the cuts
listed above recovered about 1/3 of the data sample 3Fghows the\ missing mass
spectrum with standard and reduced electron cuts in plackdtly shows that most of
the removed events are good events. The reconstriateass for rejected electrons by
any of the above listed cuts is illustrated in F8g2 for backward kaon CM angles. The
statistics of the process is already limited at backwardesngs it is, so preserving as
many good events as possible at these kinematic bins isiapecucial. These plots
show that removing some of these cuts are justified. Of cotlisse cuts are analysis
specific. For polarization measurement we can reduce the euaila— cuts because

we do not care about™ acceptance. Only acceptance plays a significant role for this
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Figure 3.2: Reconstructed mass for events rejected when all electron cuts
are applied, at backward kaon center of mass angle&-doé)e%” <-0.5
for different'W bins starting from 1.6 GeV to 2.2 GeV with 50 MeV bins.
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measurement. The  and K+ acceptances effectively cancel out in asymmetry method
used for polarization calculations. For a cross-sectioasueement, on the other hand,
thee™ acceptance is crucial. In the final analysis, to clean up tharele samples, the

following cuts were applied.

e Electron:z-vertex cuts: Intended for selecting the events that have araatien
vertex in the target region. This cut ensures the proper treoénstruction, which

will affect momentum and time of flight measurements, thus tvadtentification.

e Electromagnetic calorimeter fiducial cuts: These cuts e k order to ensure
that the electromagnetic shower is fully contained within thevélfDme to avoid
“leaks” of deposited energy. It is crucial for particle idemt#tion and proper

energy measurements.

e Electron geometrical fiducial cuts: Geometrical fiducial cutskept in order to
select the CLAS fiducial regions where the acceptance is well statst. It is
needed to avoid large acceptance corrections which will incrreeseystematic

uncertainties of the results.

CC Photoelectron Cut

The cut on the number of photoelectrons in CC is intended mpialghreshold to elim-
inate the electronic noise and reduce the pion contribatadrove 2.5 GeV momenta.
The usual cut isN,;,. > 25 shown in Fig3.3. The CC photoelectron cut is one of the

cuts removed in the present analysis as discussed in S&ction

EC Energy Cuts
Deposited Energy Cut in EC Inner Layers

The EC deposited energy cut employs the fact that the electod protons deposit

their energy into the calorimeter by different mechanisiise electrons deposit their
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Figure 3.3: CC signal threshold cut using the number of pHetbens.

energy by creating e~ pairs, thus producing electromagnetic showers. The energy
deposited by this method is momentum dependent as can bérgeethe left plot of
Fig. 3.4

The momentum of the pions that fire the Cherenkov counterseebsc2.5 GeV, in
which case the pions are minimum ionizing. Their depositegtggnis independent of
the particle momentum. Fid.5 shows the energy deposition in the EC outer layers
versus the EC inner layers. The pion characteristic digtioims can be seen in both
plots. E;,..» > 0.06 GeV can effectively remove most of the pions from the electron

sample.

EC Sampling Fraction Cut

Only part of the total electron energy can be measured in theicedter because of
the interaction of the electrons with the lead layers. Thetioa of energy, which
the calorimeter is able to measure, is called the sampliagtibn (S.F.) and it is a
property of the calorimeter, determined from calibratioeasurements (S40.29).

The deposited energy vs. momentum distribution for elestisngiven in Fig.3.4.
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Figure 3.4: EC deposited energy vs. momentum distribution fexteons.
The E4mpie In this plot is the deposited energy divided by the calorimeter
sampling fractlon The right plot shows thg,,,,,,,../p. ratio for the elec-
trons.
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Figure 3.5: Energy deposition in the EC outer layers versasB@ inner
layers (left). The same distribution with the pion cut is givanthe right
plot. The characteristic pion behavior is visible in bothtplo
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The Egympie in this plot is the deposited energy divided by the S.F. of tHertaeter.
The right plot shows theé,,,,;./pe ratio for the electrons. Both deposited energy and
sampling fraction cuts are omitted in the present analymighfe reasons discussed in

Section3.1

Trigger Threshold Cut

The trigger threshold cut is a cut on electron energy near hén&dware threshold.
The electron energy cutoff is not as sharp as ideally expexdealresult of amplitude

fluctuations. The electron energy threshold according to [R8] is given by:

Ee (MeV) > 214 + 2.47 x |ECy threshold (mV)|. (3.1)

For the E1F dataset the threshold was set at 170 mV, which ttagst#o 640 MeV
minimum electron energy. The software cut on energy is rexdon the final analysis

as discussed in Sectidl

Electron z-Vertex Cuts

The electrore-vertex cut is applied to ensure that the electrons causingigger have
an interaction vertex within the liquid-hydrogen targetiogg The interaction verteces
are reconstructed by extrapolating the tracks back to tasggon and finding the in-
tersection points of each track with the midplane of the sa@eéos in which the track
was detected. The midplane of the sector includestes. If the beam is not exactly
centered at (0,0), it can resultin distortions in recorgid vertex positions. The recon-
structedz-vertex distributions are sector dependent, as can be seenHig.3.6. The
vertex cut -29.0 cmx z. < -21.5 cm is applied to electron vertex positions. The vertex
correction routine used here was originally written by Vigl&ubarovsky #4] for the
E1C analysis and was modified for the E1F dataset. The comegtigtine uses the
beamz andy positions to correct the electron vertex in each sector. &lgesrections

are applied in order to avoid the sector dependent cuts ovettiex position.
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Figure 3.6: z-vertex distributions for electrons as a functiongef The left
plot is before the vertex corrections and the right plot israfte correction.
The applied cuts are shown by yellow lines.

Electromagnetic Calorimeter Fiducial Cuts

Since the electromagnetic calorimeter is used for parioéatification, energy mea-
surements and separation of pion background from elecfrsnergies greater than
2.5 GeV (when the pion Cherenkov radiation threshold is exegkgdt is necessary to
ensure that the created electromagnetic shower is fullyaooed within the EC fiducial
volume. The specific cuts were applied to ensure that the shosveroid appears at
least 10 cm away from the, v, andiv plane edges. The following cuts were employed
by using Stepan Stepanyan’s routidé]

20< Uge <400 cm,Vpeo < 375 cm,Wgo <410 cm.
Electrony vs. x distributions, projected on the calorimeter surface, befaucial cuts
(top) and after EC fiducial cuts (bottom) are shown in Bg. In this analysis the EC

is only used for energy measurements and triggering.

46


Chapter3/Chapter3Figs/e_vertex_bfr.eps
Chapter3/Chapter3Figs/e_vertex_aftr.eps

200 ¢ 200
100 ; 100 ;
0 |- 0|
—100 ; —100 ;
72005“““““““““ 72005““““"““““‘
—-200 —100 0 100 200 —-200 —100 0 100 200
yvsx, 3 yvs x, 4
200 ¢ 200
100 £ 100 E
0 |- 0
—100 ; —100 ;
7200E““““""““““ 72005“““““““““
—-200 —100 0 100 200 —-200 —100 0 100 200
yvsx, 3, FC yvs x, 4, FC
200 ¢ 200
100 F 100 F
0 0
—100 ; -100 ;
,ZOOEHH\HH\HH\HH 72005\\”\””\”“\””
—-200 —100 0 100 200 —-200 —100 0 100 200
yvs x, 3, EC y vs x, 4, EC

Figure 3.7: y vs. z distributions of electrons projected on the calorimeter
surface for sectors 3 and 4. The position distributions teefmucial cuts
(top), after geometrical fiducial cuts (middle) and afterfieticial cuts (bot-
tom) are shown.
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Figure 3.8: The angular coverag& dos¢. VS. 0csing.) of electrons before
(left) and after fiducial cuts (right).

Electron Geometrical Fiducial Cuts

Electron geometrical fiducial cuts serve the purpose ofcsielg the flat acceptance re-
gions of CLAS, where the efficiency is large. These cuts are appdieall final-state
particles and are momentum dependent. The fiducial volumgeisifeed by applying
cuts on the ranges of the polar and azimuthal angles of the@he&lectron geometri-

cal fiducial cuts are defined by the following expressions:

Omin = 01+ 92/[(196 +p0)]mam/]]a
0pe = ¢y Sin(e - emin)za

z = alpelmaz/I)’. (3.2)

For the E1F data sef=2250 A so that,,,,,/7=1.5. Only loose fiducial cuts were
applied to electrons in this analysis. The list of paranseterd their corresponding
values are summarized in Tal8€L The top and the middle plots of Fi8.7 show the

electrony vs. z distributions projected on the calorimeter surface, befond after the

geometrical fiducial cuts. Fid.8 demonstrates the electron angular coverage before
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Parameter | FC Loose | FC Medium
01 9.5 11.5

0o 26.0 26.0

0 0.5 0.5

o0 24.0 22.0

a 0.01 0.01

b 1.2 1.2

Table 3.1: Parameters used for electron geometrical fidaatalin Eq.3.2
All angles are measured in degrees and momenta in GeV.

and after the geometrical fiducial cuts are applied.
In addition to geometrical fiducial cuts, two dimensiofalp. cuts are applied in

order to eliminate the inefficient or dead sections of the D€4doh sector.
0= (pe) = 03 [1 — exp(—b= - (pe — cT))] (3.3)

In Eq. 3.3, =+ refers to the upper and lower limits @p. The parameters,, b, andc
are defined separately for each sector and listed in Taldl®f AppendixB. Fig. 3.9

demonstrates the effects of these cuts for electrons ioisgct
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Figure 3.9:0, vs. p. for Sector 3.
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3.2 Hadrons

Hadrons are required to have a valid track in the DC corredimgnto a positively
charged particle and a hit in the time of flight system that cidies in time. In this
analysis the hadrons are identified by a timing cut insteathomentum-dependent
mass cuts. For this purpose the time differente-€ ¢; — ¢9) is calculated between the
measured times;, it took the particle to travel from the interaction vertex positton
the SC paddle of the TOF system and the timeit takes the particle with an assumed

mass to travel the same distance. Hgris given by the SC and can be expressed as:
t] = — (34)

whered is the path length of the particle from the vertex to the SC pgdiketermined
by the tracking systena,is the speed of light and; is thev; /c ratio. The velocitys; is
actually measured by inverting E§.4. The massn; of the hadron is calculated from

the velocity and the momentum by:

D
= , 3.5
i veh (3.5)

wherep is the hadron momentum as determined by the DCand-———. The timet,

\/1-6%

is calculated by:

ty = —, 3.6

2= o (3.6)
where, is now given by the following expression:

B = L (3.7)

(mac)? +p?’

Herems is the assumed particle mass. After substitutingndt, into At, it can be

reduced to:
2 2
At =1 (1 — M). (3.8)



For all positive tracksAt is calculated three times with an assumed particle mass of a
pion, kaon and proton. The mass that gives the smalless assigned to the hadron.
Fig. 3.10a) and b) show the minimum¢ vs. p distributions for kaons and protons
before any cuts. The finite bandsdg? ns and:-4 ns in Fig.3.10b) are due to accidental
events from different beam bunches of the accelerator. Fif)c), d) show the same
distributions for kaons and protons after applying thenissing-mass and missing-
mass-squared cuts (Secti8r8). The application of these cuts effectively removes the
accidental coincidences and most of the background in ta kisstribution, which
consists of pions and protons misidentified as kaons. The timiethod of hadron
identification insures that every track corresponding tmsifvely charged patrticle is
identified. It gives better results than the momentum-ddpethmass cut because it is
almost momentum independent while the mass cut method strdagbnds on patrticle
momentum. As3 — 1, the pion, kaon, and proton bands start overlapping thereby

worsening the mass resolution.
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Figure 3.10: MinimumAt¢ vs. p distributions for kaons and protons. a)
and b) show the distributions without any cuts. c¢) and d) shavsthime
distributions for kaons and protons after applying theissing-mass and
missing-mass cuts.
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Hadron z-Vertex Cuts

A z-vertex position cut is necessary also for kaons to maketbatehey originate from
the target region. Vertex positions are corrected by theesamtine as for the electrons.
The z-vertex distributions along with the applied cuts are shownig 8.11 A cut of

-29 cnk 2z <-21 cm is applied on the reconstructed kaon vertex positions. eSinc
the final state protons are coming from thelecay, which can be outside of the target

region, noz-vertex cut is applied to protons.

L L o b b b b B TR
-34 -32 -30 -28 -26 -24 -22 -20 -18 16

x 102 ZK

L L L e by 1N Ty
-34 -32 -30 -28 -26 -24 -22 -20 -18 -16

7K corr Zc K vs ¢,

Figure 3.11:z-vertex distribution for kaons before and after correctionse T
applied cuts are shown by arrows and yellow lines.

Hadron Geometrical Fiducial Cuts

Hadron fiducial cuts are employed in order to exclude the loeeptance regions of
CLAS spectrometer. These cuts are applied to both kaons atohgrand are momen-
tum dependent. The fiducial volume is again specified by applguts on the ranges

of polar and azimuthal angles of the hadrons. The hadronifitioats are defined by
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Parameter | FC Loose | FC Medium
a 0.22 0.22

b 0.15 0.15

01 4.0 5.0

0y 20.0 20.0

c 8.0 8.0

d 15.0 15.0

on 32.0 31.0

Table 3.2: Parameters used for hadron geometrical fiductalinueq.3.9.
All angles are measured in degrees and momenta in GeV.

the following expressions:

xr = a(ph]ma.r/])ba
Omin. = 01+ 02(1 — ((pp/¢) Imax /1)),

0 = ¢osin(0 — Opin)”. (3.9)

The cuts applied for hadrons are loose cuts as well, with theflgai@ameters summa-
rized in Table3.2 Fig. 3.12shows the kaon angular distributions before and after the
fiducial cuts are applied. For the E1F data $e£250 A so that,,,,//=1.5.

Two dimensionab,,-p;, cuts are also applied to hadrons in order to eliminate in-
efficient or dead areas of DC. The form of the cuts is again gwerkq. 3.3 The
parameters are summarized in TaBl& of AppendixB. Fig. 3.13demonstrates the

effects of these cuts for kaons in sector 3.

Bad Paddle Removal

One additional cut that is applied to all final-state partictethe SC bad paddle removal.
During the course of the E1F run some of the SC paddles provéee toefficient or
dead. The events from these inefficient paddles are remawved the analysis. They
can be identified from the hadron mass vs. paddle number distmisuas shown in

Fig. 3.14 Discontinuities and sharp transitions in this figure arertdsailt of inefficient
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Figure 3.12: Kaom vs. ¢y distributions for all sectors (top) and for the
Sector 1 alone (bottom) before (left) and after (right) tloeidial cuts.
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Figure 3.13: Kaor Vvs. py for Sector 3.
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Sector Bad Paddles
S1 24
S2 16, 28, 38
S3| 2,11, 24, 27, 28, 40
S4 2,19, 30, 34
S5 2,18, 20, 34, 40
S6 1,18, 40

Table 3.3: List of removed SC paddles.

or dead paddles. The list of the removed paddles for eachrsiscsummarized in
Table3.3

3.3 Hyperon ldentification

In this analysis the final state hyperons are identified by uttjzime missing mass
technique. Namely, using energy and momentum conservatiermissing energy and
momentum are calculated from thg(* final state according to E4.8 The missing
mass distribution, before any physics cuts, is shown in &it5a). Then peak comes
from theep — e/nm™ reaction, where the pion is misidentified as a kaon. Once the
required energy threshold is exceeded, the higher massdrypare also produced as
can be seen from in Fig8.15a). The presence of a proton in the final state, which
comes from the\ decay, reduces thepeak and some of the background (see Bi5

b)). Since the is also present in the higher mass hyperon decays, their cambnisu

in the A missing mass distribution cannot be fully eliminatedzosequirement alone.
The strongest cut to identify the final state of interest &sth missing-mass-squared
cut (M M?(e/ KTp)) reconstructed from theé K+ final state (Eq1.9). The correlation
MM?( K*p) vs. MM (¢/K*) is shown in Fig.3.16a). Fig.3.16b) and c) are the
projections of the correlation plot on the respective axdse red lines in Fig3.16b)
show the corresponding cuts applied foselection in the final analysis. The applied
cut -0.02 MM?2(¢/Ktp) <0.07 GeV includesz— from A — pr—, andx—~ from

»Y — Ay decays. The photons are in the shoulder on the high mass side of th
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Figure 3.15:A missing mass distributions a) before any cuts, b) affenes-
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peak. Shown in Fig3.16c¢) is the missing mass distribution, after applying the -6.02
MM?(/ KTp) <0.07 GeV cut. Note that no\ missing mass cuts are applied directly.
Instead, the background subtracted yields are integratedtbe missing mass range
from 1.05 GeV to 1.15 GeV (red lines in Fi§.16c)). The resolution between the
A(1116) and ¥ is not very sharp because of the low magnetic field used during the
experiment. The upper limit of/M?(¢/K*p) (0.07 GeV) is extended in order to
include allx’. Itis crucial to have enough statisticsxf’s to bin and fit the\/ M (¢/ K +)
distributions in order to eliminate the? contamination from underneath thepeak,
along with the pion background in each kinematic bin. The bemknd subtraction

procedure is discussed in detail in Sectiba
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CHAPTER4

Analysis

4.1 Cooking and Data Reduction

During the experiment the data acquisition system writes #ta tlles to a tape silo.
The acquired data for every run period need to be processé&boked” before any
full scale analysis can be performed on these data. All stésysof CLAS need to
be calibrated separately by using a small subset of the datalér to get high-quality
and publishable results. The calibration constants fon €1cAS component are saved
in the calibration database. During the cooking procedooeking executables first
check if any event fragments have been lost during the writhoggss, then access the
calibration database, read and apply the calibration eotst@and create all necessary
banks for the analysis. Different monitoring programs tedastogram files that can
be used for updating the database and for checking the qualttyeadata. After the
cooking procedure is complete, the more user friendly ®siphd root trees are created,
which can be used for the full scale analysis.

The newly cooked files are usually very large in size. Since mifferun groups
usually concentrate on analyzing specific reactions, itusimmore convenient to filter
the data and preselect the events with likely particle canesdaThe filtering scripts
skim through the data and keep only those events that arengassme loose parti-
cle identification cuts. The filtering process is especiabgful for low cross-section
channels, like kaon electroproduction. For the E1F datassetral skimming filters
such as, ¢/ KT, ¢/ Kp were used. In present analysis, thekimmed set was used for
momentum corrections and background studies, whiletke p skimmed set, prese-
lected for K™ andp candidates, was used for polarization extraction. The size of the
¢/ K™p skimmed data set was considerably reduced, since all eventtesdtithan three

particles in them, or with no valid kaon or proton candidatesie ignored. The’' K p
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skimmed file sizes are only 10% of that of thekimmed files. The-filter requires the
electron candidate to have a negative charge, a valid teackpmentum greater than
0.5 GeV and satisfy a very loose sampling fraction cuts. Kaawh@oton candidates
are required to have a positive charge, a valid track and leggghan 5% difference be-
tween the measured and calculateehlues (\g = |§™mcas — geale] < 0.05), wheresealc

is calculated by using the particle momentum as measuredebp@and the nominal

particle mass. Full details of the data processing pro@ican be found in Ref4).

4.2 Binning

The kinematics of the electron scattering reaction areugligdetermined by four inde-
pendent variables. The variables employed in this anafrsishe invariant energyy,
of the intermediate hadronic state, the transferred moumei}?, the kaon scattering
angle in the center of momentum franﬂ%@ ) and the relative angley, between the
electron scattering and the hadron production planes asrshoFig. 1.1 The kine-
matic dependences of these variables are shown iMFEigThe bin widths are chosen
to have approximately equal statistical uncertaintiesithekinematic bin. The binning

used for this analysis is tabulated in Tadld.
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Figure 4.1: Kinematic distributions &)? vs. W, b) Q2 vs. cos#$*, and c)
oM vs. W
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The Q2 dependence of the polarization was extensively studied. Detalgiven
in Section4.8. The results showed a flat* dependence for differet’ bins, which
allows one to sum the data ov@Ff without losing any valuable information. The data
are also integrated overy, since there are not enough statistics to bin the data. The
result of this integration leads to vanishing longitudiaald transverse induced polar-
ization components, as discussed in Secti@ The integration ove)? and¢ ;- greatly

improve the statistics in each kinematic bin.

| Variable | Range| # of bins| Bin Width |
cos0$M | (-1.0, 0.0) 2 0.5
(0.0,1.0) 5 0.2

W1 1.6-2.1GeV 20| 25 MeV
2.1-2.7 GeV 12| 50 MeV

Table 4.1: Binning for the polarization studies.

4.3 Momentum Corrections

The momentum corrections for electrons and hadrons arenpeed in order to correct
for DC misalignments and inaccuracies in the magnetic fieldsn Two separate groups
worked on momentum corrections for the E1F data set. Both mdsthre described in
detail in the next few sections. The FIU group used the mommermorrection method
developed by D.S. Carman for the E1-6 analyd®].[In this approach the polar angles,
as measured by CLAS, are assumed to be correct. The electromekl data were used
for the momentum correction analysis. The differences betvwke measured momenta
and the momenta calculated from the kinematics were detedand then applied as
corrections. Elastiep — ep scatteringep — ¢/7n andep — ¢/ KA reactions were
used to perform the corrections. Overall the momentum cbares are about 1% for
electrons and 1.5% for hadrons.

Marco Mirazita from INFN developed a different method for theFEmomentum

corrections 47]. In this method, the polar angles are corrected first, then theced
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angles are used to correct the magnitude of the momentum.sTithe:— and hadron
momentum corrections, the hyperon missing mass spectraeatcalated fromep —

¢/ K A reaction using both sets of corrections.

FIU Electron Corrections

The elastiep — ep scattering is used for electron momentum corrections. Elastictev
are identified by requiring both the electron and the protobdadetected by CLAS
detector. Additional cuts requiring’ < 1.025 GeV and missing mags/ M?(ep)| <
0.0015 GeV are applied to clean up the elastic channel. The specific kitiesnaf
elastic scattering requires coplanarity of the scatter@digdes. This requirement is
satisfied by applying &. — ¢, — | < 1° cut. The electron momentupi*c is calculated

by using the beam energ¥...,,» which is assumed to be known, and the scattering

angle,d., as measured by CLAS:

calc _ Ebeam

- 50, .
1+ (2Epeam sin? %) /My

p

In this method, first, the two dimensional histogramsipf= p¢®s — pealc ys, ¢,
and¢. are created. As an exampli,Vs. ¢, is plotted in Fig4.2 These histograms are
converted into 1-dim profiles by using the PAdprof feature. This feature calculates
the average value df for eachX bin and puts it into a profile histogram with corre-
sponding statistical uncertainties. These profile histogr are then read into vectors

and are used for the corrections as follows:

peorrected — pmeas _ vphe(bingy) — vthe(bing) — vpher(bing) — vther(bing).
For each sector the vectowphe, vthe, vpher andvther are defined separately. The
vectorsvphe andvpher correspondingly remove the dependence anghe andvther
remove the dependence afp. Fig. 4.3 shows the profile histograms before and after

the corrections are applied. The ranges of the kinematiabkes are divided inta°
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Variable Range| Width | Number of Bins
O | 12° — 4P 4° 7
G | 222 — 22° 4° 11

Table 4.2: Binning of the electrafa and¢, variables.

| Sector| W.[MeV] [ o[MeV] | W [MeV] | o“""[MeV] |

S1 947.3 40.8 937.2 34.6
S2 947.7 36.2 937.4 32.7
S3 935.2 355 937.5 32.6
S4 964.9 30.9 937.5 29.9
S5 937.8 34.8 937.5 33.1
S6 903.4 48.8 936.4 48.8

Table 4.3: Summary of centroids and widthsigfdistributions before and
after the electron momentum corrections. The expected@edntalues are
supposed to be around the proton mass of 938 MeV.

bins as shown in Tablé.2 The process is iterative. In order to get rid of the residual
dependencies, four iterations are performed for the elactorrections. Figd.4shows
the fractional momentum correction vg,.. From the plots it can be seen that the
momentum corrections are on the order of 1%.

To check thee™ momentum correctiong)y is calculated using the corrected

momentum by:

We = \/M;g + 2(Epeam — Pe) - My — an
where@? is calculated only using the electron scattering angle, theected momen-

tum and the beam energy as:

Qg =2 Epegm - Pe - (1 — cosbe).

The summary of the centroids and the widths of thiedistributions before and
after the electron momentum corrections is given in Tah8 The results show good
improvement in the peak width and are centered around therpro&ss as expected for

elastic events.
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Figure 4.2: Electronip vs. ¢, distributions for all sectors before (top) and
after (bottom) corrections.
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Figure 4.3: Electrorbprof distributions ofdp vs. ¢, for all sectors before
(top) and after (bottom) corrections. Note the differéntaxis scales in the

before and after plots.

65


Chapter4/Chapter4Figs/pcorr/prof_dp_vs_phi_el_before.eps
Chapter4/Chapter4Figs/pcorr/prof_dp_vs_phi_el_after.eps

Q.02 0.02 0.02
0.015 G.015 0.015
Q.01 0.01 0.01
0.005 0.005 0.005
o] ] o]
—0.005 —Q0.005 —0.005
—0.01 —0.01 —0.01
—0.015 —0.015 —0.015
—Q.02 o B 4 —0.02 o B " —0.02 o B 4
Sect 1 Sect 2 Sect 3
Q.02 0.02 0.02
0.015 0.015 0.015
Q.01 0.01 0.01
0.005 0.005 0.005
o] ] o]
—0.005 —0.005 —0.005
—0.01 —0.01 —0.01
—0.015 —Q0.015 —0.015
—Q.02 —0.02 o B 4 —0.02 o B )
Sect 4 Sect 5 Sect 6
Q.02 0.02 0.02
0.015 0.015 0.015
0.01 0.01 0.01
0.005 G.005 0.005
o] ] o]
—0.005 —0.005 —0.005
—0.01 —0.01 —0.01
—0.015 —0.015 —0.015
—0.02 —0.02 0 > 4 —0.02 0 B 4
Sect 1 Sect 2 Sect 3
0.02 0.02 0.02
0.015 0.015 0.015
Q.01 0.01 0.01
0.005 G.005 0.005
o] @] o]
—0.005 —Q0.005 —0.005
—Q.01 —0.01 —0.01
—0.015 —0.015 —0.015
—0.02 —0.02 o > 4 —0.02 o > 4
Sect 4 Sect 5 Sect 6

Figure 4.4: Electronip/p vs. p. distributions before (top) and after (bot-
tom) corrections. The distributions are centered at zerer &pplying the
momentum corrections. The gaps in these plots are the rdghi cemoved
SC paddles.
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FIU Hadron Corrections

Hadron momentum correction are performed after the elaatoorections are finalized
and applied. All three reactions, namely — ep elastic scatteringsp — ¢/7+n and
ep — ¢ KA reactions are used for this purpose. Analysis showed that aneara-
bine and generate the single correction vectors for alltpesy charged hadrons. The
elastic channel selection is described in Sectidh Inelastic channels are selected by
applying the missing mass cut, requiring it to be aroundith@dA mass, respectively.
A W >1.025 GeV cut is also applied to remove the elastic events fronmngiastic
channels. The hadron momenta are derived from 4-momentuseogtion.

Here again the two dimensional histogramsdpf= pj"“** — p,cflc vs. 0, and ¢y,
are created. These two dimensional histograms are coaveltteprofiles by using the
PAW hbprof command. The profile histograms are then read intovtitk and vhph

vectors and are applied as corrections.
pglm"'ecwd = pj'“** — vhph(bing) — vhth(bing),

where thevhth andvhph vectors are defined for each sector separately to remove the
6, and¢,;, dependencies, respectively,&f. Only two iterations are performed for the
hadron momentum corrections. The binning of the hadronrkate variables is shown

in Table4.4.

Variable Range| Width | Number of Bins
0, | 8 — 92 4° 21
¢y, | -26° — 26° 4° 13

Table 4.4: Binning of the hadrafh, and¢,, variables.

Fig. 4.5 shows the fractional momentum correction vg,. The sharp transition
in Fig. 4.5is because of the elastic protons. The momentum correctionsratke

order of 1.5% for hadrons. Although a full set of momentum ections for hadrons
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Figure 4.5: Hadronip/p vs. p;, distributions before (left) and after (right)
the hadron momentum corrections. The sharp transitions setpéots are

the result of the elastic events. The gaps are the result ofetneved SC

paddles.

were developed, they were not used in the final analysis singaltdenot improve and

occasionally even worsen the resolution.

Cross Check

As a cross check, the momentum corrections from FIU and INFNested orep —

¢/ KA reaction. The hyperon missing mass spectra are calculateédbrsectorg,,
and™V bin using both momentum correction methods. The summariéseobbtained
centroids and widths using both corrections are presenté&dbte4.5, for each sector,
and in Table4.6, for eachd. bin. In both tables~ (FIU) refers to the case when
only FIU e~ momentum corrections are applied, Hadron (FIU) refers to tke oa&nen
both electron and hadron corrections are applied. Hadid&N)) refers to the case
when both electron and hadron momentum corrections calcutgtéfie INFN method
are applied. The results show that although there is an ivepnent at small electron
angles, at large angles the widths got worse after applyi@gribmentum corrections.

Table4.7 summarizes the centroids and the widths before and after eact sor-
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MM (e’ KT) CENTROIDS AND WIDTHS
Sector| NO corr | NO corro e~ | opy | Hadron| opyy | Hadron| oy ey
MeV] [MeV] | (FIU) (FIU) (INFN)
S1 1118 18.5| 1115| 18.3| 1114| 17.7| 1116 18.3
S2 1118 16.8] 1114| 17.2| 1113 16.7| 1117 17.0
S3 1116 16.9| 1116| 16.6| 1114| 16.0| 1116 16.7
S4 1120 16.7| 1112| 16.6| 1113| 16.3| 1118 16.5
S5 1114 16.9| 1115| 16.4| 1116| 16.1| 1115 16.9
S6 1107 21.1| 1119| 18.6] 1120| 18.4| 1111 21.2

Table 4.5: Hyperon missing mass distributions for each sdatore and
after momentum corrections. Summary of centroids and widttes akch
set of corrections.

MM (’KT) CENTROIDS AND WIDTHS

0 | NO corr| NO corro e~ | opry | Hadron| opy | Hadron| oy ey
MeV] MeV] | (FIU) (FIV) (INFN)

12° — 16° 1116 17.0] 1114| 15.1| 1114| 14.9] 1115 17.2
16° — 20° 1116 17.6| 1115| 16.3| 1114| 16.0| 1116 17.5
20° — 24° 1116 18.2| 1115| 17.3| 1115| 17.0| 1115 18.2
24° — 28° 1116 19.0] 1116| 19.0f 1116| 18.6] 1115 18.8
28° — 32° 1115 19.5] 1116| 21.3| 1116] 20.2| 1115 19.8
32° — 36° 1114 20.6| 1117| 21.5] 1116| 21.0] 1115 20.4
36° — 40° 1115 21.0| 1116| 23.2| 1116| 23.0] 1115 21.3

Table 4.6: Hyperon missing mass distributions for e@&chin. Summary of
centroids and widths after each set of corrections.
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MM (e/ K*T) CENTROIDS AND WIDTHS

W BIn

Hadron

Hadron

NO corr| NO corro e OFIU OFIU OINFN
GeV] | [MeV]|  [MeV] | (FIU) (FIU) (INFN)

1.6-1.65 1103 15.3| 1105| 145 1105| 15.6 1104 15.2
1.65-1.7 1112 17.1} 1111| 14.8 1111| 15.6 1112 16.1
1.7-1.75 1115 17.4 1114| 15.6 1114| 16.4 1115 16.5
1.75-1.8 1116 17.2] 1115| 16.0 1115| 16.9 1116 16.2
1.8-1.85 1116 18.0] 1115| 16.5 1115 17.5 1116 16.5
1.85-1.9 1117 17.9| 1116| 17.2 1115 18.4 1116 16.4
1.9-1.95 1116 18.5| 1116| 17.9 1115, 18.8 1116 16.9
1.95-2.0 1117 19.1] 1116| 185 1115 19.8 1116 17.0
2.0-2.05 1116 19.5] 1115| 19.3 1115| 20.7 1116 17.6
2.05-2.1 1116 19.1] 1116| 194 1115| 20.6 1116 17.1
2.1-2.15 1116 19.7| 1116| 20.3 1115 214 1116 17.4
2.15-2.2 1117 20.2| 1116, 20.9 1116, 22.0 1117 17.8
2.2-2.25 1116 20.6| 1116| 21.1 1115 22.2 1116 18.6
2.25-2.3 1117 22.4| 1116| 22.9 1116| 24.2 1116 19.6
2.3-2.35 1117 22.4| 1116| 23.3 1116| 245 1116 19.6
2.35-2.4 1116 22.5| 1116| 234 1116 245 1116 19.3
2.4-2.45 1116 23.8| 1116| 24.6 1115 25.7 1115 20.2
2.45-2.5 1116 25.0] 1117| 25.0 1116| 26.6 1115 20.6
2.5-2.55 1116 24.9| 1116| 26.8 1116| 28.2 1115 22.0
2.55-2.6 1116 25.7| 1116| 27.2 1115| 28.8 1115 23.2
2.6-2.65 1117 28.4| 1118| 29.9 1117 30.9 1116 26.3
2.65-2.7 1117 28.2| 1118| 285 1118| 29.6 1116 23.6
2.7-2.75 1118 28.7| 1118| 28.8 1118| 31.3 1116 26.0
2.75-2.8 1118 31.5| 1119 29.7 1117 29.5 1117 27.4

Table 4.7: A missing mass distributions for eagh bin. Summary of cen-
troids and widths after each set of corrections.
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rections for each” bin. The results show that at small valuesiofthe FIU corrections
work a little better, but at large’” the INFN corrections do a better job. As a conclusion,
we decided to use the electron momentum corrections dewktlmpthe FIU group. No

hadron momentum corrections are applied in the final analysis

4.4 Background Subtraction

Despite all the cuts applied during the final state select@hthe particle identification,

it is impossible to completely eliminate the pion backgrdand thex® contributions in
the A missing mass spectra. This is partly because of the low ntiegiredd used during

the data acquisition, which leads to a worse resolution coegpto larger magnetic
fields. In order to obtain clean samples, the missing mass spectra in each kinematic

bin are fitted by a 16-parameter function as described befewv. this purpose tha

Monte Carlo A Data

600 r

400

Counts

200

1.0 1.1 1.2 1.3

Hyperon missing mass (GeV)

Figure 4.6: Sample fit of A MC template. A Gaussian plus an asymmetrical
Lorentzian on both sides of the Gaussian centroid was fit ta theak.

missing mass spectra were generated with an extended pion gamesiss-squared cut
(up to 0.07 GeV) to include allx’s (Fig. 3.16a)). Expanding pion missing-mass-
squared cut is necessary for the proper fitting oftHeail underneath the peak. The

lineshapes of tha andx" peaks are motivated by Monte Carlo simulation templates.
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Fig. 4.6 shows a sample fit to & template. The\ peak is fitted by a Gaussian plus an
asymmetrical Lorentzian on both sides of the Gaussian dentitos necessary to use
an asymmetrical Lorentzian in order to take into accountrésslution effects on the
low-mass side and the radiative effects on the high-masssiithe peak.

As part of the background studies for this analysis, pions@motbns were inten-
tionally misidentified as kaons then treated as normal kaents. TheAt vs. p dis-
tributions for intentionally misidentified pions and pratare overlayed on the same
distributions for kaons as shown in Fig.7. From this plot one can see that the pi-
ons can be misidentified as kaons starting at about 1.5 GeV amdtons at about 3.0
GeV. Since most of the kaons have momentum less than 3.0 GeVaihesource of the

background is pion misidentification. The pion backgrouhdpe strongly depends on

0O 05 1 15 2 25 3 35 4 45 5
6t K vs.P

Figure 4.7: At vs. p distributions for kaons with misidentified pion and
proton bands overlayed.

the kinematic bins, as can be seen from Bi@. The changing shape did not allow any
functional form to be used for background fitting throughthe full kinematic range.
Instead, the pion background templates are generated frerdédta, by intentionally
misidentifying the pions as kaons. The background temgplate smoothed in order to
get rid of the statistical fluctuations as shown in . These smoothed histograms

are then used for background subtraction.

72


Chapter4/Chapter4Figs/bkg/kaon_bkg.eps

20 | W=1.§625 Gev [
10 ; 20
5 | i
07 \‘\\\\‘\\\‘\\\\‘\\\\ 07 ‘\\\\‘\\\‘\\\\‘\\\\
09 1 11121314 09 1 11121314
MM(eK®), pos, L MM(eK*), neg, L
[ W=1.8325 Gev 30 [ W=1.8335 Gev
20 -
B 20 -
10 10 [
0: ‘\\\\‘\\\\‘\\\\‘\\ O:\\\l\\\\\‘\\\\‘\\\\‘\\
09 1 11121314 09 1 11121314
MM(eK*), pos, L MM(eK*), neg, L
40 r 30
- W=2.335 CeV [ W=2.325 GeV
30 20 |-
20 | B
10 | 10+
:\\\ \\\\‘\\\\‘\\\\‘\\\\ L1 in \\‘\\\\‘\\\\‘\\\\

00.9 1 11121314 00.9 1 11121314
MM(eK*), pos, L MM(eK*), neg, L

Figure 4.8: Pion background templates for differé#it bins for 0.8 <
cos0$M < 1. Plots show the distributions fors moving both along and
opposite to the longitudinal quantization axis.

73


Chapter4/Chapter4Figs/bkg/bkg_templ_L.eps

100

&0

40

0

MM(eKk™), pds | |

1 12 14

Figure 4.9: Pion background template & moving along the normal quan-
tization axis. The black curve is the smoothed template tmdoackground
subtraction.

Fit Function

Since the centroids and the widths of thandx’ peaks do not depend prangles, the
hyperon missing mass histograms s moving along (forward) and opposite (back-
ward) to the given quantization axes are fit simultaneoustyefich kinematic bin. In
PAW, in order to accomplish simultaneous fit of two histogsamme of the histograms
is shifted by a constant amount with respect to the other ahishfma single histogram.
In this analysis the histogram corresponding to backwasgles ¢os 0/t < 0) is
shifted by 1.0 GeV. In this case the centroids of thandx peaks in the fit function

for the second histogram must be shifted by the same corestamint.

pA — pip + shift

sy — py + shift.

To avoid any overlaps between the two histograms, due to theshiglass hyperon
contributions, all bins beyond 1.4 GeV are set to zero for tinevérd angle histograms.
For the backward angle histograms, all bins below 1.9 GeVetrtozero. The same is

done for the respective pion background templates.
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The hyperon missing mass spectra in each kinematic bin dog &t16-parameter

function with parameters defined as follows:

ap Is the A Gaussian amplitude,

as IS the A Gaussian centroidaf = 115)

a3 Is the A Gaussian width,

a4 IS theA Lorentzian relative amplitude,

as is theA left Lorentzian width,

ag IS the A right Lorentzian width,

a7 iIs the A Gaussian amplitude for the second histogram,
ag is thex? Gaussian amplitude,

ag is thex? Gaussian centroidg§ = py)

ayp is thex! Gaussian width,

aq1 is thex? Lorentzian relative amplitude,

a0 is thexV left Lorentzian width,

a3 is thex! second Lorentzian width,

ay4 is thex? Gaussian amplitude for the second histogram,
a5 IS the background amplitude.

a1 IS the background amplitude for the second histogram.

Two constraints are provided by the fact that the ratiosef@laussian and the Lorentzian
amplitudes must be the same for the forward and backyarthles. These constraints
allow elimination of the corresponding relative amplitsaes free parameters. Only the
absolute amplitudes are allowed to vary freely.

For the fit procedure the full missing mass range is divided ihtee sections: a)
below theA Gaussian centroid, b) between theand = Gaussian centroids and c)
above thex? Gaussian centroid. The andx peaks are fitted by a Gaussian plus an

asymmetrical Lorentzian in each side of the centroid.
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1. Forcos QEF > 0.

a) Left side of the\ centroid ¢ < )
y1 = a1(Gp+ +aq- Ly1) +ag(Gy+ +ain - Lyn) + by,

where

as
1
Ly = ———
A a% + (x — a%)
— 2
Gyt = e$p<—0.5<x ag) >
aio
1
Lzl -
a%Q + (z — a%)
bg1 = aiy- [Templateq].

b) Between the\ andx? centroids (i) < = < uy)

y2 = a1(Gpa+ + Ny - Lp2) +ag(Gy+ + a1 - Ly1) + by,

whereG ,+, Gy+, Ly1 andbg; are defined as before and

1
Lo = )
A a%+(m—a2)2

(4.1)

(4.2)

At the A centroid,z = iy, y1 = y2 SO thatay L1 = N;L,2. This allows one to express

the N; amplitude in terms of the other parameters:

2
asa
644
N; = 5
as

c) Right side of thez! centroid ¢ > ux)

y3 = a1(Gpa+ + Ny - Lp2) +ag(Gy+ + Ns - Ly2) + bgy,
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whereG,+, Gy+, L2 andbg, are defined as before and

LEQ — 2

Again, atr = uy, £ centroid,a;; Ly = NsLy., S0 theN, amplitude can be expressed

1

in terms of the other parameters as:

2
a13911

NS —
2
ato

Finally, to fit oneA missing mass histogram, the fitting functiéy(z) is defined as:

wherey, = as anduy, = ag denote the\ andx’ Gaussian centroids.

2. Forcos GﬁF < 0.

(

y1, (< pyp)

= Y2, (pA <2< py)

\y37 (1' > ME%

a) Left side of the\ centroid ¢ < up)

Yy = a7(GA_ + ay - LAg) + a14(G2— +aqq - LZ?’) + bgo,

where

ofcas(z=z )
1
a2+ (z — (ag +1))?

exp<—0.5 (wf)

aio
1

a%Q + (z — (ag + 1))2
ayg - [Templates).
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b) Between the\ andx? centroids (uy < z < uy)

ys = a7(Gp— + Ny Lya) + a14(Gs— + a11 - Lys) + bgo, (4.6)

whereG -, Gy.—, Lys andbg, are defined as before and

1
Ly = )
M7 024 (r— (ag+ 1))2
c) Right side of thez? centroid ¢ > yy)

Y6 :a7(GA— + N; -LA4—|-(I14(GE— +N3-LZ4)+bgg, 4.7)

whereG -, Gy.—, L4 andbg, are defined as before and

I 1
4 = .
a2+ (v — (ag +1))2

The fit function for the second histogram is defined as:

yg, (@ < pp+1)

Fy(z) = ys, (pp+1<z<px+1) (4.8)

(6, (2> ps +1).

Note the shift of the Gaussian and Lorentzian centroids by 1 GeNariit function of
the second histogram.

The total 16-parameter fit function used for the analysis fg\dd as:

p

Fi, (0.9 <z <14)

F(z) =140, (14 <z <1.9) (4.9)

| Fo, (19 <z <2.4).
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A typical sample fits are shown in Fi¢.10 In order to have meaningful fits, it is
necessary to reduce the number of free parameters. Theti@uotfree parameters is
done by parameterizing the shape parameters as a functi@n dhis parameterization
insures that the fit parameters vary smoothly from one kirienten to another. The
final parameterization used for this analysis is given in Ame C. The final results
are obtained by six-parameter fits, where only the absolugditudes are allowed to
vary freely. The reduced? distributions, shown in Fig4.11 for two cos 65 bins,
demonstrate that very reasonable fits are achieved.

After the fitting procedure is complete, the >0 and the background contributions
to the total peak can be cleanly separated. The numbgaisdah each kinematic bin,
corresponding to forward and backwasdangles, are determined by integrating the
functions corresponding to thepeak within the missing mass range from 1.05 GeV to
1.15 GeV (forward angles) and from 2.05 GeV to 2.15 GeV (backwaahgles). The
obtained yields)N1, are now background subtracted and can be used with acceptance
corrections as described in Sectidrb. The statistical uncertainties of the uncorrected

yields V. are determined by:

n n

Nt =3 3 a0 (4.10)
i

€ij>
8@@ 86L]’ J

wheren is the number of free parameters, is the correlation matrix of the parameters.
The correlation matrixg;;, reflects the fact that the fit parameters are not completely
independent.f, is the A peak fit function integrated within the missing mass range
from 1.05 GeV to 1.15 GeVd(V4) or 2.05 GeV to 2.15 GeVd(V_).

4.5 Acceptance Corrections

In order to obtain reliable results it is necessary to caltithe acceptance-corrected
yields for each kinematic bin. A full scale GEANT Monte Carlo sintida was per-

formed to correct the experimental yields for the accepgaria the first stage of the
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Figure 4.10: Typical fits to\ missing mass histograms at differdmt bins
using Eq.4.9. The histograms corresponding to forward and backward
angles are fitted simultaneously. Note that the backwanétograms are
shifted by 1 GeV. The green curve corresponds toAhpeak, the red curve
corresponds ta:? peak, the purple curve is the background and the blue
curve is the total fit function.
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Figure 4.11: Reduceg distributions for a) 0.6 cos§$*/ <0.8 and b) 0.8
COS H%M <1 bins.

simulation theep — ¢/ KA reaction withA — pr~ decay events are generated by the
FSGEN phase space generator with a modifistbpe. The generator scales the phase
space cross section by a factoreof?, whereb is thet-slope parametep€0.3 GeV 2,

t = tarandelstam), 10 Yyield the probability distribution that better matches daga. The
larger theb, the more kaons are forced to go at forward direction, generataimgnnel
production events. The radiative effects are partiallyetaknto account in the genera-
tor. They only include the final state radiation on the finalttered electrons. In the
second step, the generated events are processed with the GSkKeige, which is the
GEANT simulation of the CLAS detector. The particles from the gatesl events are
propagated through the CLAS and the detector response isdestonuch the same
way as for the experimental data. The GSIM simulation of th&8lassumes a perfect
detector system, so the inefficiencies and the resolutibtiedlifferent detector com-
ponents are not properly simulated. These are taken inmuatm the next step by the
GSIM post-processing (GPP) package, which allows the user tarsheeBC and TOF
times by factors to better match the experimental data. drfittal stage, the simulated
data are cooked using the same version of the analysis ekézutsed for the cooking

of the actual data. After the final reconstruction, the dataaralyzed by the same
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Figure 4.12:P; extracted from the MC dataset as a cross check of the pro-
cedure. The left column shows the results without acceptanceatons.
Non-zero polarization in these plots is the result of the ptarece effects.
The right column shows the results after applying the acceptaorrec-
tions. As expected, the polarization is back to zero.

code used for the data analysis. Since the GSIM assumes fpgetector systems for
CLAS, some of the corrections applied in the data analysisniw@entum corrections
in particular, are omitted when analyzing the simulated .data

The acceptance factors in this analysis are defined as theofdtie reconstructed
events to the generated events in the same kinematic bin.ataeptance factors:
are defined in each kinematic bin corresponding to forward laeckwardp angular

distributions according to: .

N
fi = Dietected' (4.11)

Thrown

+
The numeratonvy . ..

the appropriate range for reconstructed events. The geaeoa thrown events in each

;1S the sum of the\ missing mass histogram entries within

kinematic bin are calculated by filling a counter histograsing the K™ and A PDG

particle identification codes. Events are generated allgwimform A decay, in which
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case the number of the thrown events are treated to be equalfdrotbrward and
backwardp angular bins. In other wordg,’s are produced with zero polarization in the
MC dataset. The denominatN%hmwn in Eq.4.11is calculated using one half of all

thrown events. The statistical uncertainties on accepttrectactors are given by:

afs = [IEE I (4.12)
thrown
Some cross checks are performed to make sure that the acoegéators are fully
understood. Fig4.12shows thell dependence of th&;, component of the induced
polarization extracted from the MC data for tht@@@%}M bins before and after applying
the acceptance corrections. This figure shows that the nanpzdarization along the
longitudinal axis is a result of detector acceptance esfe&pplying the acceptance
correction brings the polarization back to zero, as exmkctéhe W dependence of
the acceptance factors are plotted in Fdl3for the most forward kaon angular bin.
As can be seen from the plot, the normal component of the polanzhis nearly
identical acceptances for both forward and backward gonogops, while the other
two components have large differences in the forward an#vwa acceptances and
are therefore more sensitive to acceptance effects. Tdtisnsent is true for allos QIC(M
angles. The acceptance corrected yields for the forwardbacward directions are
given by:
nt+ = Ni/f+. (4.13)

Here, theN. are the background subtracted, uncorrected yields, obtayétiibg as
described in Sectiof.4and thef.. are the acceptance correction factors from4dql
By propagating the uncertaintiéd/.. (Eq.4.10 anddf+(Eq.4.12), the uncertainties on

the corrected yields.. are calculated according to:

5 5
dny — ni\/(%ﬁ + (%)2. (4.14)
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Figure 4.13: Dependence of acceptance factor8’dor forward and back-
ward going protons at O<8cos HIC;M <1 with respect to the T, N, and L axes.
The acceptance factors for forward and backward going prdimmthe N
component have practically identical dependenc&@nvhile for the T and

L components they strongly differ.

4.6 Recoil Polarization Calculation

After all final state particles of interest are identified,kaflematic quantities are deter-
mined in the lab frame. However, the proton angular distribgiomust be calculated
in the A rest frame. A set of Lorentz transformations are applied to fimdeihergies
and momenta of all final state particles in the center of mdomarframe (CM) of
the virtual photon and the target proton. Theses quantieshen fed to a routine,
which performs the transformations to therest frame and finds the proton angular
distributions in that frame relative to the different spimaqtization axes (T, N, L). The
background subtracted yields, obtained by fitting thenissing mass histograms for

forward and backward angles (Sectiod.4) are then corrected for the acceptance. The
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induced polarization of the recal is extracted via the forward-backward asymmetry

from thep angular distributions with respect tos eﬁF = 0 as described in Sectidh4.

Forward-Backward Asymmetry

The induced polarization in this case is given by:

2 2 /gy —n—
P=-A=~-(—— 4.15
a o' <n+ +n_ ) ’ ( )
whereA = Zijrz: Is forward-backward asymmetryy are the acceptance-corrected

yields in the forward and backward directions, respecyivgiven by Eq.4.13 In this
equationa = 0.642 + 0.013 is the A decay asymmetry parameter and is taken from
the PDG []. The uncertainty inx is treated as systematic uncertainty and is included
in the total systematic uncertainty calculations as sureedrin Table5.1 A careful
propagation of errors is necessary in order to calculatetia bars on the polarization
results. First, the uncertainties on the forward-backvwasgimmetryA are determined
by:

dA? = (%dmf + (%dn_)? (4.16)

The partial derivatives are calculated:

oA 2n_
ong (ny +n-)?
514 . —2n+

on—  (ng +n_)%
Substituting these partial derivatives into Bgl6will give:

4(n—dny)®  4(nydn_)?
(n+ + n_)4 (n+ + n_)4'

dA? = (4.17)
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The respective statistical uncertainty in the polarizatggiven by:

2dA 4
p « alny + n7)2 \/(n_dn+) + (n4dn—)*, (4.18)

wheredn. is determined according to E4.14

4.7 Radiative Corrections

In the electroproduction experiments, in general, it isassary to take into account so
called radiative effects. While moving in the electromagnéeld of the nucleus, the
electron can emit or absorb a virtual photon before or afteracting with the target
proton or produce electron-positron pairs. Speaking inladmguage of Feynman di-
agrams, the radiative corrections correspond to loop dndrigrder diagrams. These
corrections are calculated via perturbation theory in QEDenglthe expansion parame-
ter is proportional ta? (o = 1%7 Is the fine structure constant), so that each next higher
order contribution is roughly0o—* times less than the previous one.

The result of photon emission by electrons, before or afteraesteng with the tar-
get proton, shows up as a radiative tail in the higher masserahtheA missing mass
histograms. The radiative tails of theand 2 peaks were not well constrained in
the fits because of the low statistics, especially in the higlbins. A tight hyperon
missing-mass cut is applied while extracting the uncorgkgtelds in order to exclude
the radiative tails. As part of the systematic uncertaintglgsis, the missing mass
cut was removed, allowing the tails to be included in the yiel@ibe study showed
(Section5.1) that excluding the tail events does not introduce any majstesnatic
uncertainty € 0.026). Actually, the radiative effects effectively cancel out in dsym-
metry approach, used for polarization calculations descriin Sectiord.6. Based on

these facts the radiative corrections were omitted in thesyesis.

86



| Variable | Range| # of bins| Bin Width |

COSQIC(]V[ (-1.0,0.0) 1 1.
(0.0,0.4) 1 0.4

(0.4,0.8) 1 0.4

(0.8,1.0) 1 0.2

W | 1.6-2.4 GeV 4| 200 MeV

Q? | 0.8-3.2 GeV 4] 0.6 GeV

Table 4.8: Binning for the)? dependence studies.

4.8 ()? Dependence Study

Initially, a Q2 study was performed for data integrated overcadIQIC(M and¢ g angles.
When integrated ovetfos HIQM , the results are dominated by forward angleljannel)
data due to the strong forward peaking of the data. Resulisesth noQ? dependence.
Since the resonance contributions to polarization obséegaare expected to be visible
at mediuntos H%M angles §-channel process), thg? dependent analysis was repeated
in the last stage for severals /¢ bins. The binning is shown in Tab#e8.

The polarization vs.Q? plots are shown in Figd.14 The results again show no
Q? dependence over the entire range covered by the E1F datasefadthallows one
to integrate data over this variable for the final analysis withHosing any valuable
information. Although the data are integrated og&r electroproduction still provides
valuable information such as access to the interferen@®nse functions, which is not

possible via photoproduction.
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no significant dependence @ within our statistical uncertainties.
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CHAPTERS

Systematic Uncertainties

There are several sources of systematic uncertaintieh#vatto be taken into account

in this analysis. These sources are categorized as:

1. Polarization Extraction
2. Acceptance

3. Background Subtraction

The systematic uncertainties are assigned for each soroogaring polarization re-
sults in eacheos HIC;M kinematic bin with nominal and alternative cuts. The systematic

uncertainties are estimated as the uncertainty-weightechge polarization defined by:

n [prom _ qut]Q
— (§pnom)2
Py = |&L ! . (5.1)

n

1
£ (5Prom)?

=1

Here the summation goes over @flpoints for eaclios 9[6}M bin. The RMS width of the
uncertainty-weighted polarization differences are aldoutated as a cross check of the
procedure. The systematic uncertainties from all soureesimmarized in Tablb.1
The total systematic uncertainty in eachk GIC(M kinematic bin is obtained by summing
the uncertainties from all sources in quadratures sincestlueces are assumed to be

uncorrelated.

5.1 Acceptance Corrections

The uncorrected yields are integrated within a specifimissing mass window. The

nominal missing mass integration range is from 1.05 to 1.1¥. Ggstematic uncer-
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Figure 5.1: Uncertainty-weighted histograms for the polarizatiiferences
with the nominal and alternative cuts for eacht¢* bin. These histograms
combine the two cases of alternative missing mass integradioges. The
RMS values of these histograms are the assigned systemaédainty for
eachcos #$M bin.

tainties from this source are studied for two alternativegess: 1) from 1.025 to 1.17
GeV, and 2) from 0.9to 1.4 GeV which is the total range used for theSitrictly speak-
ing, extending the integration range does not affect theexental yields, since the
amplitudes of the\ fit functions do not change once the fitting procedure is complete,
but the acceptance factors do. Extending the range of mtiegraffects the polarization
results, because this integration must also be taken itmuat in the acceptance factor
calculations, when integrating the MCtemplates. Correcting the yields for the accep-
tance gives rise to small systematic uncertainties. The RN of the uncertainty-
weighted polarization differences, with the nominal andraltiéive cuts in place, is read
directly from the histograms (Fig.1) as the measure of the systematic uncertainties
from this source. Histograms combine both alternative £a3ée estimated absolute

uncertainties from this source range from 0.011 to 0.026.
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Figure 5.2: Uncertainty-weighted histograms for the polarizatiifferences
with the nominal and alternative pion missing mass squarésl dthe sys-
tematic uncertainties are the RMS values of these histograsssgned for
eachcos QIC;M bin.

5.2 Pion Missing Mass Cut

The applied nominal pion missing mass squared cut is fro02-@ 0.07 GeV. The
alternative cut is extended from -0.03 to 0.1 GeWhis lets in some additional back-
ground events, potentially changing the background temgplatéig. 5.2 shows the
uncertainty-weighted histograms for the polarizationeti#nces with the applied nom-
inal and alternative cuts. The estimated absolute unogigaifrom this source range
from 0.025 to 0.047.

5.3 Geometrical Fiducial Cuts

The nominal geometrical fiducial cuts applied for this anialyse the loose cuts for
bothe™s and hadrons. As an alternative, to study the systematic eftegtter fiducial

cuts were used. The parameters are summarized in T8dlend 3.2 The applied
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Figure 5.3:¢ vs. 6 distributions for electrons (left) and kaons (right). The
yellow and red lines show the limits of the loose and mediumciigcuts,
respectively.

cuts are shown in Figh.3 both for electrons (left) and kaons (right). The yellow and
red lines show the limits of the loose and medium fiducial awspectively. Since the
fiducial cuts as defined in SectioBd and3.2depend on momentum, = 1.1 GeV and
pg = 1.1 GeV are selected to display the cuts.