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Abstract

It is well known in the quark model of hadrons that mesons aumd in groups of
8+1(an octet plus a singlet). For the lightest meson octatedons are have no strange
quark and 4 mesons contain either a strange quark or straniggiark. However, for
the higher-mass mesons, the assignments are not as cleaxdrople, the Particle Data
Group(PDG) states that the identification of the scalar me$® "a long-standing puz-
zle”. In particular, the<-meson with resonance pole at about 800 MeV is seen in many
phenomenological analyses, yet its existence is stillrogetsial.

Recently, the CLAS collaboration and CBELSA/TAPS collaimn reported the to-
tal cross section data and differential cross section aat& >+ photoproduction, and
found that theé-channel exchange dominates the production amplitudesadt scattering
angles. The available exchange particle are the sgataeson, positive parity exchange,
and the pseudoscalar kaon-meson, negative parity exchartge theoretical model sup-
ports that the parity spin asymmetry, given in terms of tha giensity matrix elements
by , is particularly sensitive to the role afexchange, especially at forward angles. In
the case of scalar exchange, the parity spin asymmetry is positive, wherelasledions
with only the pseudoscalar kaon has negative parity spimasstry.

The experiment done here measured the linear polarizatisereables forx*° pho-
toproduction off the proton from threshold to 3 GeV at SP#8IQEPS facility. We mea-
sured spin-density matrix elements at very forward angtethe present data provide the
first-ever reported parity spin asymmetry figr® photoproduction.

The parity spin asymmetny, = 2p}_, — pi,) is estimated to b@.784 4 0.154 in the
GJ frame and).758 + 0.123 in the helicity frame. The large positive asymmetry shows
that natural parity exchange is the dominant process atfiahangles.

This supports that a natural-parity exchange is dominafviiard angles for *°x+
photoproduction. A natural explanation for the naturaitya&xchange would bechannel
of a scalar meson with strangeness, which is consistenttiagth meson. The results of
this experiment support the existence of this meson, whichldvcomplete the lowest-
mass scalar meson octet.
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Chapter 1

Physics Motivation

Strange meson and baryon photoproduction is a very nicetaostudy on the properties
of strange hadrons and the structure of non-strange bataten K photoproduction has been
extensively studied in theoretically and experimentallyd]. Recently, the strange vector meson,
K*(892), photoproduction has been reported [3, 4, 6]. They repditedotal and the differential
cross sections which suggest that amplitud&fphotoproduction is smaller thali ™ photopro-
duction, but still sizeable.

1.1 Scalar meson in Quark Model

It is well known in the quark model of hadrons that mesons amad in groups of 8+1 (an
octet plus a singlet). In the simplest quark model [7], tightést meson octet has 3 mesons with
no strange quark, 4 mesons containing either a strange @tjaok a strange anti-quarlk), and
one meson with a dominarg content as shown in Figure 1.1.

The ground-state pseudoscalar meson octet is well-estelli and consists of three pions,
four kaons, and an eta-meson. However, for the higher-ma&soms, the assignments are not
as clear. For example, in Ref. [8] the Particle Data Group@pBtates that the identification
of the scalar mesons is "a long-standing puzzle”. They amgelalecay widths which cause a
strong overlap between resonances and background. Andtlaésodecay several channels open
up within a short mass interval. In additional, one thegedtexpects non+gstate. Experimentally
well established scalar resonances below 1 Ge\Vt@@80) andf,(980). Hence, the nature of the
low-lying nonet scalar mesons is not understood yet.

The o meson has a width almost equal to its mass, and certainlyotd@ndescribed as a
typical Breit-Wigner resonance. There is a strong expemtaleevidence for a light sigma meson,
whose pole was extracted with a small uncertainty from modeelyses inr-7 scattering [9, 10].
The significant contributions of the sigma pole were idegtifin the D meson decayp)™ —
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(a) pseudoscalar meson

(b) vector meson

(c) scalar meson

Figure 1.1: Three diagrams foryp — K*YS* photoproduction, which include (a)channel
exchanges, (by-channelN*A, (c) u-channel hyeprons and (d) contact diagrams.

m-ntat [11]and DY — K3ntx~ [12]. Thex is thought to be similar, actually worse than
with a pole mass of about 800 MeV and a width about half as kigt§0 MeV). The k-meson
(presumed to be part of the lowest-mass scalar meson odtatawesonance pole at about 800
MeV, yet its existence is still controversial.

As mentioned above, the light scalar mesons are difficulctm@modate. The assignments
for JP¢ = 0+ are filled by the higher-mass (1450) andf,(1370) plusfy(1710) mesons, along
with the K*(1430). In contrast, the light scalar mesons, consistinthefu((980) andf,(980)
plus theos are thought to be meson-meson (or 4-quark) states [13, fid]sa are not included
in the classical quark model picture. Thg(980) andf,(980) are firmly established, but their
interpretation as exotic 4-quark states is still in questidlore information on the structure of
these scalar mesons is desired [15].

Definitive evidence for the or x mesons would provide a significant advance in establishing
the existence of multi-quark states.

1.2 x(800) meson

The quantum numbers of themeson are/” = 0* and/ = 1/2. The« is considered to
be the scalar partner to the kaon in a similar way asstineeson (also called th,(600)) is the
scalar partner to thg-meson. The difficulty to establish whether ther thex mesons exist is, in
part, because their resonance widths are very broad (abouvléV or even higher).

Table 1.1 was summarized of themeson resonance parameters in the recent literature by
Particle Data Group (PDG) [8]. The average value ofiass is 676 40 MeV/c? and its width is
548+ 24 MeV/c? by using top four results in the Table 1.1.

Evidence of thex-meson has been shown in phenomenological analysis ofscattering
phase shift data [29, 30, 31, 32], in the analysis of D meseayé)™ — K77~ [19, 24, 21,

Copyright (© 2012 S.H. Hwang



1.3 Photoproduction of K*0% 3

Mass(MeVE?)

Width (MeV/c?)

References

| Reaction

849+ 77 1%

512+ 80792

M. Ablikim et al. (BES Collabora-
tion), 2010 [16]

J/p - KFEK2nFr®

841+ 30 *81 618+ 9019, M. Ablikim et al. (BES Collabora-| J/¢ — K*°K*+7r~
tion), 2006 [17]

658+ 13 557+ 24 S. Descotes-Genon and B. Mous-tK — 7K
sallam, 2008 [18]

797+19+43 410+ 43+ 87 E. M. Aitala et al. (Fermilab E791 D" — K 7ntpit
Collaboration), 2002 [19]

663+ 8+ 34 658+ 10+ 44 D.V. Bugg, 2010 [20] S-matrix pole

706.0+ 1.8+ 22.8

638.8+ 4.4+ 40.4

G. Bonvicini et al. (CELO Collabo-
ration), 2008 [21]

DY 5 K ntnt

856+ 17+ 13 4644 28+ 22 J. M. Link et al. (FOCUS Collabo{ D+ — K~ ntz™
ration), 2007 [22]

750739 684+ 120 D.V. Bugg, 2006 [23]

855+ 15 251+ 48 C. Cawlfield et al. (CELO Collabot D — Knm
ration) 2006 [24]

694+ 53 606+ 59 Z.Y. Zhou and H. Q. Zheng, 2006 Kp — K ntn
[25]

7534+ 52 470+ 66 J. R. Pelaez, 2004 [26] Krn— Kr

594+ 79 724+ 332 H. Q. Zheng et al., 2004 [32] K p—K atn

722+ 60+ 34 772+ 100 D.V. Bugg, 2003 [31] K p—K atn

905755 5451245 S. Ishida et al., 1997 [27] K p— K ntn

Table 1.1: The summary of present status for theneson by PDG.

22],and alsointhd /vy — K*°K*7~ [16]and.J/y — K*K2nTx° [17]. However, no evidence
for the x was found inD? — K770 [33], and also some theorists are not convinced by the
evidence [34].Hence, they are difficult to see in partial @analyses of meson scattering data.
In the case ofD-meson decay and/+) decay, there is a need in the decay amplitud®of —
K-rrnt andJ/¢ — K*K2nFx0 for an additionalK'w resonance with the quantum numbers
of the k. However, additional evidence is needed beforextihheeson can be firmly established.

1.3 Photoproduction of K *%

We report on the linear polarization observables Aot photoproduction measured using a
proton target. When a photon interacts with the proton asrinédiate excited state of the proton
can be produced and then decays, within a very short periditnef into final state of a kaon
and a hyperon. The kind of the exchanged particle betweephhbton and the proton depends
on the production mechanism of the final states. There arepfussible mechanisms for thé*°
production reactiont-channel,s-channelu-channel, and contact diagrams as shown in Fig. 1.2.
Thet channel exchanged meson with strangenesssaitinnel throughV*. The hyperons and
hyperon resonances are exchanged inthbannel.

Copyright © 2012 S.H. Hwang
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Yoo o . K
\/\/V\/\/\/\/ ....... v
4 K, K°
p > > st
(a) t-channel (b) s-channel

(c) u-channel (d) contact

Figure 1.2: Tree diagrams foryp — K*°%+ photoproduction, which include (&)channel ex-
changes, (b}-channelN*A, (c) u-channel hyeprons and (d) contact diagrams.

The CLAS Collaboration at Thomas Jeffeson National Acedter-acility and the CBELSA/TAPS
Collaboration at the 3.5 GeV electron stretcher facility& reported the differential cross sec-
tion data forK*°X* photoproduction as a function of the center-of-mass afigle as shown
in Figure 1.3 [5, 6]. They found a forward peaking that thehannel exchange dominates the
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(a) CLAS Collaboration (b) CBELSA/TAPS

Figure 1.3: Differential cross section data fopp — K*°X* photoproduction as a function of
the center-of-mass angl .o for the CLAS Collaboration(a) and the CBELSA/TAPS Collador
tion(b, full circles).

production amplitudes at small scattering angles. Howetier backward angle production was
described different. For the CLAS data, the curves are flmemtodel of Zhao [36] using vector

Copyright (©) 2012 S.H. Hwang



1.4 Theoretical model of the K*°x+ 5

and tensor couplings adjusted to give the best fit to the ddtis. model shows good agreement
with the data, except at forward angles. Thehannel coupling in the Zhao model is completely
determined by a single diagram wifki® exchange. They suggested the role of scalaneson
exchanges should be investigated. The data from the TARSDohtion has been compared with
the updated calculations from the model of Zhao(solid cs)r{y86, 37], the calculation in Ref.
[38] model I(dotted curves) and model li(dashed curvegpeetively. The dashed-dotted curve
represents calculation in the model of Zhao [37] with freeapeeters. It is not yet possible to
make an explicit conclusion about exchanged particle dubdcsignificant contribution to the
K993+ channel from thé&a** production. They suggested that polarization experimeiitde
need to clarify exchange particles of the strangeness ptiotiuprocess. Note that no polarization
measurement for this reaction has been previously reportie literature.

1.4 Theoretical model of theK*'y+

In general, K* photoproduction is different from other vector mesons it thomeron ex-
change is absent in the photoproduction of strange mesare; the reaction mechanism for
K*0 photoproduction is different from the case of the neutralstcange mesong{, w and ¢)
where the-channel has a strong contribution from Pomeron exchangewfenergies, meson ex-
change also contributes to thehannelp andw photoproduction, but Pomeron exchange quickly
becomes dominant as the photon energy increases.

For K*0 photoproduction, the ambiguities in the theoretical matderward angles are rather
limited. A single diagram dominates thtechannel, where @ is exchanged and absorbs the
photon through the\/1 multipolarity. The hadronic coupling of th&® to the proton,gx ns,
is already constrained from kaon scattering data [35]. BErgke of ak™*° in the t-channel is
suppressed, since only higher (non-spin-flip) multipdilssican contribute to this diagram. Also,
the contact term is proportional to the vector meson chaagé,vanishes for the neutr&l*°
production. However, a scalar meson can contribute totdtieannel for i *° photoproduction
whereas it is forbidden by C-parity for kaon photoproduttio

The K*9%+ photoproduction has requared careful explain compare &ithA photoproduc-
tion. The two preliminary results of CLAS Collaboration far°>* and K ** A photoproduction
show a very similar cross sections distribution at forwanattering angle [4]. In the Ref. [39], they
have studied thé&* A photoproduction using CLAS data, and found thahannelK exchange
dominates the production amplitudes at small scatterimggean However, by employing th&
exchange process fd*">+ photoproduction, the predicts the cross sectionKsf -+ would
be smaller thaf*™ A photoproduction. The relative scattering amplitude aeibeed from

c 2
< .gK*KV.gKNA ) 21.727

V29 gy G NS

where/2 is the isospin factor. We can expect to have othehannel exchange, such as a scalar

Copyright © 2012 S.H. Hwang



6 Chapterl Physics Motivation

meson with strangeness which is consistent withstheeson, that contribute t&*'>* photo-
production.

One theoretical model [38] predicted sizeable forwardi@pglarization effects. In particular,
Ref. [38] predicts that the(800) contributes td{* photoproduction througtrchannel exchange,
which dominates at forward scattering angles. Also, thdrimriion of the «(800) for K*0%+
photoproduction is predicted to be relatively larger tHzat for K ** A photoproduction.

G (ub)

15 2 25 3 35 4 -1 -0.5 0 0.5 1
E, (GeV) COSO, -

Figure 1.4: Total cross section (a) and parity spin asymmesy(b) for vp — K*0%* photopro-
duction. The dashed and solid lines are the results for #ralard (no:-exchange) model and the
extended (withz<-exchange) model, respectively.

Figure 1.4 shows theoretical prediction of total crossisacand parity spin asymmetry for
vp — K*°%* photoproduction. The dashed and solid lines are the refultthe standard (no
r-exchange) model and the extended (witkxchange) model, respectively. The total cross sec-
tion for K*9%* shows a substantial difference between the standard modeddended model.
However, the prediction required a precise measuremehedbtal cross section.

The parity spin asymmetry [40], given in terms of the spingignmatrix elements by, =
2p1_, — pdy, have been shown to be particularly sensitivesimeson exchange, especially at
forward angles. In the case of scala(natural parity) exchange, the parity spin asymmetry is
positive, whereas calculations without the(with pseudoscalaé’ (unnatural parity) exchange
only) have negative parity spin asymmetry. Note that nonpation measurement for this reaction
has been previously reported in the literature. By compative data measured here with the
standard (na:-exchange) model and the extended (witexchange) model, we can test for the
existence of the:(800).

Copyright (© 2012 S.H. Hwang



1.5 Spin-density matrix elements 7

1.5 Spin-density matrix elements

The decay angular distribution of the vector mesons is patranzed by the spin-density
matrix elements and polarization of the photon beam ene&@jy For the common decay reaction
from the vector meson, we can be explained the decay angstaibdtion by using 12 of spin-
density matrix elements and the range of their values is nliinited but restricted by a set of
inequalities. In particular, its measurable values wenitdid for the various photon polarizations.
With linearly polarized photons, 9 out of 12 measurable f@nsity matrix can be separated in to
contributions from natural and unnatural parity exchamgéeét-channel. However, circularly po-
larized photons can not give any information on the naturahmatural of the-channel exchange.
For the unpolarized photons, we only can measure the lyeticitservationg).

K'03* Production plane,

(b) helicity frame

Figure 1.5: Decay angles for the reactiopp — K'Yt — K*7~X% in the Gottfried-Jackson
frame(a) and helicity frame(b), v, z are the axes of the production plan in tRe® rest frame,
andz’,y', 2’ are the axes of the decay plasg.represents the direction of photon polarization.

Figure 1.5 shows two decay angle diagrams for the Gottframttsbn(GJ) frame and helicity
frame [42, 43, 44]. In the GJ-frame, production planey, z) is defined as the plane on which

Copyright © 2012 S.H. Hwang



8 Chapter1l Physics Motivation

momentum vectors of the incoming photon and produs&d lie. z—axis is equal to photon
beam direction. While, in the helicity frame—axis is equal to and a opposite to the outgoing
¥+ and produced<*? directions, respectively. The—axis is defined as a direction normal to the
production plane, the—axis is defined as a direction of outer prodgct Z.

We defined, ¢, ® angles, such th&and¢ are the polar and the azimuthal angles between the
K7 and theK*? production planes in th&*° rest frame, respectively is the azimuthal angle
between the photon polarization vectey, and thek*0 production plane in the center-of-mass of
theyp — K*9% reaction.

The decay angular distribution with linear polarizatioe expressed as:

W(0,6,®;p) = Wo0,¢,0;p) — Py cos(20)WH(0, ¢, ®; p)
—P,sin(20)W?(6, ¢, P; p)

3,1
wo = G Poo) + (3pgy — 1) cos? 0
—V2Re(py) sin(20) cos ¢ — p{_, sin? 6 cos(2¢)),
wt = %(ph sin” 0 + pg, cos” 0
—V2Re(ply) sin(26) cos ¢ — pi_; sin’  cos(2¢)),
3
w? = 4—(\/§Im(p%0) sin(26) sin ¢ + Im(p?_; ) sin” 0 sin(26))
s

where,P, is degree of linear polarization of the incident photon. $pia-density matrix elements,
pj.k(i =0,1,2), are bilinear combinations of scattering amp#tud

The above angular distribution contains three differeigi@mariables. It can be rewritten as a
distribution with only a single variable if it is integrateder the other two angles. The new forms
of the decay angular distribution are as follows:

W(cosh) — g(%u — o00)sin 6+ pQy cos? 6)
W) = 5-(1-2Rep}_, cos(29)
W(6-®) = o(1+ Pyply ~ Tmpdy)cos2(6 — ®)
W(6+®) = o-(1+ Pyply + Tmpdy)cos2(6 + @)
W(@) = 5-(1— Py(20}, + ply) cos(29)

In the case of helicity conservation, the decay asymmgltry reflects the relative contribu-
tions of natural parity 4} ; = -0.5) and unnatural parity{ ; = 0.5) processes. The parity spin

Copyright (© 2012 S.H. Hwang



1.5 Spin-density matrix elements 9

asymmetryP, in the contributionsr™¥ anda¥ are as follows:

oV — oV 1

1
Pa:mzzm—l—%o

In this thesis, we report on the linear polarization obdales for K* photoproduction mea-
sured using a proton target. Theses observables, parityasgmmetry, have been shown to be
sensitive tas-meson exchange.

In Chapter 2, the SPring-8 and LEPS facility are describedib@tions and data reduction are
presented in Chapter 3. The absolute value of the spin{gensitrix elements and the differential
cross section are described in Chapter 4. Finally, we wilctade this work in Chapter 5.

Copyright © 2012 S.H. Hwang



Chapter 2

Experiment

Our experimentk *°x+ photoproduction, has been carried out at the Laser-Ele@®twmton
beam line (LEPS) at Super Photon ring-8 GeV (SPring-8), tbdd largest third-generation
synchrotron radiation facility, in Japan. Figure 2.1 shewsrd’s eye view of SPring-8. A linearly

Figure 2.1: A bird’s eye view of SPring-8 taken on September 2011.

polarized photon beam was produced by the backward Compaitesng of the deep UV laser
(257 nm) from 8 GeV electrons in the storage ring at SPrind-8®.EP beamline (LEPS facility).
The LEPS facility consists of a laser injection system, &ggystem for photon energy, a liquid
hydrogen target and a charged particle spectrometer. drctidpter, we will discuss in detail the
LEPS beam line and LEPS spectrometer which played key rolgsgithe K *° experiment run.

10



2.1 Spring-8 11

2.1 SPring-8

SPring-8 facility is a large synchrotron radiation fagilivhich delivers the most powerful
synchrotron radiation currently available. Consistingnafrow, powerful beams of electromag-
netic radiation, synchrotron radiation is produced whettebn beams, accelerated to nearly the
speed of light, are forced to travel in a curved path by a migfield. The research conducted at
SPring-8, located in Harima Science Park City, Hyogo Ptafe¢ Japan, includes nanotechnology,
biotechnology and industrial applications. SPring-8 wasred in 1997 to industrial, academic
and government users, domestic and international.

1-to1.5-Gev
Electron NewSUBARU
Gun
Switching "o 7
Magnet

8-GeV
Storage Ring

Figure 2.2: Schematic view of the accelerator complex of SPring-8.

Figure 2.2 shows the schematic view of the accelerator cexfl SPring-8. The accelerator
complex of SPring-8 is composed of an injector linac, a berasgnchrotron, and a low-emittance
and high-brightness storage ring. Electrons are genegataad electron gun and accelerated to an
energy of 1 GeV in the injector linac with a length of 140 m. A &\Gelectron beam is transported
to the booster synchrotron with a 396 m circumference, andlaated up to 8 GeV. The 8 GeV
electron beam is injected from the synchrotron into theagfering with a 1436 m circumference
and stored.

Electrons with an energy of 8 GeV circulated in the storageg.riThe time interval of the
successive bunches for electrons in 1.966 nsec. Electrerfdlad in some bunches with various
filling patterns. The maximum current is 100 mA and top-uprapen allows SPring-8 provide
highly stable X-ray beam with arbitrary filling patterns.

The stored electron beam is used to generate synchrotr@tioadphotons at bending mag-
nets, undulators and wigglers. The radiation photons areiged to various beam lines with the

Copyright © 2012 S.H. Hwang



12 Chapter2 Experiment

experimental hutches in the experimental hall. The photdgtisa high-brightness and low emit-

tance are commonly used mainly for researches in materialifensciences. There are 57 beam
line ,53 lines are used, and 4 lines are under constructior.dthe beam lines calles BL33LEP
is used by the LEPS group. In the LEPS beam line, the high gmpdrgton beam produced by the
backward-Compton-Scattering process in used in the axpets for photo-nuclear and nucleon
reactions instead of of radiation photons.

2.2 LEPS beam line

Leaser-Electron-Photon facility at SPring-8 (LEPS) pimsth GeV photon beams by the
backward Compton scattering of ultraviolet laser photdifi8 @GeV electrons circulating in the
SPring-8 synchrotron radiation ring. The beams are useddolear and hadron physics exper-
iments by international collaborations. The first LEPS beeas produced in 1999 and the first
physics run started in 2000. A multi-GeV photon beam is peeduby the backward-Compton-
scattering process of laser photons from the circulatingg® @ectrons at the LEPS beam line.

Recoil electrov
Tagging counter

36m

8 GeV electron

Collision

a) SPring-8
SR ring

b) Laser hutch

c¢) Experimental hutch

Figure 2.3: Schematic view of LEPS beam line at SPring-8. LEPS beam loresisted three
parts; (a) Laser-electron collision part in the storagg,riip) Laser hutch for laser injection, and
(c) Experimental hutch where a spectrometer is placed.

LEPS beam line consisted three parts as shown in Figure & .3;aser-electron collision
part in the storage ring, (b) Laser hutch for laser injectimnd (c) Experimental hutch where a
spectrometer is placed. In this section, we will discussiabeam line system.

Copyright (© 2012 S.H. Hwang



2.2 LEPSbeamline 13

Backward-Compton scattering photon beam

We have a multi-GeV linear polarized photon beam for Backi@ompton scattering (BCS).
A Compton scattering of photons by electrons is an one of thstrsimple process in quantum
electrodynamic. In 1963, Milburn and Tumanian pointed &t thigh energy polarized photons
are produced by collisions of polarized laser photons wéthtivistic electrons. This process is
generally called as Backward Compton scattering. FigutesBows the kinematical values of the
BCS process in the laboratory frame. , whéfeis the incident electron energi; is the laser

Figure 2.4: Kinematical values of the backward-Compton scatteringcgse in the laboratory
frame.

photon energyF, is the energy of a scattered photén(.) is the polar angle between incident
electron direction and laser photon (outgoing scatterexdqpl) direction. A laser photon interects
with an electron with; ~ 180C°. In the case off, > ki, the scattered photon is headed out
strongly in backward direction for the Lorentz boost. Thergy of a scattered photoi;., is
written follow:

1 — Bcosb

1 )
1— Bcosbsy + —kl(lfcog(frel))

E, =k

whereE,. (7.975+ 0.003 GeV [46]), is electron energ¥,is an incident electron velocity in unit
of the speed of light. By assuming= E./m. > 1, § ~ 1, §; ~ 180° andfy ~ 0°, a term in the
denominator;3 cos 6, can be evaluated cos 6, ~ (1 — 3y2)(1 — 163). Then, we can re-write
above equation as follow:

4E%k
m2 + 4E.ky + 03E2’

E, =

wherem, (0.511 MeV) is the mass of the electrons in the storage riftng Maximum photon
energy is obtained &, = 0° as follow:

Emar o 4Ec?k1 ]
v mg +4F .k

The maximum photon energy for the 257 nm deep UV laser is 26 G
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The linearly polarized BCS photons produced by linear jidarlaser photons. The degree of
polarization {,) of a BCS photon is given by

(1 — cos a)?

P, = P
7 LaseTQ(x—{— 1+ cos? a)
, = Py
1—p(l—a)
1—-p(1+a)
cosa = ———=,
1—p(l—a)

wherePr .., iS a degree of polarization of an incident laser light whighlmost 100% polarized.
p is a photon energy ratio of a maximum photon ene;zgyt(%) anda is #Ekl

Figure 2.5 shows a degree of polarization as a function ofptieeluced BCS photon with
different laser system. The maximum polarization is 90%84®94or deep UV laser (Ar laser),

respectively. In this experiment, deep UV laser was usedddyze a high energy BCS photon.

=
S
3

I — 257 nm(4.82 eV)

; ------ 351 nm(3.53 eV)

©
S

©
3

Polarization(%)

P |
25 3
E, (GeV)

Figure 2.5: Polarization of the BCS photon as a function of produced @hadt., when the laser
photon is 100% polarized for Ar laser and deep UV laser, eispdy.

Deep UV laser

The deep UV laser (257 nniy.s.r = 4.82 €V), which is 'Sabre MotoFreD’ produced by
COHERENTI[47], was operated in the experiment to get highrggnphoton beam. A 20 W Ar
laser pumped up the UV output of 1.0 - 1.5 W. The spot of the BBGtal from which UV light
was emitted was damaged in several days at the maximum paeethe crystal was mechanically
shifted to different positions. The maximum laser power wasntained with the power tracking
system. At the operating the laser system, dry nitrogen fllowehe laser system because of the
hygroscopic nature of the BBO frequency bubbling crystal.

Copyright (© 2012 S.H. Hwang
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Laser optics

The polarization of laser photons is controlled by a half«véength §/2) plate for changing
the direction from vertical to horizontal. Figure 2.6 shogehematic view of the laser optics
system. The\/2 plate is located after the Deep UV laser for linearly pakd photon beam.

8 36 m

Photodiode

Collision

Mirror, m part 1 7
L Storage ring N

Glan-laser prism

Beam line

5 deg. 1. Deep UV laser
Vacuum chamber 2. M2 wave length plate

3. Beam expander
4. 4th mirror

5 5. 3rd mirror
......... \ 6. 2nd mirror

7. 1st mirror

CCD

8. monitor
2

.

Figure 2.6: Schematic view of the laser optics system.

Four optical mirrors were used to guide the laser to the gorang. At the end of the straight
section, we put the polarization measuring system. The [adarization was decided by a angle
of the \/2 plate. For the horizontally polarized laser, the dil@ttof \/2 plate set horizontal, on
the other hand vertical polarization was got by rotating tf#eplate. The polarized laser size was
enlarged by a expander, produced by SURUGA, which consistedcoupled of optical lens to
focus at the straight section of the storage ring where thetrein beam circulated. We measured
the polarization direction (angle) and degree by polanmameasuring system at the end of the
straight section in the storage ring, which consisted wi@lan-laser prism and photodiode. The
Glan-laser prism was rotated and the intensity of the laser weasured behind the prism with a
photodiode as a function of rotation angle of the polarigeggure 2.7 shows intensitiy distribution

0.7 (a) Vertical 3 (b) Horizontal
0.4
0.6
0.35 ¢
0.5 0.3 ;_
0.4 0.25 £
0.3 02 &
0.2 0.15 §_
0.1 F
0.1 0.05 E
0 PR R R BT | IR 0 E L PRI T BT |
0 100 200 300 0 100 200 300
¢ (deg.) ¢ (deg.)

Figure 2.7: Intensity distribution of the laser at the photodiode fortieally polarizzed laser (a)
and horizontally polarized laser (b).

of the laser at the photodiode for vertically polarized tds¢ and horizonally polarized laser (b).
Normally, the direction of polarization was changed 2 tirimea day.
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Tagger

The energy of photons was determined by measuring the enétigy recoiled electron energy,
E.., for the Backward-Compton scattering. The energy consiervaf the electron and photon
leads the energy of photons Bs = E,. — E./, whereFE, is the electron energy of circulated in the
storage ring F, is the produced photon beam energy. The recoiled electrens detected with
the tagging counter which was installed at the downstreatheobending magnet in the storage
ring. The recoiled electrons passed through the bendinghetaghich bent the recoiled electron
trajectory. The trajectory of the recolied electrons issgly bent from the 8 GeV electron.

air
Vacuum chamber wall

Scint. Fibers

vacuum A hodoscope

om "SFB" ' 3m

'SFF" |7 tm

recoil electron

55mm
,7 5. 5mm
~

8-GeV circulating electron

0
0
0
O
0

] o ] |

X-ray shield

Figure 2.8: Schematic view of the tagger counter.

Figure 2.8 shows schematic view of the tagger counter. Tagmenter is placed at the outside
of the vacuum chamber for the 8 GeV electron circulating.géagounter consisted of the plastic
scintillator hodoscope and the two layers of scintillatfitier detectors. The plastic scintillator
hodoscope consists of 5 segments with 2 layers plastidlitiot counters, which is 3.0 mm thick
plastic scintillator with 10 mm high and 7.4 mm wide. At thesd part of the storage ring, we
used the width of the scintillator 5.5 mm. Each scintillatoverlapped with adjacent bars by 2.7
mm. The fiber detectors was placed upstream of the plastitilstor hodoscope, and consisted
the front fiber (xsf fiber) and rear fiber (xsb fiber) layers wathfiber bundles. The fiber bundles
were assembled six scintillating fibers with11 mn? size. The front fiber and rear fiber provided
a position information for the recoiled electron trajegtarhich provided a timing signal of the
recoiled electron signal by PMT read out. The measurableggmegion corresponds to the range
of 1.5 - 3.5 GeV for they-ray photons.

Target

Copyright (© 2012 S.H. Hwang
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150 mm

Hole for Temperature Sensor

Kapton Film Kapton Film

AN/ L
HIRE B

Rear View

Window
MOPUT )

Front View Side View

Figure 2.9: Schematic view of the liquid hydrogen target.

A 150 mm liquid hydrogen target was used in this experimeigure 2.9 shows schematic
view of the target system. The target cell was made of copjir avthickness of 8 mm. The
entrance and exit windows of the target cell were made of Addiims with a thickness of 0.125
mm. The temperature and pressure of the target was kept-a2®% K and 1.0~ 1.05 atm. The
target was located at the 953 mm upstream of the center offtbéednagnet, dipole magnet will

be discussed in next Section.
2.3 LEPS spectrometer

The LEPS spectrometer consisted of upstream veto coutadrceunt, vertex detector, dipole
magnet, three drift chambers, downstreahe~ veto counter and time-of-flight (TOF) wall. The
schematic view of the LEPS spectrometer was shown in Figudésand 2.11.

Figure 2.10: Schematic view of the LEPS spectrometer at the target parts.
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S

Dipole magnet

I

ToF wall

Downstream e*e-
veto counter

Beam 4 DC3

(a) Front-top view (b) Rear-top view

Figure 2.11: Schematic view of the LEPS spectrometer for front view (a) mear view (b).

Upstream veto counter

At the end of the beam pipe in the experimental hutch, we ugstiream veto counter
(UPveto) to eliminate theTe~ background events, which size i5200 x 190 mn? made by
plastic sciltillator.

Trigger counter

A Photon beam injected to 150 mm liquid hydrogen target andyred particles by photo-
production. The charged particles from the target were nredsusing the trigger counter (TRG).
The TRG provided a start timing of the trigger of data tackiwgich is 5 mm thick plastic scin-
tillator with 95 mm high and 150 mm wide. The TRG was locatethat-801.6 mm upstream of
the center of the dipol magnet.

Vertex detector

The vertex silicon strip detector (SVTX) was used the vedetector to measuring very
precise position for an interaction point. The chargedigarpassed through the silicon and de-
posits ionization energy and liberate electrons. The mlastand holes by the ionization energy
were separated due to the electric field inside the silicop detector (SSD). SSD collects at the
electrode, giving a signal proportional to the depositetzation energy. The SVTX consists of x
and y plans of whth a thickness of 3@@ and 120um pitch. The SVTX was located -681.1 mm
at the upstream of the center of the dipol magnet.

Copyright (©) 2012 S.H. Hwang



2.3 LEPS spectrometer 19

Dipole magnet ande™ e~ blocker

The dipole magnet provided the magnetic field for momentualyais. Aperture of the
dipole magnet was 550 mm high and 1350 mm wide. The lengtheoptte along the photon
beam was 600 mm. The maximum field strength was 0.7 T at cehtdealipole magnet. A
current provided to the magnet was 800 A. A magnet field mapoaksilated by using OPERA-
3D TOSCA package which provided the 3-dimensional magrfiid distribution. Figure 2.12
shows the strength of the y-direction magnetic fidhj, as a function of z-position at x = 0 mm
and y = 0 mm. Results of the calculation by TOSCA agree welwie measurements by hole

0
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-0.4

Magnetic field (T)

-0.5

SVTX
Target TR DC1 DC2 DC3

VA

| | | |
-1000 -500 0 500 1000
z (mm)

-0.6

-0.7

T T T T T T T[T T TTT[TTT
[TTTTTT I T rro reey

-0.8

Figure 2.12: The distribution of the y direction magnetic field,, as a function of z-position at x
=0mmandy =0 mm.

probes. Inside of the magnet, a pairedfe~ blocker (EBAR) with 100 mm thick, 40 mm high
and 440 mm wide were installed in the horizontal plane at f@&r@m downstream of the center
of the dipole magnet in order to block thge~ pair production from upstream. The gap distance
between twa e~ blocker is 155 mm, it is can be trough the gap for the above 1/G@dmentum

of ete™ particles.

Drift chambers

We used three multi-wire drift chambers (DC1, DC2 and DCB8]}lie charged particle tracking.
DC1 was located at the upstream of the dipole magnet and D@2D&38 were located at the
downstream of the dipole magnet.

Figure 2.13 shows the schematic drawing of field, shield amde wires configuration in the
multi-wire drift chambers. The DC1 consists of 6 planes \tdce x, X', u, U’, v, X". Planes for x,
x’and X" were lain 0. The planes for u and u’ were inclined by°4&nd direction of the plane for
v was 135. The wire spacing of sense wires was 6 mm for x, X', u and u péamte12 mm for v
and x” planes. The active area for DC1 was 60300 mn¥ which is located at -466.0 mm. The
DC2 and DC3 have same design. They have 5 planes for x, X’,andiv. The direction for x and
X’ planes lay 0, u and u’ planes are 12@&nd v planes inclines 60 The wire spacing of sense
wires was 10 mm for x, X', u and u’ plane and 20 mm for v plane.yThave the active area of
2000 x 800 mnt. DC2 and DC3 were placed at +860.5 mm and +1260.5 mm, regelycti
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Figure 2.13: Schematic drawing of wires configuration in the multi-wiriftcchambers.

The gas was mixed with 70 % argon and % 30 isobutane. Typisaluton is 200:m and the
efficiency is 97~ 100 %.

Downstreame*e™ veto counter

For the this experiment, we newly set up downstredm veto counter (EEveto) downstream
of the DC3.

EEveto was performed the rejection efe~ background instead of Cherenkov detector,
Cherenkov detector was used a standard run. Figure 2.14ssécivematic view of the down-
streame™ e~ veto counter. The detector fabricated a 20 mm thick plasfittilator with 40 mm

Front view 185 mm
= - =
N
40 mm Beam hole : 50 x 20 mm? \
PMT

Top view | /
= i = =

20 mm Beam hole

Figure 2.14: Schematic view of the downstreastie~ veto counter.

high and 185 mm wide. In the center of the EEveto, we made ttwesize is 20 mm high and 50
mm wide, for the photon beam.
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2.3 LEPS spectrometer 21

Time-of-flight wall

Time-of-flight of charged particle was measured by usingRResignal of the accelerator and
the time-of-flight (TOF) wall. The start signal was given bR® signal or RF signal, hence we
used the TOF wall to give us a stop signal. Figure 2.15 shoevs¢chematic view of the TOF wall.

M1 [T

T Beam
TOp view Light guide

s

200 cm

LR -

PMT —

-

Front view

Figure 2.15: Schematic view of the TOF wall.

The size of a plastic scintillator bar (TOF bar) is 200020 x 40 mn¥. The TOF wall consisted
40 slats, 20 TOF bars are left side and 20 TOF bars are rightSath TOF bar is overlapped with
adjacent bars by 10 mm. The both side of twelve flank bars vilezd by +15°. In the middle of
the TOF wall has 40 mm gap for beam hole which photon beam pemsgh. The TOF wall was
placed at 3151.5 mm from the center of the dipole magnet.

RF signal

We used RF signal from the 8 GeV storage ring to determineratstang for the time-of-
flight. The frequency of RF signal is 508 MHz which a time intdrof the bunches of the electrons
is 1.966 nsec.
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22  Chapter2 Experiment

2.4 Trigger

The trigger for the data taking consisted of a tagger sighats), a signal from UPveto,
a signal from TRG, a signal from EEveto and a signal from TOlegiam of the readout logic
for trigger was shown in Figure 2.16. Data were taken withrbiadrigger, which was defined as
following :

(TAG ® U Pveto) ® (TRG @ EEveto) @ TOF

Typical trigger rate for thé<* experiment is 100 cps.

Tagging counter (TAG)

ADC 43008 (FERA)
TDC 1877S rommmom '

PMT anode

upstream layer ($1-#10)

downstream layer (#1-#10) TAG
Up veto counter (UPveto)
ADC 43008 (FERA)
TDC 1875A
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> UPveto
ADC 43008 (FERA)
PAT up TDC 1875A
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PMT down - i el TDC 1875A
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Figure 2.16: Diagram of the read out logic.
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2.5 Runsummary

We have taken a total of 485 M online triggers 6 photoproduction in the from October 6
to 18 and November 8 to December 17, 2007.

The number of physics runs is 488 out of a total of 547 runsctiia filling patterns were
changed during th& ™ runs, as listed in Table 2.1.

Run number

Filling pattern

r37768— r37808
r37809— r37912
r37922— r38022
r38023— r38068
r38069— r38314

4/58-filling+53 bunches
160 bunch-traix 12
1/14-filling + 12 bunches
160 bunch-traix 12

203 bunches

Table 2.1: Electron filling patterns with run numbers

The total number of photons integrating the full energy eigy4.048x 10!, horizontal
polarization is 2.038< 10'! and vertical polarization is 2.010 10!, respectively.[53].
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Chapter 3

Calibration and Data Reduction

The reconstruction of physical quantities from the varidatector system were used off-line
analysis program, which is called LEPSana. This is develdyyethe LEPS collaboration. During
data reconstruction, each detector system(TOF, drift tleanand tagger counter) was calibrated.
This chapter deals with a calibration of each detector systed data reduction.

3.1 DC calibration

The momentum of charged particles were reconstructed fdXSDC1, DC2, and DC3/TOF
wall. To get a hit position of three drift chamber, we havelratedT; calibration and x-t curve
calibration.

We collected the edge timings of signals for each wire of tifechamgers, and each recorded
timing has a flag whether it is leading or trailing. A drift &y, ¢, is determined from a difference
between a timing offsefy and a timing of an leading edge as given by

tarift = —(T — Tp) x 0.5nsec/channel.

Atthe charged particle passed trough very close regiorsigmal was distributed right edge of the
timing 7" distribution. T} is determined by fitting the right edge of the timigdistribution with a
Gaussian convoluted step function since the charged legrtome with a uniform distribution in
a local region. Figure 3.1 showsdistributions and an overlaid fit line shows Gaussian cartecl
step function aff}.

The drift length was evaluated from the drift time and pararseg, , ¢, andes) for x-t curve
as given by

Trift = Citarift + 0215317«2‘ e+ c3t?lri ft

24
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Figure 3.1: The timing distribution for DC1X 16 wireTj is determined by fit with a Gaussian
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Figure 3.2: Relation between the drift length and the drift time for a DXJdlane. The line indi-
cates x-t curve fit.

Figure 3.2 shows a sample of x-t curve fit for DC1X plane. Thewpeeters for x-t curve are
determined by each plane. Table 3.1 shows the resolutidmeafssidual from x-t curve.

Plane X X' u u’ \Y; X"
DC1 | 0.207 mm| 0.208 mm| 0.233 mm| 0.224 mm| 0.265 mm| 0.219 mm
DC2 | 0.205 mm| 0.198 mm| 0.186 mm| 0.279 mm| 0.262 mm

DC3 | 0.229 mm| 0.223 mm| 0.214 mm| 0.269 mm| 0.255 mm

Table 3.1: Resolution of Drift chamber
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A trajectory of a charged patrticle is determined by hit pos# at the SVTX, three drift cham-
bers(DC1, DC2, and DC3), and the TOF wall. Normally, we us&8MDit information, however
the DC3 didn't cover all detecting area. In the case of theraai hit in the DC3, we use a hit
information from TOF wall instead of DC3. We used four steflaf tracking analysis to obtain
the momentum vector, sign of the change, the path length erexvpoint.

First, we searched the clusters in the SVTX, DC1, DC2, and.DXC8uster in the SVTX is
made by comparision of a hit position in thdayer andy layer. DC1 consisted with six planes
and the cluster required a hit more then 4 wires. And also pkete of DC1 required more than
one hit. DC2 and DC3 have 5 five planes and the cluster is maderypining more than three
wires in the DC2 and DC3. DC2 and DC3 required one hit in eaahel Each cluster in DC’s
does not include more than two hits in the same plane.

Second, straight line fit in a three dimensional space isopmeéd upstream of the dipole
magnet (SVTX and DC1) and downstream of the dipole magneg(&ti DC3/TOF). DC'’s only
gives a information about distance from the wires, and haanatniguity for the changed particle
passed to right or left side of the wires. This ambiguity cansblved the straigh line fit from
upstream and downstream. However, the low momentum pstaEn not solve correctly due to
the track of low momentum particles is not straight line. fEfiere, the right-left ambugity is not
solved correctly, these hits are removed as outliers irréok fitting with the Kalman filter method
[51].

Third, initial values for the Kalman filter method are detered. The best 30 combinations
of clusters are selected in each stream in termg®ofThen, the consistency of the upstream and
downstream checks with track cross in x-z plane in centéone@nd that the slope in y-z plane
are not big different between the upstream and downstrearkdr In this step, we can obtaine not
only initial values of the positions X, y and directions dx/dy/dz at the first polane in the SVTX
are obtained from the upstream straight line fit, but alstiainvalues of the momentum vector
and sign of the charge are estimated by the bending radibe aross point of the upstream and
downstream tracks.

Finally, a trajectory of a charged particle is reconstrddig applying the Kalman filter method
that performs a least square fit to the measured hit positichgding the effect of multiple scatter-
ing and energy loss. Now, we obtaine the sign of the chargealtsolute momentum, the momen-
tum vector, the path length from the target to TOF wall, andexepoints from tracking analysis.
And also, we obtaine goodness of a fit from the Kalman filtee h probability is defined as
below,

o0

prob(Cndf) = [ fO )iy
X

where f is the standard? distribution with number of degree of freedomdf. In the case of a
charged particle decays to douther particle, themthéas a large value along with a smafl
probability.

Copyright (© 2012 S.H. Hwang



3.2 TOF calibration 27

3.2 TOF calibration

The Time-of-Flight(TOF) of charged particles were recamnsted from Trigger counter, TOF

wall and RF signal from the storage ring. The mass of chargeticfe (V> = p? - (% — 1)) can
. Lengthpiigh
be evaluated from momentum)(and velocity § = £ = ——5714t),

The TOF is given bYOF = Ty;0p — Tstare- In the LEPS spectrometer, thg,,,; time can be
used from Trigger counter and RF signal from storage fing, was determed by TDC signal of
TOF wall. The time resolution is good for RF signal due to therow width of the RF signal[51].
We used RF signal faF;q;+.
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Figure 3.3: Scatter plot of ADC for Trigger counter and TDC for RF signal.

The circulating electrons are bunched according to a RFakignd the arrival time of a BCS
photon at the target position is synchronized with the RRalig-irst, we corrected RF signal due
to the DAQ trigger time is opened by the TDC signal from thaygiar counter and its TDC signal
has a time-walk. The time-walk often happens the TDC signalistorted the height of ADC
signal. Figure 3.3 shows the scatter plot of ADC for Triggeurter and TDC for RF signal. We
can see clearly 2 ns structure of RF signal and bend for therl&®C channel of Trigger counter.
The corrected RF signdl'zr,,,.., was calibrated by using the time-work correction by givgn b

TRFcorr = TRFraw

(TDCtrgl _ P1 + P2 )
2 2 ADCtrgl 2ADCtrgl
(TDCtTQQ _ P3 + P4 ) - P57
2 2 ADCtrgQ 2ADCtrg2

whereTgp,,, is raw TDC signal ofRE', T DCyyig1 and T DClyiga (ADCirigt and ADClyig2)
indicate TDC (ADC) signal of Trigger counters. Figure 3.4wh the comparison of before time-
walk correction and after time-walk correction. We now caa slearly 2 ns structure in the TDC
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distribution. Each peak denote the relative time of the RRal Therefore, we measured the mean
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Figure 3.4: RF before after

position of the each peak with Gaussian form and synchrdride signal with trigger time.

TOF wall is performed the measurement of time-of-flight aigbbsition of charged particles.
TOF wall were fablicated with plastic scintillator and alsaibrated Time-walk correction to got
good resolution. The equation of time-walk for TOF is givgn b

(TDCTOp + TDCBOt)
2

P n P
\/ADCTop \/ADCBot

TTOFCOT‘T = - (Pl + ) + P47

whereT' DCr,, andT DC'g, indicateT DCrqp Bot = T DCTop raw,Bot raw — REcor-

The effective velocity of light in the scintillator measdrby using the result of tracking anal-
ysis and TDC difference from top to botom PMT of the TOF bare J#hit position was recon-
structed by

Ytde = Veff - (TDCrop — TDCBot) + Togy,

wherew, s is effect velocity in the TOF ban.y; was estimated by comparing with the y-hit
position from tracking analysis resultg,,, andT DCr,, — T DCp. Figure 3.5(a) shows the
scatter plot of the y-positiop,,,, and TDC difference of 1, — T'’s,:. We fit the distribution and
the slope is).¢f. T;, s ¢ is the time difference when thg,;, is 0 mm. From the effective velocity, y-
hit position from TDC y,4. Was reconstructed. Figure 3.5(b) shows a differenag,of— y;4.. We
fitted the distribution with Gaussian function and the ragoh is about 18 mm. The distribution
is not perfactly a Gaussian distribution due to each TOF bhardhlittle difference resolution, but
the resolution is less than 23 mm.

Mass reconstruction can be measured with the momentum dacitye3, of the particles.
The 3 was calculated by = 7 = Lengthpuight whereLengthrgn: Were calculated by tracking

Timeplight -c’
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Figure 3.5: Scatter plot of the y-position,,,, and TDC difference off’r,, — Tt (a). (b) is
distribution ofy;,... — y:4.. An overlaid line denotes fit results by the Gaussian functio

analysis. Th&d'OF was determed by

(TDCrawTop - RFcor + TDCrawBot - RFcor)

2
Py Py

+
\/ADCTop \/ADCBot

TOF =

(P +

) + P4 x 0.025 + TGlob + To,

where T 1S globel offset of the TOF bard is offset of the each TOF bars. 0.025 is the
time in one channel of TDC module (1 ch = 0.025 ns). We tunedthealues to get same mass
resconstruction for each bar.

Figure 3.6 shows events selection of #iyecalibration for TOF. Each cut critia indicate proton,
KT, 7T, andn~ as shown in Figure 3.6. Then, we dhi values by using following equation.

M2
TO — \/i + 1 — (TTOFcor % 0.025 + TGlOb)

2
P]Momentum
Mprp . Mass of the selected particles
Prromentum  + Momentum of the selected particles
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Figure 3.6: PID of T calibration for TOF.
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3.3 Photon beam energy and VTX alignment

Photon energy was determined by Tagger counter. The rdceli&etrons for BCS photon
passed trough two fiber layers and hodoscope. The hit pogifithe each layer strongly related
with BCS photon energy due to the recoiled electrons for bos&t of energy are strognly bent
from the magnetic field in the storage ring. Therefore, waluséssing mass distribution for the
calibration of the photon energy.

We selecteds " single-track events antl events to calibrate photon beam energy. We can be
calculated the required photon energy from the energy-méame balance fop(y, K)A when
detected\ events in the spectrometer and its mass has PDG value(BB1&IéV) as given by

2 2 2
my — my, — My + 2mp Epet

2(mp — EK+ + p%+)
, Wheremy, m,,, andm g+ represent the mass af proton and kaon, respectivel/,-+ denotes a
energy ofK T. We measured the required photon energy for only a hit esistdront fiber layer or

calc __
E,Y =

< ¥/ndl 1300
sk Pi

%

5 7%5 et %ﬁs&“ﬁﬁ #%’ [ |
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Figure 3.7: Photon energies calculated from the energy-momentum ¢elam p(y,K T)A reac-
tion in terms of their respective fiber channels in the tafigit). Residuals from the fit function
are plotted in terms of the fiber channels (right). Top figudesote front fiber distributions and
bottom figures indicate rear fiber distributions, respetyiv

rear fiber as shown in Appendix C. Theevents were shown the fiber layers channel from 1 to 53.
We obtained centroids of the required photon energyMf@and 0 by fitting with two Gaussian
functions plus a straight line as shown in Appendix C. Now,fitted the relation between the

Copyright © 2012 S.H. Hwang



32 Chapter3 Calibration and Data Reduction

calculated photon energies and the fiber channel numbengivet3rd-order polynomial for front
fibers(left top) and rear fibers(left bottom) as shown in 3a7the right pannel of Figure 3.7,
residuals from the fit function are plotted in terms of the fibleannels for front fibers(right top)
and rear fibers(right bottom), respectively. Commonly,régdual is less then 10 MeV, which 10
MeV is the resolution of the photon energy for standard gneggolution [52].

The photon-energy functions were obtained as

E priber = 1.43067 + 3.66348 x 10 - =
—1.90912 x 10* - 2% 4+ 7.05713 x 107 - 2*
E,Briber = 143059 +3.67213 x 10% -z

—1.93408 x 10* - 2% + 7.10902 x 107 - 23

Figure 3.8 showg(~, K )X reaction by using photon-energy function. The peaks\are’,
¥(1385)°/A(1405) and A (1520). The peaks were satistified PDG values within 3 MeV.
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Figure 3.8: The missing mass spectrum pfy, K ™)X reaction with good track selection. The
peaks are\, ¥, $(1385)%/A(1405) and A (1520).

Figure 3.9 shows the reconstructed photon-energy disimitbdior events with a proton track

found. The reconstructed photon-energy distribution hiscéuation due to some fiber has a bad
efficiency.
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Figure 3.9: Photon energy distribution with a proton track found.
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3.4 PIDof KTn

We want to select of thep — K*?c* reaction from the large dataset. TR&" decays strongly
to K7~ mode with~100 % fraction ratio. We selecteld "7~ events out of two-track events.
Figure 3.10(left figure) shows a distribution of reconstiedcmass versus momentum/charge for
charged particles. The boundary of particle identificdfdB®) used standard PID cut [51]. We
used following parametrization for the mass resolution:

M c 2
0% =4M* (1 + <?)2>> a? + 4M*p2a3 + rp*(p? + M?) <Za3>

, whereM is mass of charged particle in the PDG value anslits momentumc is the speed of
light and L is path length. The is the contribution from the multiple scattering. Thgandas
are the contribution from the resolution of spectrometet e resolution of TOF, respectively.

a1 andas were estimated by Monte-Carlo simulation. The averagdutso of the TOF counter,
which isag, was measured to be 175 psec in real data [51].

0.8
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Figure 3.10: Left figure shows a two-dimensional scatter plot for of restaicted mass and mo-
mentum/charge. Overlaid lines indicate the event seledto K™ and 7~ track. Right figure
shows a missing-mass spectrum #¢f, 7" 7~ ) X reaction assumingl * asn.

We required that a reconstructed mass should be withitoBrance window. At high mo-
mentum the mass windows farand K are overlapped. Hence, we imposed a further constraint
on the mass such that it should not be in then2ass region of the other. As seen in Figure 3.10,
there still remaint™ tracks in theK ™ mass region. Such misidentifigd™ tracks were rejected
by requiring that a missing mass fofy, 7+ 7~ )X reaction be above 1.002 Ge¥/assumingk *
as7t(replacingm z+ with m._.+), as shown in the right panel of Figure 3.10.

Figure 3.11 shows the vtz distribution féf *7— events. We can see clear structures of the
target, the start count and the SSD detector. The red spedtdicates events selected with the
range from—1042 mm to—860 mm.
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Figure 3.11: Vertex-z distribution fork T 7~ events.
For the selection of good track events, the following séactriteria were imposed :

Tagger hit

We used a cut of number of tracks in tagger counter(fntag)tdugelection of the good
track of the recoil electron for the BCS process in the stnagg. The recoil electrons for high
energy which is corresponding to low photon energy can bdymed a shower at the shielding
material. The event were made a track in the tagging systéerefore, we required to following
cut condition to reject background event from tagger caunte

fntag = 1

x? probility

The x? probability cut was used to reject decay in flight events. \guired the event
selection for they? probability of reconstructed track was required to be gregten 0.02 as
following criteria :

prbchi2 > 0.02

Consistency of TOF hit

The number of hits in TOF bar were It is required that a hit guieed by TOF counter.
To select events for more then one hit by TOF counter, we t&elén the analysis as following
criteria:

ithtofhit > 0.

Number of outlier

If hit of tracking chambers were deviated from the expectajettories more than the
resolution, the hit was judged as a background hit (outied removed from the tracking. Decay-
in-flight event had a track with a large number of outliers whelecayed in the middle of tracking
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volume. When the number of outliers were less then 7, th&sra@re selected in the analysis as
following criteria:

noutl < 7

Consistency of TOF hit

We make cuts on the difference of x and y positions betweemmstaucted hit position using
tracking system at the TOF counter and the measured pasitiprthe TOF counter itself. We
required the cut condition for the difference of the TOF slanber,itof-tofid|, and the difference
of Y coordinate,|ytof-tofdiff |, using following criteria :

litof — tofid|] < 2
lytof — tofdiff| < 80mm

Rejection of ete~ background events

The eTe™ particles of below 1 GeV/c momenta were blocked by the leadKar in the
dipole magnet. High momenta e~ particles were rejected by veto signal from #he=~ veto
bar downstream of the DC3. However there is a possibility thee™e~ events were accepted
accidental event in the hadron trigger. The greater partcofdantale™ e~ events are rejected
by the standard PID cut. We applied the additional cut camditising the reconstructed virtual
plane of y position for lead blocker, which is ybar, antt~ veto bar, which is yebar. We rejected
accidentak™ e~ events using the following criteria :

—30mm < ybar < 16mm
—30mm < yebar < 16mm

Figure 3.12 shows the distributions of key parameters fionguy event selection fok ™7~
particles. Black histograms shows the distributions of kiayple variables foik "7~ skimmed
events, while red ones shows the distributions for selehted — events.

The survived event numbers are listed in Table 3.2 for eatlkandition. Figure 3.13 shows
reconstructed mass distributions before(a) and aften@)MM(x+7~) cut. There still remain
somerT-like tracks in theK ™ mass region, which might originate from multi-pion prodont
processes.
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Figure 3.12:Black histograms shows the distributions of key ntuplealzgs forK * =~ skimmed
events, while red ones shows the distributions for selektéd— events.

Cuts Vert Hori Counts| Ratio

All event 95,772,464| 109,557,736 205,330,253 —
fntag=1 63,911,891| 72,908,803| 136,820,694 —
ntrk>1 2,103,644| 2,548,750| 4,652,394 —
PID of K™ andn™ 9,659 13,219 22,878| 1.000
pm2cor-0 8,415 11,709 20,124 0.880
MM(7"7~)>1.002 GeV 5,017 5,828 10,845| 0.474
vtz cut 3,050 3,546 6,596 | 0.288
Decay in flight 2,647 3,075 5,722 | 0.250
etTe™ blocker cut 2,533 2,931 5,464 | 0.239
eTe™ bar cut 2,533 2,931 5,464 | 0.239
E, > 1.85GeV 2,478 2,849 5,327| 0.233

Table 3.2: Cut conditions and the number of survived eventsHorr— selection.
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Figure 3.13: Reconstructed mass distributions before(a) and afteéngoMM (77 ~) cut.
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Chapter 4

Results

4.1 Eventselection

Of 22878 K *n—-track events only 5327 events survived with good tracledet The events
of K*9%* photoproduction were identified using the invariant masktha missing mass for the
KT 7~ system. The invariant mass8/(; +,- ) and the missing mas84 M +,-) were calculated
as follows :

2
Mz, - (\/mﬁ(+ +pi + \/mfr, +p72r> — g+ + P ?

2
MMz, — = {Ev +my — (\/p%(+ +m2 . + \/pi+ - mfﬁﬂ

2
|04 G2+ (B - G+ 2) ],

wherepg+ andp, - are the measurefl * and7~ momenta, and, is the tagged photon energy
by tagging counter.

Figure 4.1(a) shows a two-dimensional plot of a missing nfiasg(y, K "7~ )X versus an
invariant mass for th&+ 7~ system. We can see a clear spot distribution, which spotshdn®
production associated witht production. An overlaid red box indicates theé-event selection
region with 3r mass tolerance. Bottom figures of Figure 4.1 show the pregespectra for missing
mass (b) and invariant mass (c) distributions, respegtividie missing mass and invariant mass
distribution show clear peaks &f* and K*°, respectively. Of course, we can see the background
below peaks cause from 3-body decay, non-resonant pracasdenyperons production. We im-
posed a constraint on the missing masgfor, K "7~ ) X reaction such thdin x —ms+| < 0.033
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Figure 4.1: Scatter plot of missing mass f{~,K T7~)X in terms of invariant masses of the
K7~ system (a). Bottom figures are the projected spectra forimgissass (b) and invariant
mass (c) distributions, respectively.

(MM(K *7~) cut). TheK t 7~ invariant mass spectrum after the MMt 7 ) cut is shown in the

left panel of Figure 4.2. Th& *¥ peak was clearly seen in the spectrum with small background.
On the other hand, we imposed the" 7~ invariant mass constraint before the MNI{ 7 ) cut.

We required thatm g+, — myg-o| < 0.063 MeV, wheren .o denotes a fit value of ** mass
(0.8877 MeV) (IM cut). The missing mass distribution fafy, K7 ~)X reaction after the IM
cut is shown in the right panel of Figure 4.2. The spectrumwshiot only X" peak, but also
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4.1 Eventselection 41

small amount o#3(1385)" peak. Below: ™ peak, only few background remains after IM cut and
the background distribution is almost flat. The techniqusidéband subtraction can be used to
remove the remaining background.
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Figure 4.2: Invariant mass (left) and missing mass (right) for =~ system by the 3@ of ¥ peak
and K*0 peak, respectively.

We selected th& T events region by a cut on the mass from 1.156 to 1.222 as shyvwmob
vertical arrows in middle of spectrum in the left pannel djiitie 4.3. The left and right side-band
regions selected by a same width on either side oftthaegion, which indicate3G1 and BG2
in the left pannel of Figure 4.3. Right pannel of Figure 4.8vgh the theK *7~ invariant mass
distribution with: " events selection. The side-band events indicated by a stogham. Signal
is defined as follows:

BG1 + BG2

Signal = (Signal + BG) — 5

The K™~ invariant mass spectrum after the side-band subtracti@imadsvn in Figure 4.4. It
should be noted that th&*° peak still sits on some background events which largely |aopu

at a low mass tail of thé<*?. These backgrounds were though to be hyperon background and
non-resonant processes production, it will be discusskmbe
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Figure 4.3: Selection of background region for missing mass distrisutif the ¢, K *7~) and
the K *7~ invariant mass distribution for side-band events.
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Figure 4.4: The K "~ invariant mass distribution with side-band backgroundrswion.
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43

4.2 Mass and width of KV

We estimated the mass and width/6t° because of measurabie*? peak is a little different
compared with PDG [8]. Figure 4.5 shows the invariant mags of— system with>" selection

and the subtracted side-band background.
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Figure 4.5: The K "7~ invariant mass distribution without background subt@ttja) and with
background subtraction (b). (c) is acceptance for detgdtiif as a function of thé{ =~ invari-
ant mass. (d) shows fit result with Breit-Wigner form aftecgmance correction.

be hyperons production and non-resonant processes. Thiaidued line shows the estimated
background structure with hyperons and non-resonant gsesedescribed below, as shown in
Figure 4.5(a). Figure 4.5(b) shows the fit result a Breit-Weigform without acceptance correction.
The mean value is estimated to be 883:71.3 MeV, however its value is smaller than PDG
value(896.00t 0.26 MeV) and we can not reproduce the distribution of retd 8& using Monte-
Carlo simulation. This problem solved by employing the ataece as a function of invariant
mass. Figure 4.5(c) shows the acceptance for deteéfifigas a function of thé{ T =~ invariant
mass. The acceptance was continuingly decreased wheraimvarass was increased, and also we
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found the acceptance didn’'t dependgi® peak position. Figure 4.5(d) shows the invariant mass
distribution with acceptance correction. The red line espnts the fit result with a Breit-Wigner
form. The K*° mass is estimated to be 887.231.32 MeV and its full width to be 42.0% 3.25
MeV. We used this parameter to produce the Monte-Carlo data.

4.3 Monte-Carlo simulation

The acceptance of th&*" photoproduction for the LEPS spectrometer was studied by a
Monte-Carlo simulation, using the GEANT3 software [45].eTRonte-Carlo simulation code,
called g3leps, has been developed by LEPS collaboratign Td%ssume the realistic values, we
simulated g3leps with the resolutions of the SVTX, DCs, phatnergy and the time-of-flight.

We generateds*°>+ reaction and processed during passage of the particlesgiitbe ex-
perimental apparatus which also including particle deeagrgy loss, multiple scattering of parti-
cles. The decay angular distribution from tR&" particle was produced by arbitrary spin density
matrices values in the GJ frame and helicity frame.

We implemented the best fit values for the mass and width wigit-BVigner form from pre-
vious section for the ** peak, mass is 887.23 MeV and width is 42.05 MeV, in the MoraeC
simulation and the mass &f* carried out with PDG value, which is 1.18937 GeV as shown
in Figure 4.6. In the right pannel of Figure 4.6, the overled line shows the fit result of the
generateds* distrigution with Breit-Wigner form.
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Figure 4.6: Generated distribution fai* and>*.
We used a corrected photon-energy spectrum as reported.ifbReas shown in Figure 4.7.

The number of photons were estimated by using The fractitio far each photon energy was
listed in the Appendix A.

Copyright (© 2012 S.H. Hwang



4.3 Monte-Carlo simulation 45

Counts

50000

40000

30000

20000

10000

R R AR RPN I W
1.6 18 2 2.2 2.4 26 28 3
E,(GeV)

I
IS
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4.4 Slope parameter of distribution

At forward angles-channel exchange is known to be dominant in &€ photoproduction.
The experimental acceptance for theé® decay depends on how maihg*® populates at forward

production angles. We are now in a position to measure the glarameteb of differential cross
sectionsio /dt which can be parametrized as

d -
d—j = ng-exp(bt)
t = =t — ton|

, Whereny is a constant factor;, is the Mandelstam invariant[48] that gives the 4-momentum
squared of the exchange particles. The momentum trandiariied by kinematics front,,,;,, to
tmaz+ tmin,maz 1S given as follows:

2 2
t ) o |:mK*O
min,max -
’ 2¢/s
12
s—m3 (5 + mpw0? —m2)? )
:F —m *0
2\/s 4s K

, where s is Mandelstam invariant that given as= \/(EW +my)? — E2. Figure 4.8 shows
t(—|t — tmin|) distribution for all energy bin and four energy bins.
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Figure 4.8: 1 distribution for all energy bin and four energy bin.
First, we calculated the acceptance fOr|t — t,,:,|) distributions based on a Monte-Carlo

simulation as shown in Figure 4.9. We generatét! >+ photoproduction events with zero spin-
density matrix elements. We then fit the acceptance-ceudeatata with the above equation. Figure
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Figure 4.9: Acceptance for the LEPS spectrometer as a functianiaf4 energy bin.

4.9 shows the acceptance as a function fifr the 0 photoproduction. Left panel represents
the acceptance for a whole energy region, while the righéliggures are the acceptance for each
energy bin. The fit results are shown in Figure 4.10. We et #tte slope parameter measurements
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Figure 4.10: Acceptance for the LEPS spectrometer as a functianiof4 energy bin.

to study if the slope parameter converged. Table 4.1 ligsstbpe parameters obtained for each
measurement. In 5 iterations the fit results for the slopameter are staggered within errors,
which proves that no further iterations are necessary. Wettee average value of the fit results as
the slope parametér4.206+ 0.231 as shown in Figure 4.11. The slope parameter was used th
generator of< *°X* in Monte-Carlo, which performed realistic-looking Mor@arlo distribution.
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‘ Try ‘ 15t ond 3rd 4th 5th
EO slope §) 4.224 4.154 4.236 4.187 4.228
+0.517| £0.519| £ 0.517| +0.515| +0.518

EO X2/ndf 7.02/5 7.15/5| 6.98/5| 7.06/5| 7.01/5
El X2/ndf 5.35/6| 5.31/6| 5.41/6| 5.25/6| 5.07/6
E2 X2/ndf 6.56/6 7.11/6| 6.68/6| 6.68/6| 6.27/6
E3 Xz/ndf 12.34/6| 11.55/6| 11.36/6| 12.72/6| 12.15/6
E4 Xz/ndf 4.95/6 5.02/6| 4.85/6| 4.87/6| 4.75/6

Table 4.1:Fitting result for slope parameter as function

x7/6df771E-01/ 4
Pi 4.206

t 0.2312

IR AR A L L L L
r—

© [T I I I I T T T I
.

Figure 4.11:Fit of slope parameter using five slope parameter.
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4.5 Hyperon Background

We studied if such a background originates largely from hgpeesonance photoproduction
by looking at thep(y, K*) X missing mass distribution.

+
Y Ky
o .4,( nt
KO
<
l"' +
p > . > . p
(a) K*° photoproduction (b) hyperon photoproduction

Figure 4.12: Tree diagrams fof*° photoproduction (a) and hyperon photoproduction (b).

Figure 4.12 shows tree diagrams f§ photoproduction and hyperon photoproduction. The
K*Tn~XT final state were involved hyperoi {) production since the hyperon decaysrtoX+.
Therefore, theY™* peaks are clearly seen in Figure 4.13, which is missing misssbdtion of
p(vy, KT)X for the K*tn~ track found. Lower overlaid red histogram indicates thelfaaent
selection within 3 of the X+ peak. Very littleY * background remains after a final event cut, their
values are non-negligible. In the black solid histogramhaf Figure 4.13, we can see not only
peaks forA andX but alsoY * peaks, however type df * peaks are not clear.

> 160 [ :
m | -
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O 80 } //\ 405
o L 2%1189) |
w0 £ N(1116)
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0 E .l ‘ ‘ | ‘ | |
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1.8 2
MM(y,K")(GeV/c)

Figure 4.13: Missing mass distribution gf(~, K )X for the K=~ track found. Overlaid red
histogram indicates the final event selection withind® the = peak.

Ther~ YT decay is kinematically available from the mass of the pangperon above 1.33
GeV. There are 8 hyperon resonances with more the 3-stamng tat Ref. [8] by Particle Data
Group, as listed in in Table 4.2.

We first looked at thep — K7+ %~ reaction, which is free from th&*° production, while
for Y* — 7% decays, it shares almost equally with — K7~ X reaction.
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rating mass (MeV) I' (MeV) Br (7X)
A(1405)Sy; | *+** 1405.1713 50+ 2 100%
A(1520)Dg3 | **** 1519.5+ 1.0 15.6+ 1.0 42+ 1%

A(1600W%; | *** | 1560 to 17004 1600) | 50 to 250 & 150) | 10-60%
A(1670)Sy; | *** | 1660 to 16804 1670)| 251050 & 35) | 25-55%
S(1660)P; | *** | 1630 to 16904 1660) | 40 to 200 & 100) | seen
S(1670)D15 | *** | 1665 to 16854 1670)| 401to 80 & 60) | 30—60%
S(1750)S;; | ** | 1730 to 18004 1750) | 60 to 160 &90) | < 8%
S(1775)D15 | *** | 1770 to 17804 1775) | 105 to 135 & 120) | 2-5%

Table 4.2: Properties of the hyperons in the mass from 1.4 to 1.8 GeV.
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Figure 4.14: Missing mass distributions of the vertical and the horiabmilarization data for
p(v, KT)X reaction, whereX decay tor™X~. Red histograms represent the distributions for
side-band events. Bottom figures show side-band subtrda&ibutions.

Figure 4.14 shows the missing mass distributionspior, K ™) X reaction, whereX decay
to 7+, It should be noted that both the vertical and the horizoptédrization spectra contain
almost equal number of events. We clearly see three peattistes fromA(1405), A(1520) and
A/%°(1670). For theA /X°(1670) peak, the Breit-Wigner fit results in the width of 50 Wias
shown in Figure 4.15. We then included these three resopag®ell ass*? and non-resonant
K7~ production process in the event generator, hypreso.feémehted in a Monte-Carlo simu-
lation.

Figure 4.16 shows scatter plots of missing masspfer, K+)X versus thek "7~ invariant
mass. Events fop(y, K7~ )X reaction are displayed in (a), whereas side-band backdroun
events are shown in (b). Monte-Carlo simulation data am@ stt®wn in (c)~ (g). Generated*?
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Figure 4.15: Missing mass distribution fgs(y, K )X reaction, whereX decay tor > .

events are shown in (c)(1405) in (d),A(1520) in (e),A(1670) in (f), and non-resonar + =~
production events in (g), respectively.

We made a template fit to the side-band subtracted diswibuwtith shape functions fak *°
production and four background processes discussed above.

n,m 5 n,m
Z Njx— NSBj; = Z Z a;iNMC(i); 1
j=1,k=1 i=1j=1,k=1

wheren and m are the number of bins for th& 7~ invariant mass and missing mass for
p(v, KT)X reaction, respectivelyi andk denotej’ andk! bin, respectivelyN; ; is the num-
ber of events for each bin. The number of events for each badetband represenfSB,; ;. a;
represents a yield coefficient for each proce$g; denotes the number of events f8f bin of
the invariant mass an” bin of missing mass fop(v, K+)X. i represented each reaction for the
generated Monte-Carlo simulation data, such as genefatéavents,A(1405) events,A(1520)
events,A(1670) events and non-resonaht™ 7~ production eventsN M C(4), , denotes number
of events for Monte-Carlo data. The is

= gf [Njk = NSBjj — 3201 (ai)) NMC(i) ;]
- 2
j=1,k=1 T3k

where,o; ;. is statistical error of N; , — N'SB; ;) for each binA/C' is the estimated Monte-Carlo
yield. We used the MINUIT package to obtain yield parametersbackground by minimizing
2
X .
Figure 4.17 shows the template fit results for the invariaassndistribution (top) and the
missing mass distribution (bottom). Left figures are theritlistions for vertical polarization and

right figures are those for horizontal polarization. Eachtdbutions is represented by a different
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| |
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Figure 4.16: Missing mass distributions fgs(y, K)X in terms of theK "7~ invariant mass
distributions. TheK+t7~ events are shown in (a) withd* Selection in the missing mass for
p(v, K7 )X reaction. Side-band background events are plotted in (bpt&4Carlo generated
event are shown in (¢} (g): K*° in (c), A(1405) in (d),A(1520) in (e),A(1670) in (f), and
non-resonank "7~ production processes in (g), respectively.

color histogram:K*Y production in greenA(1405) in blue,A(1520) in yellow,A(1670) in pink,
and non-resonant process in light blue.

We then selected thE*" events with a constraint on thHé ™7~ invariant mass by requiring
the |my+,.- — mg«o| < 0.063. Figure 4.18 represents the missing mass distrimitigth the
mass cut. The number of event for included background (actetd background) withina3of the
Y+ and K*0 peak is 203+ 14 (1794 15) for vertical polarization and 528 23 (473.5+ 24) for
horizontal polarization. Hyperon background yields in & signal region were estimated to be
39.19+ 29.08 for vertical polarization and 30.136.62 for horizontal polarization.
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Figure 4.17: Template fit results are represented by different colorsliimethe K +7~ invariant
mass (top) and the missing mass fér, K ™) X reaction (bottom), respectively. Left figures are
for vertical polarization, while right ones for horizonablarization.
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Figure 4.18: With the K*° mass cut the template fit results are represented.
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4.6 Decay angular distribution

Finally 726 K*° events are survived IM cut and MM cut with sideband eventuféig:.19,
4.20 show one-dimensional decay angular distributionb@fi*° events in the GJ frame and the
helicity frame, respectively. Overlaid red histogramsvghibe side-band events. We used these
angular distribution to measure the spin-density matexrgints.
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Figure 4.19: Decay angular distributions 0bs 0 i+, ¢+, (0 —P) g+, P+ and(p+P) g+ in the
GJ frame for vertical polarization (left) and horizontallgrization (right), respectively. Overlaid
red histograms denote side-band events.
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Figure 4.20: Decay angular distributions @bs 6+, ¢+, (¢ — )+, P+ and (¢ + @) g+ in
the helicity frame for vertical polarization (left) and lmontal polarization (right), respectively.
Overlaid red histograms denote side-band events.

However, the hyperon production couldn’t separate out figifix* events. The evaluated
yield of hyperon is 71.36: 25.39 from Section 4.5, its amount is about 10% events stilbde.

Copyright (©) 2012 S.H. Hwang



4.6 Decay angular distribution 55

Counts
Counts
&

AT ! ft

5 F 5 + + +
Oimuumf-ﬁ_.u‘ o ++‘m+++
; 'i -0.5 0 OCZSGK ;m i +
M L ++++
o+ 5 1‘+++Jr
o ++\ B 0 !
@) o o,

Counts
T
-+
£
——
fruay
——

Figure 4.21: Decay angular distributions @bs 0+, ¢+, (¢ — P) g+, P+ and(¢p + @) g+ for
hyperon yield in the GJ frame.
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Figure 4.22: Decay angular distributions @bs 0+, ¢+, (¢ — P) g+, P+ and(¢p + @) g+ for
hyperon yieldin the helicity frame.

we estimated the decay angular distribution f6t from the varying hyperons by using Monte-
Carlo semple ink "7~ rest frame. Figure 4.21 (4.22) shows hyperon yield of eachaylangular
distribution for GJ (helicity) frame.
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4.7 Unbinned extended maximum likelihood fit

We extracted spin-density matrix elements using the ex@mdaximum likelihood (EML)
estimator, was developed by Ref. [54, 55]. In the standargifdiam Likelihood the probability
distribution is normalised to 1. But in the Extended Maximuikelihood you relax this [56, 57].
The integral of the unnormalized probability density fuontP represents the total number of
events predictedv. The likelihood for the whole dataset that has to includeRtbission probabil-
ity that you actually se&v events. The extended likelihood function is

NNeN X
L = (—5) 2R
=1

_ (e, f: YW (6,6, 9;5)

N N! pat JYW(9, ¢, ®; p)d cos 0dpdP
where,Y is actual yield. The detector efficiency is not perfect at deda tacking. At that case,
the probability density function can be modified as follows:

YW(0,¢,®;p)

ho= JYW (0,9, ;p)n(8, ¢)d cos Odpd®

N o= [YW0.6.9 000 0)dcosbaode = ¥ - 1(7)

where,n (0, ¢) is the tacking into account the efficiendy,p) is normalization factor.
The decay angular distribution can be write as follows:

W(0,6,9:p) = > am(p)O"(0,¢,®)
I,m

where, the orthgonal conditions for each base are satisfied:

/ O*™mOY™ d cos Odpd® = Sy Sy

and the coefficient for each basig,, is

/O*lmw(g’ qb’ (I); [))d Ccos Hdgbdq) =4/ %alm(ﬁ)
7I8

The efficiencyn(6, ¢) is also represented by orthgonal basis as follows:

n(0,6) = Y bmO"™(0,¢)
I,m
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Theby,, is the evalution of angular moments. We generated istroficeMents to extract angular
moment,b;,,, and counting the accepted event.

b = 3 | O0,0. 8)0(0, )dcos bdpi

Nace
= Z Olm(07 b, Q))

The normalization factof () can be written as follows:

I(p) = /W(G,qﬁ,@;ﬁ)dcos 0dpd®
- Z alm(ﬁ)blm
lm
The coefficienty,, (), and angular momenty,,, by orthgonal basis are given in the [54)/ is

orthogonal basfs
Table 4.3 shows the evaluated angular momeits,

GJ frame

bim, bo1 bo2 bos bo4 b11
3.401x 1073 | -2.413x1074 | 5.444x10~* | 6.474x10~% | 1.188x10~°

bim, b12 b13 b1a ba1 bao
-5.129<1076 | 1.564x10~° | -3.360x10~7 | 1.552<10~7 | 7.697x10 6

helicity frame

bim bo1 bo2 bo3 bo4 b1
3.401x1072 | 7.413<10~* | 5.679%10~* | 1.033<10~* | 1.188x107°
bim b12 b3 b4 bo1 bao

1.505<1076 | 4.630x1076 | -4.168<x1076 | -5.299x10~6 | 1.779< 106

Table 4.3: Angular moments;,,, of acceptance of th&*° photoproduction.

Now, we minimized the extended likelihood function by CERRIMINUT package. The

'Evaluated orthogonal basis:

001:#7 002:ﬁ\/§(2—3sin20),

0% =L \/gssin(%) cos ¢, o =L \/T7551n2 0 cos(2¢),

O'" = ;L cos(29), o2 = ﬁ\/g(Q — 3sin? 0) cos(2®),
o = ﬁ\/ﬁsin(%?) cos ¢ cos(29), o = =15 sin? 0 cos(2¢) cos(2P),
0" = L V/15sin(20) sin ¢ sin(2), 0** = 22 V/15sin” 0sin(2¢) sin(29)
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minimized function is as follows:

—InL(p,N) = ZlnYW L0, ®:p) +
= ZIDNW(9,¢,<I>;,6)/I(/3)+N
i=1

In the EML fitting, we use MINOS option to estimate of the erobeach fitting parameter.

In the real data, we can see background events in the siggiahreAnd these spin density
matrix elements are different signal and background. Wendéflz parameter for ratio of signal
to signal+background. Then we can re-write extended fandas follows:

—In L(ps, pr, N) = ZlnN{ %ﬂ

( 7¢aq)apb)

T AR I(py)

}+N

We needed to ensure the EML fitting quality. First fitting ssatan be output by MINUT
package. We can see four fitting status by MINUT package. Téening of O is “Not calculated
at all”.

1 is "Diagonal approximation only, not accurate”
2 is "Full matrix, but forced positive-definite”
3 is "Full accurate covariance matrix”

We selected that the fitting status must be equal to 3, the ingeds “full accurate covariance
matrix” which is the indication of normal convergence. Sadly, we can compared with the input
total number of events and fitting parameter of predidtedrinally we can get some spin density
matrix elements by the one-dimensional decay angularillision of cos O+, Pg+, (¢ — P) g+
and® . The fitting parameters are consisted with resultg by EML fitting.

We studied areliability of the EML fit with MC data sets. Fjnste scanned each SDM parame-
ter in a proper range with all zeros for the other paramegarfisted in Table 4.4. We generated 30
sets of MC ntuples, 15 sets for each polarization with 0.2K ¥ events for each set. Of the 0.25
M generateds *? events 750 events survived and were accepted for the EMIsfitReyures 4.23
and 4.24 show the comparison between the input values armithat EML fit results in the GJ
frame and helicity frame, respectively. The error bars gdan the plot are the root-mean-square
of the residual distribution from the mean of fit results.Thd lines indicate a good agreement
of reliability. Commonly, the reliability is good for the badary of physically physically allowed
region. In the near the boundary, the agreement is fine watior bar.
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SDM parameters Input values of SDM elements |

P 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and all the othet 0
Rep(l)o -0.5,-0.3,-0.1, 0.1, 0.3, 0.5 and all the othet 0
)4 -0.5,-0.3,-0.1, 0.1, 0.3, 0.5 and all the othet 0
ok -1.0,-0.6, -0.2, 0.2, 0.6, 1.0 and all the othet 0
P -0.5,-0.3,-0.1, 0.1, 0.3, 0.5 and all the othet 0
Rep%o -0.5,-0.3,-0.1, 0.1, 0.3, 0.5 and all the othet 0
oy -0.5,-0.3,-0.1, 0.1, 0.3, 0.5 and all the othet 0
Imp?, -0.5,-0.3,-0.1, 0.1, 0.3, 0.5 and all the othet 0
Imp?_, -0.5,-0.3,-0.1, 0.1, 0.3, 0.5 and all the othet 0

Table 4.4: Parameter sets for the Monte-Carlo test.
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Figure 4.23: Comparison between the generated spin-density matrixeglenand the fit results
with 0.25 M MC events in the GJ frame.
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Figure 4.24: Comparison between the generated spin-density matrixeglenand the fit results
with 0.25 M MC events in the helicity frame.
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4.8 Spin density matrix for K*°

We performed the unbinned EML fit to estimate spin-densityrixnalements with side-band
background subtraction. There are 19 parameters for the iMlith background subtraction.
Both the signal and the side-band background have 9 paresrietehe SDM elementgi;andpy,
respectively. The remaining one parameter is the numbevesfts in theK*° signal region. We
first estimated the ratio of the number of signal events testhe of signal and background events
in the K*0 signal region, which was found to b = Sig”“”?g;éﬁ%lgBGz)/Q = 0.913 with
selectionk *0 peak, where3G'1 and BG2 denote side-band events as shown in Figure 4.3.

We have taken the side-band events to estimate spin-denaityx elements for background
in the regions indicated by blue and red arrows in Figure.4l2& width of both side-band region
are 4.50, which ¢ is the with of theX ™ peak, due to the error of EML estimator is decreased in

high statistic.
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Figure 4.25: Event selection for EML fitting with background subtractidine signal selection is
between two red arrows, the background selection is betiveeblue arrows.

We estimated spin-density matrix elements for backgrowmhts taken from the side-band
regions. Note that we used 10 parameters to estimate thelgpsity matrix elements for back-
ground by using unbinned EML fit without background subfacimethod. The unbinned EML
fit results for side-band regions are listed in Table 4.5.eNbat we used minos error in the GJ
frame, while helicity frame used the parabolic error duehefit status has been got "3” by using
the above condition.
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GJ frame helicity frame

b | Unbinned EMLfit|| p, | Unbinned EML fit
290 0.0641005> pd | 0.152+ 0.052
Mo 0.1481003 My | -0.141+0.033
Pl | -0.027758%8 | p9_, | 0.008+ 0.069
P 0.08410083 pl, | -0.019+ 0.082
on -0.04370:0%8 pho | 0.127+0.076
an -0.13470:059 ply | -0.0574 0.052
oy 0.05575-05¢ pl .| 0.170+0.106
3o 0.14275:067 plo | 0.052+ 0.080
pi_| -0.030751% pi_, | -0.196+0.101
N 228.991 300 N | 229.00+21.40

Table 4.5: Spin-density matrix elements from the EML fit for side-baratkground events.

We used two different method to estimate the spin-densityrimalements. First, we per-
formed the unbinned EML fit to th&™*" events in the signal region with the signal-to-background
ratio fixed. It should be noted that the boundaries of fit patans for the background events
are set tot+ 1 o error from the mean value of the fit with side-band backgroawents only
(Fixed fit boundaries). Second, we estimated the spin-iensatrix by only using mean value
for background spin-density matrix. Therefore, we only gt parameters, nine parameters are
spin-density matrix and other one parameter is the estaratents, by unbinned EML fit (Fixed
mean of BG). The fit results are summarized in Table 4.6. Icése of the fixed fit boundaries for
BG and the fixed mean of BG have a simal value for the both decglgaln the case of helicity
conservation, the decay asymmegty ; reflects the relative contributions of natural parity (;
= 0.5) and unnatural parityp{ ; = -0.5) processes. The ; has similar value for both frame
and closes to 0.5, it shows natural parity exchange domifidmw parity spin asymmetry?,, is
defined as

P, = 2p1_ — poo-

The parity spin asymmetry was estimated to be 8:1815 in GJ frame and 0.76 0.12 in helicity
frame for the fixed fit range of BG. In the case of fixed mean of B8, parity asymmetry was
estimated to be 0.7% 0.11 in GJ frame and 0.7Z 0.12 in helicity frame, respectively. Such
a large positive value supports that a natural-parity exghas dominant in forward angles for
K*0%+ photoproduction. This value is in a good agreement with tilaevobtained from the fit
without background subtraction in Appendix H. With the 19NEBlements obtained from the fit,
we generated high-statistics simulation data to test holthve EML fit results reproduce real
data.
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GJ frame
Fixed fit boundaries for BG Fixed mean of BG
ps | Unbinned EML fit| p, | Unbinned EMLfit|| ps | Unbinned EML fit
M | 0.155+0.051 | 9, | 0.128+0.095 | pf, | 0.153+0.034
M, | 0.108+0.068 | oY% | 0.180+£0.049 | % | 0.114+0.018
MO, | 0.090+£0.191 |9 , | -0.090+£0.089 | 0¥ ,| 0.075+0.032
pl | 0.031+£0.052 | pl, | 0.167+£0.120 || pl, | 0.043+0.44
pbo | -0.140+0.074 | pl, | 0.045+0.148 | pi, | -0.124+0.058
ply | -0.088+0.039 | pl, | -0.1914+0.080 || pl, | -0.097+0.030
pl .| 0.322£0068 |pl ,| -0038+£0.135 | p! , | 0.291+0.049
p% | 012740051 | p%, | 0.072+0.097 | p% | 0.123+0.034
p2 | -0.3574+0.063 | p> , | 0.073:0.143 || p2 , | -0.321-0.046
N 726.00+ 38.10 N 726.00+ 38.06
P, | 0.784+0.154 P, | 0.707+0.113
Helicity frame
Fixed fit boundaries for BG Fixed mean of BG
ps | Unbinned EML fit| p, | Unbinned EMLfit|| ps | Unbinned EML fit
N, | 0.082+0.025 | o9, | 0.204+0.074 | 49, | 0.086+ 0.025
M, | -0.023£0.021 | 09 | -0.174+0.048 || 09 | -0.026+ 0.021
X, | 0.037£0.040 | , | 0.036+£0.090 | 0 , | 0.039+0.040
pl, | -0.016+0.049 | p!, | 0.064+0.117 | p!, | -0.008+0.49
pho | -0.049+0.044 | p, | 0.203+0.107 | pf, | -0.042+0.044
plo | 0.000+0.034 | ply | -0.005+0.074 | pl; | 0.004+ 0.034
pl .| 0.355+£0057 |pl ,| 0.275+0.154 | p! , | 0.355+0.057
p3 | -0.038+£0.035 | p?, | 0.113+£0.081 | p? | -0.038+0.034
p2 | -0.3954+0.051 | p% , | -0.094+0.144 || p2 , | -0.395-0.051
N | 726.00+ 38.02 N | 726.02+ 38.06
P, | 0.758+0.123 P, | 0.772+0.124

Table 4.6: Spin-density matrix elements for signal and backgroundisvisom the EML fit by
using the fixed fit boundaries for BG method and the fixed me&fTop parts show results in
GJ frame, while bottom parts show results in helicity franespectively.
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We checked the reliability of the measured spin-densityrisnatements. First, we just com-
pared with the kinematic variables with the Monte-Carlo #mel real data. We generated each
ntuple set with 50 M events, 25 M events are the vertical pdtion and 25 M events are the
horizontal polarization. Figure 4.26 shows distributidos various kinematic variables such as
momentum transfer squaregincident photon energy,,, and momentum distributions fde 0,
KT andrn~ by using the measured spin-density matrix elements forxed fit boundaries for BG
in GJ frame. These spectra were normalized by the sum ofdw#alto be 1. Left ones are for ver-
tical polarization and right ones for horizontal polariaat respectively. The kinematic variables
show a good agreement.
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Figure 4.26: Distributions of kinematic variables compared with Mo&@arlo simulation results
as overlaid lines. Left and right panels indicate the vattnd the horizontal polarization cases.

And also, We can measure these spin-density matrix elemgptsRes) ,, pi_; — Imp?_,,
2p1, + pdo» @ndpl_; + Imp?_,, by using one-dimensional decay angular distribution icti§a
1.5. We compared with the unbinned EML fit results and the dineensional distribution. First,
we measured the acceptance for five decay angular distibbti using Monte-Carlo simulation
with the measured spin-density matrix elements for the ffitdgbunndaries for BG and the fixed
meas of BG in GJ frame and helicity frame.

Acceptance for five decay angular distributions show in Fegu27 for GJ frame and Figure
4.28 for helicity frame, respectively. Figure 4.29 and 4sBOws decay angular distribution after
acceptance correction. The normalized decay angulaitdistns are fitted with the functions as
represented in Section 1.5. Normalization factors arengiye

Nypin

Alz) = Z () /Npin,

i=1

wherez are the angle variables suchaas 0 i+, o+, (0—P) g+, P+ and(p+P) i+ n; denotes
the number of events in th&" bin. We estimated the SDM elements with bin sizes yielding 12
bins for each distribution. The normalized decay angulsirithutions in terms oos 0+, ¢+,
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(¢ — @)+, P+, and (¢ + @)+ with SDM elements for fixed fit boundaries for BG (a) and
fixed mean of BG (b) in GJ frame as shown in Figure 4.31 (togufd 4.31 (bottom) shows 1-

dimensional distributions with SDM elements for fixed fit bdaries for BG (c) and fixed mean

of BG (d) in helicity frame, respectively. Overlaid red-oplines show the fit results and the fit
results are listed in Table 4.7. The difference with the ltissaf unbinned EML fit and the results

x? fit has almost agreement within error bar.
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Figure 4.27: Acceptance functions for detectidg*°>+ events with SDM elements for fixed fit
boundaries for BG (top) and fixed mean of BG (bottom) in GJ &aireft panels are vertical
polarization and right panels are horizontal polarizati@spectively.
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Figure 4.28: Acceptance functions for detectidg*°>+ events with SDM elements for fixed fit
boundaries for BG (top) and fixed mean of BG (bottom) in hgliiame. Left panels are vertical
polarization and right panels are horizontal polarizati@spectively.
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Figure 4.29: The decay angular distributions in termsk 0+, ¢+, (¢ — @) g+, P+, and
(p+®) i+ after acceptance correction with different SDM elementsiked fit boundaries for BG
and fixed mean of BG in GJ frame. The vertical and the horiz@uiarization data are represented
in left and right panels, respectively.
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Figure 4.30: The decay angular distributions in termsk 0+, ¢+, (¢ — @) g+, P+, and
(¢ + @)+ after acceptance correction with different SDM elementdfif@d fit boundaries for
BG and fixed mean of BG in helicity frame. The vertical and tbeizontal polarization data are
represented in left and right panels, respectively.
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Figure 4.31: The normalized decay angular distributions in termsasf@y+, ¢+, (¢ — P) g+,
D+, and(o+ D) i+ with SDM elements for fixed fit boundaries for BG (a) and fixecamef BG
(b) in GJ frame. (C) and (d) denote 1-dimensional distrimgiwith SDM elements for fixed fit

boundaries for BG and fixed mean of BG in helicity frame, resipely. Fit results are represented
as overlaid red curves.
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Fixed fit boundaries for BG in GJ frame

s Unbinned EML fit x2-fit 2 /ndf
P 0.156+ 0.051 | 0.097+ 0.026 | 12.15/10
Rep_, 0.090+ 0.191 | 0.129+0.028 | 16.65/11
ot —Imp? ;| 0.6794+0.092 | 0.637+0.064 | 17.70/11
2p11 + Poo -0.078+0.128 | 0.028-+0.068 | 5.70/11
pl 4+ Imp? ;| -0.0364+0.092 | -0.059+ -0.068| 12.19/11

Fixed mean of BG in GJ frame

s Unbinned EML fit 2t X2 /ndf
P 0.153+0.034 | 0.099+ 0.026 | 13.12/10
Rep)_, 0.075+0.032 | 0.129+ 0.028 | 14.98/11
ot —Imp? ;| 0.612+0.067 | 0.663+ 0.062 | 17.50/11
20t + plo -0.39+0.105 | 0.011+ 0.068 | 5.25/11
pl_ 4+ Imp? ;| -0.02940.067 | -0.040+ 0.068 | 13.68/11

Fixed fit boundaries for BG in helicity frame

s Unbinned EML fit 2t X2 /ndf
P 0.082+0.026 | 0.050+ 0.019 | 20.88/11
Rep)_, 0.037+0.040 | 0.056+ 0.029 | 23.78/11
ot —Imp? ;| 0.750+0.077 | 0.642+ 0.059 | 13.57/11
2pt, + pho -0.080+0.108 | 0.020+0.068 | 5.44/11
pl_ 4+ Imp? ;| -0.0414+0.077 | -0.0354+0.069 | 4.43/11

Fixed mean of BG in helicity frame

s Unbinned EML fit 2t X2 /ndf
o0 0.086+ 0.026 | 0.048+0.019 | 19.24/11
Rep)_, 0.0394+ 0.040 | 0.057+0.029 | 25.15/11
ot —Imp? ;| 0.752+0.077 | 0.643+ 0.059 | 13.06/11
2pky + Pl -0.059+ 0.108 | 0.052+0.068 | 5.78/11
pl_+1Imp?_; | -0.022+0.077 | -0.043+0.068 | 5.12/11

Table 4.7: Comparison between spin density matrix elements estinfeteuthe unbinned EML
fit and from they? fit with side-band subtraction.
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4.9 Uncertainties from the EML fit

We are now in a position to test if the EML estimator is comsistand also unbiased.
We first tested a convergence of the parameters for the EMWétimplemented the estimated
SDM elements in the simulation. We then re-estimated the ®@vhents from the MC data with
varying statistics.
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Figure 4.32:Results of EML fit depends on the input number of events. Bheslshow the input
SDM elements.

Figure 4.32 shows a variation of each parameter in termseohtimber of MC events. The
blue lines indicate input SDM elements. The estimated thi¥l®I2ments converge on the input
SDM elements to increase the statistic. More over, if thés$iawas more than 700 events, the
estimator is almost consistent. It turns out that the EMLdiireator is consistent

lim p=p.
N—oo

We also re-estimated the SDM elements from the MC data wélséme statistics as the real
data as shown in Figure 4.34. We performed this test withaéMC data sets. We then compared
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the mean value of the SDM elements with the one from the fit Wigh-statistics MC data as
listed in Table 4.8. The difference between the input SDNhelsts and the output SDM elements
by EML fit is small. It proves thak p > = p, say, the EML estimator is unbiased.

(a) GJframe (b) helicity frame

Figure 4.33: Unbinned EML fit result with MC netuple set by using the meaguspin-density
matrix elements.

GJ frame helicity frame
p Inputp | Mean(MC) | RMS(MC) || Input | Mean(MC) | RMS(MC)
pdy | 0.155 0.155 0.023 0.082 0.079 0.013
My | 0.108 0.104 0.013 -0.023| -0.017 0.013
0, | 0.090 0.093 0.022 0.037 0.023 0.025
pl, | 0.031 0.029 0.026 -0.016| -0.031 0.030
péo | -0.140 -0.136 0.035 -0.049| -0.054 0.022
plo | -0.088 -0.086 0.018 0.000 0.001 0.022
ot | 0.322 0.315 0.030 0.355 0.361 0.035
Pl | 0.127 0.121 0.020 -0.038| -0.030 0.025
pi_, | -0.357 -0.368 0.027 -0.395| -0.384 0.035

Table 4.8: The evaluated spin density matrix elements by EML fit resulth MC sets.

The measured error of parity spin asymmetry has a small wathe helicity frame. The resion
though to be the decay frame dependence. Figure 4.34 showrsdestribution from unbinned
EML result with MC set in the GJ frame and helicity frame. We éad that the error o}, for
helicity frame is smaller than GJ frame, it is consistentwaitir results.
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Figure 4.34: Error distribution from unbinned EML fit result with MC netigpset by using the
measured spin-density matrix elements in the GJ frame (hhalicity frame (b).
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4.10 Differential Cross Sectionk*'>* Photoproduction

We obtained differential cross sections for theé’>+ photoproduction in 6 photon-energy
bins from 2.4 t0 2.95 GeV.
The differential cross section was obtained by the foll@néguation:

dU o 1 dNK*O
dcos® N, -Nydcosf’

whereN g+ is the acceptance-corrected numbeKdf events.V, is the number of target protons
in the 16em long LH2 target, which can be estimated to®8&22 x 10?3 protons per unit area
(cm?). The number of photons were calculated by the formula,

N’y = N,/Y : Pntagzl - T,

whereN; is the number of measured photons by a tagjeds x 10! photons for this measure-
ment,2.038 x 10! and2.010 x 10! photons for horizontal and vertical polarizations, respec
tively. P,.,q—1 denotes a probability for having fntag=1,which was founte®8%.1" represents
a transmission probability of photon beam, which was egt@oh&o be 0.526.

The number of photons for each energy Binis then given byV., - f(E;), wheref(E;) is a
fraction of the number of photons for a given energy bin aedisn Table 4.9.

E,bin | E, (GeV)| f(£)
El 2.4— 251 0.0686
E2 25-2.6(0.0734
E3 2.6— 2.7 | 0.0801
E4 2.7—2.8|0.0874
E5 2.8—2.9| 0.0970
E6 | 2.9-2.95]| 0.0522

Table 4.9: Photon energy bin and its fraction of the numbe of photongé&ah bin.

Figure 4.35 shows invariant mass spectra according to phertergy range and production
angle bin with side-band subtraction. Only two angular lhostain the events, one being +0.8
< cosfy-0 < +0.9 (COS1) and the other from +0.9 to +1.0 (COS2). To esdntia¢ yield of
K*0 we made a templete fit to the invariant mass distribution) (Wth shape function foi<*?
production and four background processes as given by

m 5 m
S IM; =YY a;MC()s,
i=1 j=1j=1

wherem is the number of bins for th& + 7 invariant mass; is i'" bin, and M C denotes the
invariant mass distribution from Monte-Carlo samplgis a yield of K *0 (j = 1) and backgrounds
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Figure 4.35: K7~ invariant mass distributions in terms of photon energy &nél production
angle. Blue lines indicaté™" production, while green lines indicate hypreson-produrcthack-
ground contributions. Red lines show a sum of the two coutins.

(j = 2,3,4,5). The templet fit didn’t consern about missing nwds& ™ because of it is not only
small events for the each angular and energy bins, but alserby distribution of the invariant
mass ofK 7~ is similar. By minimizing they?, we have a yield ofK*?. They? is given by

o[ 1M — 350 MOG);
>

Z

whereg; is statistical error of real data fof* bin. We estimated the number of th&® events from
the fit results of thek T 7~ invariant mass spectra as indicated by blue histogramsyur&i4.35.
The green line indicates the background yield and the redsisum of thes*° and backgrounds.
We calculated thé(* acceptance over production angles in the CM systenpofs K*03+
reaction, based on a Monte-Carlo simulation as shown inreigu86. We generated 50 M events
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with ¢ slope fixed and the measured SDM elements for the GJ frameedicityhframe, respec-

tively.

Figure 4.36: The K** acceptance distributions for 6 energy bins from 2.4 to 2.@%,Gvhich
were obtained by a Monte-Carlo simulation with measured Si#vhents and-slope fixed in the
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GJ frame (left panel) and helicity frame (right panel), exgjvely.

The differential cross sections féf*°~* photoproduction from 2.5 to 2.95 GeV are largely
increased at forward angles, as shown in Figure 4.37. Ousuneent results are represented by
black crosses, while red cross points indicate the CLASteby Ref. [5] and green ones for data

from the CBELSA/TAPS collaboration by Ref. [6], respeclyve
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Figure 4.37: The differential cross section fdt*°>+ production from 2.5 to 2.95 GeV.
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Chapter 5

Conclusions

The photoproduction ofp — K*'X* reaction was measured at the LEPS detector in the
in the very forward production angle at the energy from thoéd to 3.0 GeV by using a linearly
polarized photon beam at SPring-8. We measured the paiityasgmmetry and differential cross
section foryp — K*OXF reaction, and found forward peaking behavior. In partigulae par-

ity spin asymmetry experiment can be outstanding probegparate the: meson exchange in
K*0%7 production.
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Figure 5.1: Decay angular distributions @bs 0+, ¢+, (60— P) g+, and® i+ in the GJ frame(a)
and helicity frame(b) for the sum of vertical polarizatiomdahorizontal polarization after accep-
tance correction, respectively. The dotted line shows Ei@Hdrio data using the measured spin-
density matrix elements, while the overlaid black histogradicates ther™* background yield
from a Monte-Carlo simulation.

78



/9

We presented spin-density matrix elements using unbinreshéed maximum likelihood fit
in the GJ frame and helicity frame. Figure 5.1 show decay kanglistributions for a sum of hor-
izontal and vertical beam polarizations with only a singégiable,cos O+, ¢+, (¢ — P) g+
and® .+, in the GJ frame(a) and helicity frame(b), respectivelye Tata have been corrected for
detector acceptance by a Monte-Carlo simulation.The ddittes indicate Monte-Carlo distribu-
tions with the measured spin-density matrix elements inGldrame and helicity frame. Black
histograms indicate the estimat&d background in the reconstructed Monte-Carlo distribution
In the helicity frame, theos(0x+) distribution is enhanced at forward angles due tolttigoro-
duction. However, th&* background there is actually quite small; the apparentrezdraent near
cos @+ ~ 1 is because the spectra are corrected foriti€ acceptance, which is very small in
that angular region. The few counts Bf background there has little effect on the extraction of
the spin-density matrix elements, which is heavily weightg events withcos 0+ < 0.5.

The parity spin asymmetry, = 2p1_; — pi,) is estimated to b6.784 + 0.154 in the GJ
frame and).758 +0.123 in the helicity frame over the angular range shown by thezooitial error
bar in Figure 5.2. The good agreement between the parityesyimmetry extracted in both frames
is expected; the variation of these two results is a gooctaiiin of the systematic uncertainty,
as theY™* background has a different distribution in the two framdse Targe positive asymmetry
shows that natural parity exchange is the dominant proddssveard angles. The dashed (solid)
line in Figure 5.2 is the result with (without)}-exchange in the model of Ref. [38] &t, = 2.5
GeV. The data clearly favors theexchange calculation.

ol
o
- GJ frame
- helicity frame
0.5 e
O |
05N e
-1 | L I
-1 5 0.5 1

Figure 5.2: Efficiencies and spatial resolutions of the drift chambanpk with run numbers. The
dashed (solid) line is the result with (with-out)exchange in the model of Ref. [38] at, = 2.5
GeV.

This supports that a natural-parity exchange is dominafavimard angles fos *°>* photo-
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80 Chapter5 Conclusions

production. A natural explanation for the natural-parixcteange would be t-channel of a scalar
meson with strangeness, which is consistent withkhmeson. The results of this experiment
support the existence of this meson, which would completdaivest-mass scalar meson octet.
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Appendix A

: Number of photon

In this chapter, we lists the fraction and the number of pheta each energy bin as listed
in Table A.1. The fraction and the number of photons was nredsRkef. [53]. Total numbers of
photons integrating the whole energy range are

2.038 x 10! for horizontal polarization,
2.010 x 10! for vertical polarization.
The ratio of photon energy is

NHori: [N Yert: —1.0138.
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E, (GeV) | fraction | N,(Vert) | N,(Hori.)

1.45-1.50| 0.0282 | .5678E+10| .5756E+10
1.50-1.55| 0.0279 | .5617E+10| .5694E+10
1.55-1.60| 0.0276 | .5554E+10| .5630E+10
1.60-1.65| 0.0274 | .5507E+10| .5583E+10
1.65-1.70| 0.0273 | .5487E+10| .5562E+10
1.70-1.75| 0.0272 | .5459E+10| .5535E+10
1.75-1.80| 0.0271 | .5452E+10| .5527E+10
1.80-1.85| 0.0272 | .5460E+10| .5535E+10
1.85-1.90| 0.0273 | .5483E+10| .5558E+10
1.90-1.95| 0.0273 | .5481E+10| .5557E+10
1.95-2.00| 0.0275 | .5534E+10| .5610E+10
2.00-2.05| 0.028 | .5626E+10| .5703E+10
2.05-2.10| 0.0283 | .5686E+10| .5765E+10
2.10-2.15| 0.0286 | .5750E+10| .5830E+10
2.15-2.20| 0.0293 | .5890E+10| .5971E+10
2.20-2.25| 0.03 .6028E+10| .6111E+10
2.25-2.30| 0.0307 | .6171E+10| .6256E+10
2.30-2.35| 0.0317 | .6376E+10| .6463E+10
2.35-2.40| 0.0327 | .6566E+10| .6657E+10
2.40-2.45| 0.0337 | .6776E+10| .6870E+10
2.45-250| 0.0349 | .7024E+10| .7121E+10
2.50-2.55| 0.0359 | .7224E+10| .7324E+10
2.55-2.60| 0.0375 | .7532E+10| .7636E+10
2.60-2.65| 0.0394 | .7913E+10| .8022E+10
2.65-2.70| 0.0407 | .8176E+10| .8289E+10
2.70-2.75| 0.0424 | .8524E+10| .8641E+10
2.75-2.80| 0.045 | .9055E+10| .9179E+10
2.80-2.85| 0.0473 | .9498E+10| .9629E+10
2.85-2.90| 0.0497 | .9981E+10| .1012E+11
290-2.95| 0.0522 | .1050E+11| .1065E+11
2.95-3.00| 0.047 | .9438E+10| .9568E+10
3.00 - 3.05| 0.0008 | .1534E+09| .1556E+09

Table A.1: Fraction and the number of photons in each energy bin.
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Appendix B

: DC and ToF Calibration

The efficiencies of 16 chamber planes are shown in the leftiglirE B.1 requiring
thatntr k=1, ntoul =0, prbchi 2>0. 02, and| ybar| <30mm The most upstream plane
DC1X3 appears at the top left corner. Different colors iatiéd different filling patterns during
the K* runs. Spatial resolution in each chamber plane is displayétk right panel.
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Figure B.1: Efficiencies and spatial resolutions of the drift chambanpk with run numbers.

The chamber efficiency for each wire is also studied in thepahel of Figure B.2. Two
dip structures in some planes are due to d¢fie~ blocker. Mean values of thg? probability
distributions are shown in the right panel. Figure B.3 shthwesmean value and standard deviation
of the differencey{;,.-Y 14c) between y coordinates of reconstructed tracks measuwettfacking
and timing at the ToF. The mean values are fluctuated withim2with run numbers.
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The standard deviations are plotted in terms of ToF slat rusin Figure B.4
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Figure B.2: Efficiencies of the wires for each chamber plane(left). Treamvalue of they?
probability distributions(right-top) and the number otl@rs(right-bottom),noutl, are represented
in terms of run number.

2aF .
2F
20F

15 g IR

16

Mean(ytof-tofdiff)
sigma(ytof-tofdiff)

145
120

P RV R RS B R Bl v v o L L ]
7800 37900 38000 38100 38200 38300 %7800 37900 38000 38100 38200 38300
Run number Run number

Figure B.3: Mean values and standard deviations for they:4. distributions in terms of run
number.

Copyright © 2012 S.H. Hwang
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Appendix C

. Photon-Energy Calibration

We selecteds * single-track events foF, calibration. The following selection criteria were
imposed:

e Reconstructed masses should be withirtdlerance window.

o Misidentified K~ events were rejected by requiring that missing mass+pr() be larger
than 1.037 GeV assuming+ asm .

e —1042 mm< vt z < —860 mm
e prbchi 2 >0.02

e |ytof - tofdiff|] <80mm
e |itof - tofid|l <2

e fntag=1

e cte™ events hitting the="e~bar were rejected by requiring thgebar < -30 mm and
yebar > 16 mm.
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90 AppendixC : Photon-Energy Calibration
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Figure C.1: Two-dimensional plot for the reconstructed masse&of particles in terms of the
respective momentum(left) and a missing mass distribdton(v,K ™)X reaction.
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Figure C.1 shows a scatter plot of the reconstructed mat#dison of charged particles with
a primaryK + mass cut in terms of the respective momentum (left), and singisnass distribution
for p(y, K*)X reaction. Hight-momentum™ particles within thekX™ mass cut make a large
background in the missing mass distribution.

Misidentified K events within a 2= boundary for ther™ were rejected. Figure C.2 shows a
new set of thei ™ events. Background contribution from particle misidecdifion was found to
be largely suppressed in the missing mass distribution.bbtem figure shows the distributions
for rejected events.
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Figure C.2: Recontructed mass distributions in terms of the momengfthénd the missing mass
distributions forp(y, K) X reaction(right). Top figures indicate the distributions dnew set of
K™ events, and bottom figures represent the rejected evert@i boundary cut for ther .
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92  AppendixC : Photon-Energy Calibration

We obtained photon energy by fitting the missing mass digighs based on the relation:

P =my = (py +pp — prc+)? = (By +my — Bge)* = (9 — Pic+)”

wherep denotes a four-momentum of particle. We then fitted the phetwergy in terms of the
channel number of the fiber tagger with a third-order polyr@bniigure C.3, C.4 shows the fit
results in terms of fiber number in the front and the rear @avi¢he tagger, respectively.

)

S

Figure C.3: Required photon-energy distribution in terms of fiber numbkethe front tagger
plane.
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Appendix D

. Alignment Calibration

We reinstalled a vertex SSD for t€*? experiment in October, 2007. We first used a previous
position coordinate of the vertex SSD to obtain DC paramsed@d photon beam positions. We
then tuned the position coordinate of the vertex SSD bytitegahe calibration procedures for
DC parameters and photon beam positions. We finally foundise fit parameters for the posi-
tion coordinate of the vertex SSD to probe that the missingspaaks fop(v, KA, p(vy, KT)X,
p(y, K1T)A(1520) andp(v, 7 )n reactions are consistent with the known values. The ver8& S
was found to be located at 0.05 mm from the center. Figure bolvs the energy dependence
of missing mass fop(v, KA, p(v, K7)X, p(y, KT)A(1520) andp(y, 7" )n reactions, respec-
tively. Horizontal lines indicate the world averages oftjzd& masses with 1 MeV window. Fig-
ure D.2 shows & values from the Gaussian fit to the missing mass particlegpfealo(v, KA,
p(vy, KT)X, p(vy, KT)A(1520) andp(y, 7" )n reactions, respectively. The overlaid red open cir-
cles indicate the values from the 2.4 GeV data set reportdteitechnical note No.44.
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Energy dependence of the missing mass and thestandard deviations of the Gaussian fit
results for the proton and th€ ™ peaks in the missing mass distributions f¢t, =7 )p, p(y,
KTK™)pandp(y, K p)K* reactions, respectively, in Figure D.3 and D.4.
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Figure D.3: Energy dependence of missing mass)foy, =+ =~ )p(top-left), p(y, K+ K ~)p(top-
right) andp(y, K ~p)K *(bottom) reactions.

Copyright © 2012 S.H. Hwang



98  AppendixD : Alignment Calibration

~0.022 ~0.015
S
[) [)
o o
ﬁ . @aou—
g 002 . g
2 | .|z ti
G . Soo13F +
@ @
=0.0181 . = +
5 S0.012[-
o . o
. ‘ .
0.0161 + 0.011F \ +
[ +
t 0.01F \
0.014F toe i *
. + L
oy 4 0.009}-
0.012| [ {
L 0.008|-
o b b b b b b 7\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
001—95"13 2 22 24 26 28 3 00077513 2 22 24 26 28 3
E(Gev) E(Gev)
S
(]
Oo.016 |
1]
%]
Z |
: |
[=)]
=
o014 b
8
=
b
5 | |
©0.012
0.01F
0.008}-
L o
0.006/-
[ L * | L 1 L L L
S
E,(GeV)

Figure D.4: 10 standard deviations of Gaussian fitted to the proton peaks(fp 77 )X
reaction(top-left), ancgh(v, K+ K )X reaction(top-right) and thé&l ™ peak forp(y, K p) X
reaction(bottom).

Copyright (©) 2012 S.H. Hwang



Appendix E

: Calibration of PID Parameters

We first selected a good sample of particles for the PID pamsalibration with the selection
criteria: 1.8< p, < 2.0GeVE for protons,p, < 1.5GeVE and|ybar | > 60 mm for pionsp .+
< 1.5GeVE for kaons. Figure E.1 shows the mean and standard deviatlaes/of reconstructed
mass squared fas, K ,#F, and7~ from the top left corner. The reconstructed mass/charge
versus momentum is shown in Figure E.2. Reconstrusiedmass should be withindtolerance
window and should not fall into the™ PID boundary with 2 tolerance. Reconstructed mass
should be within 3 tolerance window and should be withimr 20lerance in the region of the
reconstructed mass larger than 0.33 MeV.
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100 Appendix E

: Calibration of PID Parameters
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Appendix F

. Photon Beam Asymmetry for A
photoproduction

We first tested a reliability of the calibrations for 3-GeMalavith a Lambda beam asymmetry.
To selectA events, the following selection criteria were imposed:

Reconstructed(™ mass should be withins3tolerance window and should not fall in to the
71 PID boundary with 2 mass tolerance.

Misidentified K ™ events were rejected by requiring that missing massfer'() be out of
the range between 0.875 GeV and 1.037 GeV.

—1042 mm< vt z < —860 mm

pr bchi 2 > 0.02

| ytof - tofdiff| <80mm
[itof - tofid| <2

noutl <6

fntag=1

ybar <-30 mm andybar > 16 mm.
yebar < -30 mm andyebar > 16 mm.

Misidentified K ™ rejected by assuming ™ as= (replacingm s+ with m_+) for the reac-
tion p(~y, 7" )n, andp(y, 77 )p.
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e ¢ photoproduction rejected for the reactionpgfy, K™K~ )p.

Figure F.1 shows the missing mass#ét, K ) X reaction. We fitted thd andXx" peaks with
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Figure F.1: The missing mass of(y, K )X

two Gaussian functions plus a straight line. The mean anavitith values are shown in Figure
F.2 as a function of{ ™ momentum.
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of the missing mass for th&* events. The black dots are fdrand the red dots are fai°.
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104  Appendix F : Photon Beam Asymmetry for A photoproduction

Figure F.3 displays the scatter plot of missing massfor, K+)A, X in terms of K™ mo-
mentum. The overlaid lines indicate the missing mass wirsdasva function of{* momentum
with 1o, 1.57, and 2 tolerance, respectively. We selectddevents, which is missing mass for
p(y, KT)X as a function of thé{* momentum should lie within 1&btolerance window.
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Figure F.3: Scatter plot of missing mass distributions fdry, K 7)A°, ¥.° versusK + momentum.

The photon beam asymmetdy, is given by

n- N, — Ny,

— = P¥ 2
N TN, cos(2¢p+)

where N, (N,) is the K photoproduction yield with vertical(horizontal) polagiz photon and.
is the normalization factor defined by number of photon ¥ieleg n;, /n, = 1.0138). The details

of the fit procedure are presented in Appendix E. Figure Fshisvn the beam asymmetry as a
function of beam energy.
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Appendix F

: Photon Beam Asymmetry for A photoproduction

(N,-N /(NN +NEGIN-N /(N +HNGIN N /(N +HNGIN N /(N +N, )

Figure F.5 and F.6 show the angular dIStrIbutlonS%‘L overlaid with fit results.
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Copyright (© 2012 S.H. Hwang



107

(N,-N /(NN +NGIN N /(N +HNGIN N /N, +HNGIN N /(N +N, )

o
(SIS

AR
[

N\

L 4

N

O
o

0.5

0

-0.5

></ df 5398/ 5
0.2806 + 0.4327E-01

L1 | ‘ Ll 1 | ‘ Ll 1 | | L
. 100 200 300
Azimuthal angle,, (degrees

‘X/deDSQ 77

O

0.3047 + 0.4172E-01

§-

Nh)/(nNV+NmN;-Nh)/(nNV+NmN;-Nh)/(nNV+Nh)

0 200 300
A2|muthal angle, . (degrees

)(/df1667 VARE
0.4867 + 0.4B47E-01

; L1 | ‘ I ‘ I | L1
0 200 300
A2|muthal anglq<+(degrees

X/ndf 8181
P1

0 2828 + 07973E-01

200 300
A2|muthal angle, , (degrees

)z

)

0.5

0

-0.5

0.5

0

-0.5

0.5 |+

0

-0.5

et

x/dfGSDS 7 5
D.3152+ 0.4229E-01

0
Azimuthal angle,, (degrees)

100 200 300

x/ at 7.707 ] %
0.3996 + 0.4844E—01

0
A2|muthal angle, . (degrees)

100 200 300

X/ndt 6072 /5
P1 0,4995 + O,4975E—i1

100 200 300

0
Azimuthal angle, , (degrees)

Figure F.6: The fitting distribution to the beam asymmetry as a functin

Copyright © 2012 S.H. Hwang



Appendix G

: MC test for SDM

We stuidied a reliability of the EML fit with MC data sets in Gitar 4. We scanned 6
points for each SDM paremeters in a proper range with allzfoother parameters as listed in
Table 4.4. In this chapter is shown SDM elements distrilmstidepend on various SDM elements.
From Figures G.1 to G.9 show the comparision between the wglues and the output EML fit
results in the GJ frame. From Figures G.10 to G.18 show theliditions in the helicity frame.
The overlaid red lines show the exptected output value by EMLThe reliability of the EML fit
works well.
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Figure G.2: Comparison with output SDM by EML fit and input SDM for the \@usrho, in

GJ frame.
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Figure G.3: Comparison with output SDM by EML fit and input SDM for the \@isrho)_, in

GJ frame.
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Figure G.4: Comparison with output SDM by EML fit and input SDM for the \@rsrhoi; in
GJ frame.
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Figure G.5: Comparison with output SDM by EML fit and input SDM for the \@rs rho}, in
GJ frame.
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Figure G.6: Comparison with output SDM by EML fit and input SDM for the \@usrhol, in
GJ frame.
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Figure G.7: Comparison with output SDM by EML fit and input SDM for the \@isrhol , in
GJ frame.
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Figure G.8: Comparison with output SDM by EML fit and input SDM for the \@usrho?, in
GJ frame.
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Figure G.9: Comparison with output SDM by EML fit and input SDM for the \@isrho?_, in
GJ frame.
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Figure G.10: Comparison with output SDM by EML fit and input SDM for the \@rsrhol), in

helicity frame.
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Figure G.11: Comparison with output SDM by EML fit and input SDM for the \@usrho), in

helicity frame.
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Figure G.12: Comparison with output SDM by EML fit and input SDM for the \@ssrho!_; in
helicity frame.
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Figure G.13: Comparison with output SDM by EML fit and input SDM for the \@rsrhoi, in
helicity frame.

Copyright (© 2012 S.H. Hwang



115

‘ Output p°00
o =

AN

‘ Output plll

) Output pll-l

0 1 1
Input p't-1

0 2 1
Input Im p“10

- ol <+ 1
- 51 - ~ -
r fa [ fa [
- . S50 F S0 |
L Kb % L a f
r B = [
r o [ o [
- a1 a1
7‘\\\\‘\\\\‘\ 7‘\\\\‘\\\\‘\ 7‘\\\\‘\\\\‘\
1 00 1 1 0 o 1 1 00 1
Input p"00 Input p~10 Input p1-1
il B o1 B
- s o f
n Q - (o) N
r s F o [
e e r =0 F———————
- 9.0, > -
- ER £t
r a1k o, [
= NI AR S IR AR S IENIRET AR
1 0 1 1 1 0 1 1 -1 0 ll
Input p11 Input p700 Input Rep10
r s 1 [ <1 B
r a [ a [
r E T E T
— =0 |- - I
- =1 L L
r 2 [ a [
2 2
r s [ = f
- o, [ O, |
Lo bl M M
1 -1 -1

0 2 1
Input Im p~1-1

Figure G.14: Comparison with output SDM by EML fit and input SDM for the \@rsrhof, in

helicity frame.
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Figure G.15: Comparison with output SDM by EML fit and input SDM for the \@ssrhol, in

helicity frame.
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Figure G.16: Comparison with output SDM by EML fit and input SDM for the \@ssrhoi ; in
helicity frame.
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Figure G.17: Comparison with output SDM by EML fit and input SDM for the \@isrho?, in
helicity frame.
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Figure G.18: Comparison with output SDM by EML fit and input SDM for the \@usrho? ; in

helicity frame.

Copyright © 2012 S.H. Hwang



Appendix H

: Unbinned EML Fit Results without
Side-Band Background Subtraction

We first extracted spin-density matrix elements using thginmed EML fit without back-
ground subtraction as listed in Table H.1. A total of 726" events are used for the EML fit, and
the number of events from the fK is found to be 725.9% 38.11, which is consistent with each

other.

P Fitting results(GJ)| Fitting results(HE)
% 0.151+ 0.034 0.091+ 0.023
Yo 0.114+ 0.018 -0.035+ 0.020

"N 0.075+ 0.032 0.037 0.036
ok 0.043+ 0.044 -0.009t 0.045
peo | -0.1244 0.057 -0.028+ 0.041
plo -0.09A 0.030 -0.00H4- 0.031
o 0.292+ 0.049 0.349+ 0.053
P 0.122+ 0.034 -0.026+ 0.031
P, | -0.321 0.046 -0.37H 0.047

N 725.99t 38.11 726.0H 38.11

P, 0.707+ 0.113 0.725+0.114

Table H.1: Spin density matrix elements by fitting results for GottiFigackson frame and helicity

frame.
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The parity spin asymmetry is defined as

P, = 2p1_ — poo-

Givenp} ,=0.292+ 0.049 (0.349+ 0.053) angh},,=—0.124+ 0.057 (-0.028+ 0.041), the parity
spin asymmetnp, is estimated to be 0.74 0.11 (0.73+ 0.11) in GJ frame(helicity frame). Such
a large positive value supports that a natural-parity exghds dominant in forward angles for
K*0%* photoproduction from threshold to 3 GeV.

With estimated SDM elements we generated high-statisiticglation data to test if the EML
fit results reproduce real data well. Figure H.1 shows a befdrstributions for various kinematic
variables such as momentum transfer squéarettident photon energiz.,, and momentum distri-
butions forK*0, K™ and=~. Left ones are for vertical polarization and right ones forizontal
polarization, respectively.
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Figure H.1: Comparison of kinematic variable with Monte-Carlo(read)l aeal data(black). Left
is vertical polarization and right is horizontal polaripat, respectively.

We also estimated the SDM elements by%amethod with decay angular distributions for
cosl, prer,(dp — P) g+, P+, (¢ + )i+, and (¢ + ®) g+ after acceptance correction. Figure
H.2 shows acceptance distribution for five decay anguldrilligions by EML fitting result. After
acceptance correction for five angular distribution arenshim Figure H.3.

The normalized decay angular distributions are fitted withftinctions as represented in Sec-
tion 6. Normalization factors are given by

Nyin

Alz) = Z (%) /Npin,

i=1
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120 AppendixH :Unbinned EML Fit Results without Side-Band Background Subtraction
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Figure H.2: Acceptance distribution for vertical polarization(lefgnd horizontal polariza-
tion(right).
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Figure H.3: The decay angular distribution 6bs 0+, ¢+, (¢ — @) g+, P+ and (¢ + D) g+
with acceptance correction. Left figure shows vertical poéion and right figure shows horizon-
tal polarization, respectively.

wherez are the angle variables such @ 6+, ¢+, (¢ — @)+, P+ and (¢ + @) ge+. 1y

denotes the number of events in #4 bin. We estimated the SDM elements with different bin
sizes yielding 6, 8, and 12 angular bins for each distrilbutieigure H.4 shows the normalized
decay angular distributions for horizontal and verticdbpiaation. Overlaid red-color lines show
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the fit results and the fit results are summarized in Table H.2.

Counts
(;ounts
Counts
Counts
Counts
Counts

Counts
(;ounts .
Counts
éounls .
Counts
(;ounls

Counts
Counts
Counts

Figure H.4: The normalized decay angular distributions 0+, ¢+, (¢ — P) g+, P+, and
(¢ + ®) g+ with 6 binning(left), 8 binning(middle) and 12 binning(hg. Overlaid red lines show
the fit results.
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122 AppendixH :Unbinned EML Fit Results without Side-Band Background Subtraction

Ps Unbinned EML fit x2-it(6bin) | x%/ndf

% 0.151+0.034| 0.136+0.31| 3.52/5

Rep? | 0.075+ 0.032| 0.109+0.031| 11.44/5
pl o —Imp?_, 0.6134+0.067 | 0.622+0.058| 3.60/5
20ty + Pl -0.038+0.105| 0.015+0.069| 1.11/5
P+ Imp?_, -0.030+ 0.067 | -0.051+ 0.069| 2.94/5
x2-it(8bin) | x%/ndf

% 0.1194+ 0.029| 5.73/7

Rep? | 0.112+0.028| 12.96/7
pl | —Imp? | 0.642+0.066| 5.75/7
2011 + Pho 0.025+ 0.068|  2.60/7
o+ Imp? -0.046+ 0.068| 5.02/7
x2-fit(12bin) | x2/ndf

s 0.104+ 0.026 | 13.49/10

Rep? | 0.140+ 0.028| 15.29/11
ot —Imp?_, 0.661+ 0.062| 17.16/11
211 + pho 0.008+ 0.068| 5.54/11
pl_ 4+ Impt_, -0.0434 0.068 | 13.30/11

Table H.2: Comparison between spin density matrix elements estinfedadthe unbinned EML
fit and from they? fit without side-band subtraction.
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