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Abstract

The 1 meson photoproduction YN — nN is a unique tool to investigate nucleon-
excited states with large ss components. In the high-energy excited region,
many excited states with broad widths overlap each other. In order to dis-
tinguish each contribution, it is necessary to measure both the photon beam
asymmetry and the differential cross section. In recent experimental measure-
ments, a bump structure in the differential cross section at cos6!,, < —0.6
above W = 2.1 GeV was observed. It has not been determined, however,
what’s are responsible for this structure. Unfortunately, there exists no other
beam asymmetry measurements in this energy region, and the contributions
of multiple resonance states cannot be separated. To solve this problem, we
carried out an experiment to investigate the single n meson photoproduction
on the proton in the LEPS2 beamline at SPring-8. A linearly polarized photon
beam was produced by the backward Compton scattering. The polarization
was more than 70% above W = 2.1 GeV, making it suitable for precise mea-
surement of photon beam asymmetry. Produced particles were measured using
the egg-shaped electromagnetic calorimeter and forward trajectory detectors.
The vp — np reaction was identified by selecting a proton and two ~’s produced
from an n — ~v decay. In order to reduce backgrounds, a kinematical fitting
was performed. We measured the differential cross sections and photon beam
asymmetries of 7 photoproduction on a proton in a center-of-mass energy W
from 1.82 to 2.32 GeV and a polar angle range cos6! , from —1.0 to 0.6. We
observed an enhancement of the differential cross section in W = 2.0-2.3 GeV in
the backward angle of cos 6!, < —0.4. This structure cannot be explained with
any u-channel contributions, suggesting the existence of resonance states with
high orbital angular momentum. This enhancement is only found in the n dif-
ferential cross section, not in the 7% and w differential cross sections. Therefore
the observed structure is likely to associate with the nucleon resonances having
a large s5 component and strongly couple to the n/N channel. We measured,
for the first time, the photon beam asymmetries above W = 2.1 GeV. Our new
data differed from the results of any partial wave analyses calculation. They

provide an additional constraint to nucleon resonance studies at high energies.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 Overview of hadron spectroscopy

A question of what matter is made of has been an ongoing mystery in physics.
Historically, our understanding on matter has been developed by revealing its
internal structure. After establishing the atomic structure, then Rutherford
discovered a nuclear at the core of atom. The nucleus of the hydrogen atom
discovered by Rutherford was called a proton. Later in 1932, Chadwick dis-
covered a neutron, which was an electrically neutral particle and had slightly
heavier mass than a proton. The protons and neutrons were called baryons.
Mesons were introduced as the carrier of the "nuclear force” that couples pro-
tons and neutrons by Yukawa. Around 1950, accelerators were invented and led
to the discovery of new baryons and mesons, which can no longer be regarded as
the smallest unit of matter. In the course of classifying these particles, a funda-
mental particle called a ”quark” was introduced, and quark model was proposed
in which a baryon is composed of three quarks and a meson is composed of a
quark-antiquark pair. Later, study of deep inelastic scattering (DIS) had re-
vealed the internal structure of the proton and the existence of point particles
(partons) in a proton was discovered. The partons were found to have same
quantum numbers as the "quarks”, and the quark picture was established. On
the other hand, it was also found that the partons contributed only about half
of the total momentum of the proton. The remaining momentum was thought
to be carried by gluons, which mediate interactions between quarks. Quantum

ChromoDynamics (QCD) was established as a theory to describe the dynamics
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1.2. QUARK MODEL

of the interaction between quarks and gluons. Quarks and gluons have quan-
tum numbers called color. They have three degree of freedom: red, green, and
blue. Only color singlet, which have no colors as a whole, exist in nature as
hadrons. The interaction depends on the coupling constant of QCD «g. The
coupling of QCD depends on the energy scale of QCD; the larger the coupling
constant, the more valid the perturbative picture becomes. The peculiarity in
QCD is the asymptotic freedom of the coupling constant [1]. Namely, at higher
energies, the perturbative picture holds better. On the other hand, at low en-
ergies, non-perturbative phenomena such as quark confinement dominated so
that the coupling constant becomes large. The resulting composite particles of

quarks and gluons are called hadrons.

1.2 Quark model

In general, hadrons are classified into baryons and mesons. Baryons are particles
with half-integer spins; nucleons such as protons and neutrons are constituent
particles of nuclei. Mesons are particles with integer spins; pions are thought
to mediate the nuclear force that couple nucleons together. In order to un-
derstand the various patterns of baryons and mesons, the constituent quark
model (CQM) was proposed. In such models, the effective degrees of freedom
to describe each hadron are ”constituent quarks” that have the same quantum
numbers and different masses as the current quarks. In the CQM, baryons are
composed of three quarks (gqq) and mesons are composed of quark-antiquark
pairs (qq). The basic properties of ground state hadrons, including their mass
and magnetic moment, were successfully explained in this model. While this
model can explain the ground state properties very well, the properties of ex-
cited states are not so easy to reproduce. There are some discrepancies between
the model and the experimental observations for the excited states. In addi-
tion, quark many-body systems that cannot be classified as ordinary baryons
(gqq) or ordinary mesons (¢q) in the quark model are discovered [62, 63, 64].
They are called exotic hadrons. Because QCD only requires quark many-body
systems to be color singlet states, one type of exotic hadrons is considered to be
a multi-quark state consisting of four or more quarks, a glueball (gg) consisting

of only gluons, and a hybrid hadron (¢Gg or gqqg) consisting of quarks and glu-
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CHAPTER 1. INTRODUCTION

ons. In order to understand the structure of exotic hadrons, hadron molecular
structures, diquark correlations between two quark pairs inside hadrons, and
gluons are newly considered as degrees of freedom other than the constituent
quarks. Discovery of these particles, suggests a breakdown of the quark model.
Nevertheless, at least hadrons in the ground state and low-lying excited states
are well represented by the quark model, which can serve as a guideline for un-
derstanding hadrons. In this section, we will discuss how hadrons and mainly

baryons have been understood in terms of the quark model.

1.2.1 Ground state of hadrons

In the CQM, ordinary baryons are composed of three quarks (¢qq), and ordinary
mesons are composed of quark-antiquark pairs (¢¢). The quarks have six flavors
(u, d, s, ¢, b, t). The quarks have quantum numbers such as charge @, baryon
number ‘B, isospin I3, strangeness .S, charm C', bottom B, and top T exhibited
in Table 1.1.

Table 1.1: Quantum number of each quark.

quarks | charge Q baryon number 8 isospin I3 strangeness S charm C' bottom B top T
u +2/3 +1/3 +1/2 0 0 0 0
d -1/3 +1/3 —1/2 0 0 0 0
s -1/3 +1/3 0 -1 0 0 0
¢ +2/3 +1/3 0 0 1 0 0
b -1/3 +1/3 0 0 0 -1 0
t +2/3 +1/3 0 0 0 0 1

The following relationship holds between these quantum numbers.

B+S+C+B+T
2

Q=1+ (1.1)

In the discussion that follows, only u, d, and s are treated as flavors of quarks.

Mesons

Mesons are ¢q states. Under the flavor SU(3) symmetry, the ¢G state is repre-
sented as a singlet and an octet, as shown in Eq. 1.2,

33=1®8. (1.2)
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Because both the quark spin and antiquark spin are 1/2, a ground-state meson
with ¢g in the S wave have a spin of 0 or 1. A ground-state meson with spin 0
is called a pseudoscalar meson and a ground-state meson with spin 1 is called
a vector meson. Table 1.2 lists gq representations with three flavors, the cor-
responding light mesons with quantum numbers. Fig. 1.1 shows pseudoscalar
mesons in the Y-I3 space, and Fig. 1.2 does vector mesons. Here, the hyper-
charge Y is simply given by Y = 8 + S5, since we are here considering three
flavors, u, d, and s. This is simply to align the center of the multiplet with the
origin. We have three states where (I3,Y) = (0,0), and these are the mixed

states of uw, dd, and ss.

Table 1.2: gq representations with three flavors and the corresponding mesons.

quarks  spin isospin I3 hypercharge ¥  meson

us 0 +1/2 +1 K™
ds 0 —1/2 +1 K"
ud 0 +1 0 7t
uii,dd, ss 0 0 0 70, 18, Mo
du 0 —1 0 T
sd 0 +1/2 —1 K
SU 0 —1/2 —1 K~
us 1 +1/2 +1 K*t
ds 1 —1/2 +1 K
ud 1 +1 0 pt
ui, dd, ss 1 0 0 p%, ws, wo
du 1 —1 0 p-
sd 1 +1/2 —1 K*0
SU 1 —1/2 —1 K*~

We consider the example of pseudoscalar 0~ mesons. The SU(3) singlet 7
has three flavors in equal proportion. Since 7 has no s5 contents, and the

remaining 7s is orthogonal to these, their wavefunction is represented in the
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Y,
K°(ds) K™ (us)
L — : y
n~(du) % n,n'
D N — e
(utl, dd, s5)
_‘I .......................... .
. K‘(sﬂ) |
-1 —1/2 0

Figure 1.1: Ground states with pseudoscalar 0~ meson.

following equations:

) = 5 4,
1 _ - _

ns) = %(\U"@ + |dd) — 2|s5)), (1.3)
1 _ - _

10) = ﬁ(\uw + |dd) + |s5)).

Since the flavor SU(3) is an approximate symmetry, which is broken in

different masses of quarks, the physical n and 7’ are mixtures of 7y and 5.

[7) = cos Op|ng) — sin bp|ny),

| (1.4)
n") = sin@p|ng) + cos bp|no),

where fp = —11.3° is the mixing angle of 7y and 7g[2]. The mixing angles are
small, and 7(n’) corresponds almost purely to ng(ng) in the flavor SU(3).
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K**(us)

/o P22 NP ()

KD RO6d)
1 -1/2 o 1/2 1 b

Figure 1.2: Ground state with vector 1~ meson.

The vector 1~ mesons can be similarly expressed as follows:

0 —i u) — |dd
%) = 5 lua) — |dd)),
1 _ = _
|ws) = %(Iuw + |dd) — 2[s5)),
1 B _ B (1.5)
|wo) = —=(|uw) + |dd) + |s5)),

&

|p) = cos Oy |ws) — sin Oy|wy),

|w) = sin Oy |ws) + cos Oy|wo),

where 6y = 39.2° is the mixing angle of wy and ws[2]. Since sinfy is almost
V3, the ¢ meson is considered to be almost pure s3 state, and the w meson is

considered to be mixed state of u@ and dd only. This is called ideal mixing.
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CHAPTER 1. INTRODUCTION

Baryons

Baryons are composed of gqq states in the CQM. The qqq states are represented
in terms of the flavor SU(3) symmetry as in Eq. 1.6,

3®3I®3 =105 D 8ys D Syia P 1a. (1.6)

Using the notations S, A, MS, and MA for symmetric, antisymmetric, mixed
symmetric, and mixed antisymmetric states, the subscript indicates the sym-
metry property of the wavefunction. S denotes states that are symmetric under
the exchange of any two quarks, while A denotes states that are antisymmetric
under such exchange. MS and MA are categorized as symmetric and antisym-

metric, respectively, under the exchange of the first and second quarks.

Baryon wave function is expressed as products of flavor SU(3) ans spin
SU(2) in the quark model. The spin component of the ground state of a baryon

composed of three quarks with spin 1/2 is represented in the following equation,
202®2 =43 2\ D 2)\s. (1.7)

Taking the flavor SU(3) and combining it with the spin SU(2), we can form
SU(6).
6R6K®6=>56g® 700Ms D 7T0na D 204. (1.8)

These supermultiplets decompose under the flavor SU(3) into

565 = 10 ®* 8, (1.9)
TOmsva = 21088928971, (1.10)
20, = 81, (1.11)

where the subscripts are 25+1 with the spin S of the baryon. The wavefunction
of the ground-state baryons must be symmetric, therefore, these baryons belong
to 56 and are classified into the S = 1/2 octet and the S = 3/2 decuplet. Table
1.3 lists the ground-state baryons with spins of 1/2 and 3/2, and Fig. 1.3 and

1.4 show the Y — I, two dimensional plots for them.
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Table 1.3: qqq representation with three flavors and the corresponding baryons.
quarks spin isospin I, hypercharge Y baryon

wud  1/2 +1/2 +1 P
udd 1/2  —1/2 +1 n
uus  1/2 +1 0 ¥t
uds  1/2 0 0 0, Ag
dds 1/2 -1 0 >
uss  1/2  +1/2 -1 =Y
dss  1/2 —1/2 —1 ="
wuu  3/2  +3/2 +1 AT
duu  3/2  +1/2 +1 AT
ddu 32 —1/2 +1 A
ddd  3/2  —=3/2 +1 A~
uus  3/2 +1 0 ¥t
uds — 3/2 0 0 »0
dds 3/2 -1 0 5
uss  3/2  +1/2 -1 =0x
dss  3/2 —1/2 —1 =
sss  3/2 0 —2 Q-

E~(dss)

20 (uss)

1 —1/2

1

Figure 1.3: Baryon ground states with S = 1/2 octet.
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Yo AT(ddd) A°(ddw) Af(duu) A**(uuu)

‘13

—3/2 —1 —1/2 0 1/2 1 3,2

Figure 1.4: Baryon ground states with S = 3/2 decuplet.

1.2.2 Excited state of baryons

Now we get ground state baryon of octet and decuplet with L = 0. Next, we
consider that baryon excitation is caused by orbital excitation of constituent
quarks in a harmonic oscillator potential. At this time the quarks have orbital
angular momentum L. The total angular momentum of the system J = L+ .5,
which is obtained by combining the total spin of the three quarks S with L,
is the total spin of baryons. The orbital excitation is represented under O(3).
The full symmetry group structure of the quarks in a potential is SU(6)x O(3).
The Hamiltonian of the quarks is:

H= —h2v2+1 P2w? (1.12)
= om erw .

where m is the mass of quarks, 7 is the position operator, and w is the angular

frequency of the oscillator. The time-independent Schrodinger equation is:

F[¢nlm - Enlm¢nlm (113)

9



1.2. QUARK MODEL

where ,,;,, is the wavefunction, and FE,;,, is the energy eigenvalue. They are
described by using the principal quantum number n = 0, 1, ..., angular momen-
tum [ = 0,1, 2, ..., and magnetic quantum number m = —I, —[ + 1, ...,+[. The

energy eigenvalue FE,;,, is represented in the following equation:

3

The wavefunction ¢,;,, can be separated as follows:

,anlm - Rnl(r)%m((g?gb) (115)

where R,;(r) is radial wavefunction, and Y}, (0, ¢) is spherical harmonics. The
radial wavefunction can be expressed by using modified Laguerre polynomial
functions v g
e} _ er - Nt
Lo (x) = e (e 2"t?) (1.16)

and a harmonic oscillator parameter b = /h/mw as follows

oo 0 (G ()

The single-particle wavefunctions are

202
2 _pur 7 2r
Roi(r) = 2\/%% / gexp <_2_b2> = §EROO(T>’
2

1 2 r [ 4 r?
ROQ(T) =14 1—57T 1/4ﬁexp <—%> = Eb—ROQ(T),

2 (Tt 3 r 2 (r* 3
Role) =25 (5 5) o () = V5 (5 5) F

for 1s orbit (n = 0,1 = 0), 1p orbit (n = 0,{ = 1), 1d orbit (n = 0,1 = 2) and
2s orbit (n =2,1=0).

702
e =25 (L2

(1.18)

10
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First excitation band

In the ground-state hadrons in the CQM, each of the three quarks occupy
the (1s) states in a harmonic oscillator potential, giving the orbital angular
momentum L = 0 and the parity P = +. In the first excited state, a (1p) state
is occupied by one of three quarks instead of a (1s) state. This excitation is
represented as (1s)?(1p), giving L = 1 and P = —. Since one quark occupies
a different state from the others, we can form symmetric, mixed symmetric,
and mixed antisymmetric wavefunctions under O(3). The wavefunction of the
(1s)?(1p) state is represented by 71¢g, P20, T3¢9 When we assume the ground-
state wavefunction is ¢g(ry1, 72, r3) with the quark coordinates rq, 73, 73. The

symmetric, mixed symmetric, and mixed antisymmetric wavefunctions are

Os = %(Tl + 12 + 73) 00, (1.19)
dms = %(Tl + 72 — 273) 0, (1.20)
dma = L(7°1 — 72)p. (1.21)

N

If we take the center-of-mass system of the quarks
ri+ 7+ 713 =0, (1.22)

the symmetric wavefunction ¢g vanishes. So, only mixed symmetric and mixed
antisymmetric wavefunctions remain at the first excitation level. Since the
overall wavefunction under SU(6)xO(3) must be symmetric, the SU(6) states
must be mixed symmetric or mixed antisymmetric. Hence baryons at the first
excitation level belong to 70-plet in SU(6). As expressed in Eq. 1.11, the 70
in SU(6) contains the singlet, octet, and decuplet with S = 1/2 and the octet
with S = 3/2 in SU(3). The spin-parity J¥ of each excited state is listed in
Table 1.4. Table 1.5 summarizes the first excited states that are experimentally

observed. Some resonance states having strangeness have yet to be found.

11
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Table 1.4: First excited states of baryon.

D S®L JP
20 (S=1/2)®(L=1) i .,3°
8 (S=1/2)e(L=1) 5,3
B (S=3/2)@(L=1) ;.3 .2
1 (S=1/2)@(L=1) 5,3

Table 1.5: Observed baryons in the first excitation band.
D:;S JEP =1/2- JP =3/2" JP =5/2-
28:1/2  N(1535)1/2~ N(1520)3/2~

18:3/2  N(1650)1/2~ N(1700)3/2~ N(1675)5/2"
210;1/2 A(1620)1/2- A(1700)3/2
28172 A(1670)1/2- A(1690)3/2~
18:3/2  A(1800)1/2~  missing  A(1830)5/2
28:1/2  %(1620)1/2~ %(1670)3/2
18:3/2  2(1750)1/2~  missing  X(1775)5/2
210;1/2 missing missing
N(1535)1/2~

N(1535)1/27 is considered as a first excited state with an excitation energy of
lhw in the CQM. It was observed in 1960s in the 77p — nn [3] and vp — np
[4, 5] reactions near the threshold. The S-wave dominance was suggested by a
uniform angular distribution without any asymmetry against 90 degrees. Since
N(1535)1/27 is the lowest negative parity state with a spin of 1/2; it is a
candidate for a chiral partner of the ground-state nucleon N(940)1/2%, namely
N(1535)1/27 and N(940)1/2% form a parity doublet[6]. N(1535)1/2~ strongly
couples to 7N in its decay [2]. Since the n meson wavefunction includes the s§
content, it is possible that N(1535)1/2~ also has the s§ content [7].

Second excitation band

Let us move on the second excited state. The (1s)?(2s) excitation is degenerate
with both (1s)(1p)? and (1s)?(1d). These wavefunctions have a spurious com-
ponent with R = (ry + r2 + r3)/3. We can eliminate the R component by

using appropriate linear combinations. These wavefunctions are represented in

12
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the following equations:

\/5{612

9
:? —(T%+T§+T§)—§}¢O,
2

s(r1-ro+ 1213+ 13- 71)Y0, (1.23)

<
o
L
=
S
e
|
wo
Sy

1
Rzg(’l’l—i—’l"z—FT‘g),
1
= —=(r1 — T2), 1.24
P \/5( 1 2) ( )
1
)\IE(T1+T2—27‘3),

Eq. 1.23 can be rewritten as follows.
V2 (1 9
Yaspes = —5- 1 mBR + %+ A7) = 5 b,
3 b 2
2
Vs = 353 3R = (0° + X} o, (1.25)
2

Vsp(1d) = N (3R* + p* + A?)p.

Let us discuss an excited state with LT = 0% at first among the second excited
states. The LY = 0T state can be mixed state of (18)?(2s) and (1s)(1p)? states.
When we remove R using a linear combination of Eq. 1.25, we obtain the

wavefunction g+:

2 1 1(9 3 ,, o
Yo+ = _\/;w(ls)z(%) + \/;w(mup)? = \/; {5 ~ oA )} Yo (1.26)

Since the 1+ is spatially symmetric, it combines with the symmetric 56-plet of
SU(6). v, which is orthogonal to 1)+, is represented in the following equation:

1 2 2 (3 R?
Yo+ = \/;15(13)2(25) + \/;was)ap)z = \/; (5 + b_2> Yo. (1.27)

13



1.2. QUARK MODEL

It means that the internal motion in the ground state and the center of mass
in the (2s) excitation. Secondly, we consider the excited state with L” = 2T,
which is a mixed state of (1s)?(1d) and (1s)(1p)? states. Similar to the case of

0" state, the wavefunction 19+ is obtained as follow:

Yot = — \/71#15 2(1d) \/71#15 )(1p)? \/7( + M)y, (1.28)

Since the 9+ is also spatially symmetric, it combines with the symmetric 56-plet
of SU(6). Table 1.6 and 1.7 lists the experimentally observed states, which are
considered candidates as the second excited states. Only a half of the expected
states in the CQM has been observed.

N (1440)1/2+

N(1440)1/2", the so-called Roper resonance, is considered as a second excited
state with an excitation energy of 2Aw in the CQM. It was discovered in the
partial wave analysis of 7V scattering data [8]. Its mass is too low as compared
with the expected second excited state in the CQM. The CQM suggests that
the radial excitation energy is higher than the orbital excitation energy, indicat-
ing the mass-order is reversed between N(1440)1/2" (radial) and N(1535)1/2~
(orbital). The N(1440)1/2% can be different from an ordinary gqq baryon. Sev-
eral possibilities were discussed for its internal structure: the gluon excitation
[9] and the o N meson-baryon molecule-like state [10]. Another interpretation
is that the observed mass is much lower than its pole position [11]. We do not
have a solid identification of the internal structure of N(1440)1/2".

Table 1.6: Observed baryons with L¥ = 0% in the second excitation band.

D.S N. A A > =
56,8;1/2 N(1440)1/2F A(1600)1/27 S(1660)1/2F =Z(1690)1/27
56,10;3/2 A(1600)3/2" missing missing
70,8;1/2 N(1710)1/27 A(1810)1/27 S(1770)1/27  missing
70,10;1/2 A(1750)1/2* ¥(1880)1/2* missing
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Table 1.7: Observed baryons with L” = 1%, 2% in the second excitation band.

D.S TP —1/27 JP=3/2° JP=5/2" JP=71/2"
56,8:1/2 N(1720)3/27 N(1680)5/27
56,8:1/2 A(1890)3/2F  A(1820)5/2+
56,8:1/2 2(1840)3/27  %(1915)5/2+
56,10:3/2 A(1910)1/2% A(1920)3/2% A(1905)5/2% A(1950)7/2*
56,10;3/2  missing  %(2080)3/2%  X(2070)5/2 %(2030)7/2*
70,8:3/2  N(1830)1/2F N(1900)3/2F N(1870)5/2F N(1990)7/2°
70,8;3/2 missing missing A(2110)5/2%  A(2020)7/2*

70,8;3/2 missing missing missing missing (X)
70,8;1/2 missing missing (N, A, %)
70,10;1/2 missing missing (A,X)
20,8;1/2 missing missing (N, A, Y)

Higher energy states

The existence of most of the higher energy states has not yet been established.
For example, Table 1.8 lists the experimentally observed N* resonances [15].
The number of ”*” indicates the certainty of each resonance. Only a few N*
states have been established above 1.8 GeV, where several N*s have wide widths
and overlap each other in a mass spectrum. Unpolarized differential cross sec-
tions are not sufficient to extract the contribution of resonance states from the
experimental results. Spin observables are required to perform a partial wave
analysis (PWA) to separate different N*s correctly.

1.3 Meson photoproduction

A powerful tool for clarifying the nucleon excitation spectra is photoproduction
of mesons on the nucleon. In hadronic processes such as m-induced reaction,
specific excited states that strongly couple to the initial state are likely to be
dominated, and it becomes difficult to measure other resonances experimentally.
In photoproduction processes, more excited states that couple to meson-baryon
combinations, e.g., 7N, nIN, wN, or multi-meson final states (77N, mnN, nqN,
and so on) are produced. Therefore, it is advantageous to utilize photon-induced
reactions to produce nucleon resonances that have weak coupling to 7N chan-

nel. In addition, the spin information of intermediate resonances can also be
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Table 1.8: The Status of the N* resonances and their decays[15].

Status as seen in

Particle J¥ overal Ny Nr Amr  No Nn AK XK Np Nw Ny

N(1860) 5/2+ * sk £ %

N(1875) 3/2—  *Hxx* Hok ok * Kk ok * * * *
N(1880) 1/2F  **x* *ok * ok * * Kok Kok *k
N(1990) 7/2%F Hx o *ok * * *

N(2000) 5/2+ ok * ok * * * *
N(2040) 3/2+ %

N(2060) 5/2~ Kok skk ok * * * * * %
N(2300) 1/2+  ** ok

N(2570) 5/27  ** ok

N(2600) 11/2- sk

N(2700) 13/2F ** ok

HokHk Existence is certain.

ok Existence is likely.
*k Evidence of existence is fair.
*

Evidence of existence is poor.
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obtained by utilizing a highly polarized photon beam. Photoproduction exper-

iments are increasingly gaining popularity in baryon physics research.

In the study of baryon excitation, the cross section measurement is essential
since the cross section is sensitive to an intermediate resonant state. In the
case of the photo-excitation of a proton target, it is possible to induce nucleon
resonances. As the resonances decay back to the ground state the study of the
decay products allows access to the resonance properties. As a photon interacts
with a nucleon, it couples to the nucleon electromagnetic current. This can
cause the production of mesons via the decay of an intermediate resonant state
of the nucleon. The most common meson photoproduction experiments are

those involving the pseudoscalar mesons such as a 17 meson.

Figure 1.5 shows the diagrams of n photoproduction on the proton. These di-
agrams include s-channel (a time-like channel), t-channel, and u-channel (space-
like channels). The s-channel represents the process in which v excites the
proton and creates a resonance state N*, which decays into an 7 meson and
a proton. The u- and t-channels represent processes in which v exchanges an
intermediate particle, which is a N* for the wu-channel and a meson for the

t-channel.

Generally, the contribution of u-channel is much smaller than ¢-channel in
this energy, which does not include any resonance in the process, however,
at the backward decay angle in the center of mass system, u-channel and s-
channel are more important than ¢-channel. Therefore, we can expect that the
measurement of the cross section at the backward angle will be more sensitive

to the high mass nucleon resonance.

In single pseudoscalar meson photoproduction, there are total of 16 possible
observables that can be measured [56]. They are called spin observables. These
observables include the unpolarized differential cross section, denoted as doy, as
well as three asymmetries that enter the general cross section to leading order.
These three asymmetries are scaled by a single polarization of either the beam,
target, or recoil, and are denoted as X, T', and P, respectively. In addition to
these asymmetries, there are three sets of four asymmetries each, whose leading
polarization dependence in the general cross section involves two polarizations.
These two polarizations can either be beam-target (BT'), beam-recoil (BR), or

target-recoil (T'R). Photon beam asymmetry ¥ is discussed in more detail in
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Y n |
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s-channel t-channel u-channel

Figure 1.5: The diagrams of n meson photoproduction on the proton

the next section.

Photon beam asymmetry X

The differential cross section of the meson photoproduction with a linearly
polarized photon beam oscillates depending on the azimuthal angle between
the beam polarization plane and the meson production plane. The amplitude
of this oscillation is proportional to the photon beam asymmetry >. Pho-
ton beam asymmetry tends to show interference contributions between partial
waves, which helps to separate each of the broad resonances when they are

overlapping. The X is defined in the center-of-mass system as

do  doy

ol m(l — P,X cos (29)) (1.29)

where % is the unpolarized differential cross section, P, is the degree of linear
polarization of the photon beam, and ® is the azimuthal angle between the
linear polarization direction of the photon beam and the reaction plane of the
meson photoproduction as showed in Fig. 1.6. Experimentally, two types of
beams, one is horizontally polarised and another one is vertically polarised, are
used to measure the photoproduction reaction, and the beam asymmetry is

obtained from yield differences.
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Y

Figure 1.6: Schematic view of n photoproduction.

1.3.1 Electro-magnetic multipole

In pseudoscalar meson photoproduction an incident photons excites a nucleon
with total angular momentum J, and a resonance state with is generated as an
intermediate state. After that the resonance state decays into a pseudoscalar
meson and a nucleon. This reaction diagram is shown in Fig. 1.7. The total
angular momentum J, is expressed as |L, — S,| < J, < |L, + 5,| using the
spin of photon S, and the orbital angular momentum between the photon and
the nucleon L,. The parity of photon and nucleon is — and +, respectively and
therefore the parity of the initial state is P = (—1)(+1)(=1)l. If Pis (—1)",
transition in the photon radiation is electric, and if P is —(—1)”v, transition in
the photon radiation is magnetic, denoted as E.J, and MJ,, respectively.

We consider the spin-parity J? of the intermediate state. Since the spin of
the nucleon is 1/2, the spin of the intermediate state is J = J, £ 1/2. The
parity of the intermediate state is the same as one of the initial state. The
amplitudes of this reaction are electro-magnetic (EM) multipoles Ey+ and M.

In subscripts, [ is the orbital angular momentum when the intermediate state
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N(1/2%)  N(1/27)

Figure 1.7: The diagram of 7 or n photoproduction.

is assumed as a N system, and the sign is + with J = [+ 1/2 and — with
J=1-1)2.

1.3.2 CGLN amplitudes

First, to discuss the commonly used Chew-Goldberger-Low-Nambu (CGLN)
amplitude, some kinematic variables should be specified. Four-momenta of
the incident photon, the proton in the target, the outgoing meson, and the
recoil proton are denoted by k = (k,k),p1 = (E1,p1), ¢ = (w,q), and ps =
(Es, p2). Helicities of these four particles are Ap, A1, Ay, Ag, respectively. Since
pseudoscalar mesons have spin 0, A, is 0. The incident photon has polarization
vector. The polarization vector is defined as € for incident photons. Figure
1.8 shows the pseudoscalar meson photoproduction in the center-of-mass(c.m.)
system. In the c.m. system, the total energy is W, the polar angle and the
azimuthal angle of the meson are # and ¢.

The differential cross section for pseudoscalar meson photoproduction in the
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Table 1.9: The transition in the photon radiation, the spin-parity of the incident
photon Jf , the spin-parity of the intermediate state J¥, the orbital angular
momentum of the 7N system [, and EM multipoles in pseudoscalar meson
photoproduction.

Transition in the photon radiation Jf JP 1 Multipole amplitude
o Y
M1 Cogma
= S T
M2 > Sm s
= O A

+
: 2 S
y O
u N
ES o 191//22_— é g?
M5 5 191//22++ g %;
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Figure 1.8: Kinematic variables in pseudoscalar meson photoproduction in c.m.
system.
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c.m. system can be written as

1 1 gm: _,
4

mg,=+1/2 msfil/Z ~—spins

W
J = <m3f|FCGLN‘mSi>7 (131)

mp

where |my) is the eigenstate of the Pauli operator ¢, and Frgry is the CGLN
amplitude [12]:

Feeix = Y OiF,(6,E) (1.32)
with _

01 = O -¢&, (133)

Oy = lo-dllo-(kxe), (1.34)

O3 = [o-k[G-el, (1.35)

Oy = |o-4llq- €], (1.36)

where o are Pauli matrices, and k and ¢ are unit vectors of the photon and the
meson. The CGLN amplitude expanded by EM multipole amplitudes can be
expressed as follows:

Fr = ) (B + 1M ) By (cos8) + {Bi- + (1 + 1) M} P (cos )], (1.37)
=0

Fy = Y [(l 4+ 1)M1P/(cos0) + IM,_y P/ (cos )], (1.38)
=1

Fy = ) (B — M) Pl (cos) + (Ei- + M) P/ (cos 0) ., (1.39)
=1

Fy = Y [(—=Ey + My — E_ — M_)P/'(cos0), (1.40)

=2

where Pj(cosf) is Legendre polynomials. Since EM multipole amplitudes cor-
respond to resonance states, we can derive the contribution of each resonance
state from each CGLN amplitude. Only two EM multipole amplitudes are
associated with a resonance with a specified spin-parity. Table 1.10 lists the
contribution of each resonance. The differential cross section do/dS2 and the
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photon beam asymmetry > are represented as follows:

1
do/dQ = %Re{Fl*Fl + BBy + 5(Fy Fy + F{Fy)sin’6
+ (FyF3+ FyF,+ F; Fycos0)sin®0 — 2F; Fy cos 0}, (1.41)

1
5 —%Re{é(F?ng VY FIF) 4 FiFy + FYFy + FiFycos0) sin?0.  (1.42)

We can obtain the angular dependent differential cross section and photon beam

asymmetry in each multipole amplitude. These are shown in Tablel.11 and 1.12
and Fig. 1.9.

Table 1.10: The contribution of each resonance state for CGLN amplitudes.
Here cos @ is replaced with x.

1/2- 1/2+ 3/2° 3/2F
Fi | By, 3(Myy + Ey)r 3(My + By)
Fy M, 2M 6 My
F 3(Ery — May)
Fy —3(My_ + B )
5/2~ 5/2F
Fy | 3(3May + Epy)(5a® — 1) 3(4Ms_ + E3_)x
Fy My, x IMs_(5z* — 1)
Fy 15(Fyy — My, )x 3(F5- + Ms_)
F 3(Myy — Eyy) —15(Ms_ + E3_)zx
7/2° 7/2F
Fy | 2(3Msy + Esy) (T2 — 3x) 3(5My_ + B4 ) (52 — 1)
Fy 6Ms, (52> — 1) 10My_ (723 — 3)
Fy | 2(BEyy — My, ) (72% = 2) 15(Ey- + My )z
F, 15(Ms, — B3, )x —L(My_ + By )(72* - 3)
9/2~
Fy 2(4Myy + Eyy ) (632 — 7022 + 3)
Fy 2 My (723 — 3)
£y 2 (Byy — Myy)(32° — )
Fy %(MAH — By41)(72° - 3)

We could express the physical observables in terms of CGLN amplitudes
F17F27F37F4-
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Table 1.11: Angular dependent differential cross section for a single multipole

amplitude.
Pho.ton Mult.ipole do /)
multipole  amplitude
E 2
o Eoy 1 | 20+’ 2
FEy_ 3| B |*(5 — 3x7)
M M, _|?
M1 : 1 | 2 " 2
M. 3| Mi[7(5 — 327)
By, 9B (1 +27)
k2 9 2 2 4
E3_ §’E3_’ (1 + 6x* — Sx )
M, 3 My [2(1 + 2?)
M2 9 2 2 4
M2+ §‘M2_|_| (]. -+ 63.7 — 533' )
B3 Eoy 2| By |*(5 4 62 + bat)
Ey %]E4_\2(17 — 6522 + 2552% — 17529)
N3 M;_ N M;_[*(5 + 62* + 5a?)
Ms, 2| M, |2(17 — 65z% + 255z* — 1752F)

Table 1.12: Photon beam asymmetry as a function of the emission angle for a
single multipole amplitude.

Photon Multipole >
multipole  amplitude
El Eor , 0 ,
Ly —51 By [P(1 — 2?)
M1 - 3 20 2
M 5| My (1 — 2%
By —%|E1+|2(1 —2?)
2 9 2 2 2
B —5|Es-|*(1 — 27)(1 + 527)
o My My [2(1 — a?)
Msy sIMay [P(1 = 2%)(1 + 52%)
E2+ —9|E2+|2(1 - 5132)(1 + 51’2)
k3 45 2 2 2 4
Ey —2| By [7(1 — 2°)(3 — 62° + 3527)
Mg_ 9‘M3_‘2(1 —$2)(1 +5ZE’2)
M3 45 2 2 2 4
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Figure 1.9: The angular distribution for a single EM multipole amplitude. The
left shows the differential cross section and the right shows the photon beam
asymmetry:.
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1.4 Previous experiments

1.4.1 17 meson photoproduction

Here the photoproduction of an 17 meson is a prime example of such research
subjects. The basic properties of n mesons are described. The mass of 77 mesons
is 547.85 MeV/c?>. The main decay modes and these branching fractions of 7
mesons are listed in Table 1.13. Since an 1 meson is the lightest particle contain-
ing s5 component, it is expected to easily couple with the nucleon resonances
containing large ss5 component. Moreover, since the isospin of the 1 meson is
0, the isospin of the n/V state is 1/2. This means that the intermediate state of
the photoproduction reaction is limited to N* and there is no need to consider

the A* contribution.

Table 1.13: Main decay modes and these branching fractions of n meson[15].
mode  branching fraction
vy (39.414+0.20)%
370 (32.684+0.23)%
atrrd (22.9240.28)%
ntrmy  (4.2240.08)%

1.4.2 Experimental status of  photoproduction

The resonance state N(1535)1/27 is dominant near the threshold in the 7
meson photoproduction process. We introduce several experiments to study
N(1535)1/27. In 2002, the GRAAL Collaboration measured the differential
cross sections of yp — np reactions from threshold to 1.1 GeV photon [16].
Resonance parameters were obtained by fitting total cross sections near thresh-
old with Breit-Wigner functions. However, the value could not be determined
because the resonance widths varied from 15244 MeV to 17448 MeV by chang-
ing the fitting range. We introduce several experiments to study N(1535)1/2".
In 2002, the GRAAL Collaboration measured the differential cross sections for
vp — np reaction from threshold to 1.1 GeV photon [16]. Resonance parameters
were derived by fitting total cross sections near threshold with the Breit-Wigner

function. However, the value could not be determined because the resonance
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width varied from 152 + 4 MeV to 174 =8 MeV by changing the fitting range.
In 2005, the CBELSA Collaboration measured the total cross section for the
reaction p(v,np) at E, = 0.75 — 3 GeV [17]. Figure 1.10 shows the total cross

section for vp — mp reaction in several experiments.

G ot L1D] E_ [GeV]
50 1 15 2 2.5
15 - My
10 |- \)\\
N ‘x\\\,:
- A\
5 172 \\\*
i \\i
B \ e
\ /
1 — // \\\
E /"/ \\
- / \
i | 1 1 I 1 | | \I\ I// 1 | | 1 1 | I | \\\I Ip-I(DI |
1.6 1.8 2 2.2 24
W [GeV]

Figure 1.10: Total cross sections of  photoproduction on the proton. The black
squares, light gray stars, light gray triangles, and light gray circles come from
the TAPS [18], CBELSA [17], GRAAL [16], and CLAS [19] Collaborations.

Several experimental results of vp — np reaction around W of 2 GeV have
been published. Table 1.14 lists these results.

In 2007, GRAAL Collaboration measured the differential cross section and
photo beam asymmetries from threshold to 1.9 GeV [42]. In 2009, CLAS Col-
laboration and CBELSA /TAPS Collaboration separately reported differential
cross sections of 17 photoproduction on proton in a wide range of angular and

energy region [35, 36]. They confirmed the existence of several resonance states,
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Table 1.14: Experimental results of yp — np reaction.

Observable Exp. W (GeV)  cosf!,  Ref.
do /dS) GRAAL(2007) 1481.92 —1.0-09 [42]
do /dS CLAS(2009) 168284 —0.9-08 [35]
do/dQ  CBELSA/TAPS(2009) 1.57-2.38 —1.0-1.0 [36]
do /92 LEPS(2009) 1.97-2.32 —1.0 - —0.6 [20]

> GRAAL(2007) 148192 —1.0-09 [42]
5 CLAS(2017) 1.70-210  —0.8 — 0.8  [44]
> CBELSA/TAPS(2020) 1.75-2.05 —1.0-1.0 [45]

which are not previously confirmed in 7NV scattering experiments. In the same
year, LEPS Collaboration reported differential cross sections in the backward
region and obtained results that suggested the existence of new resonance states
[20]. In 2017, the CLAS Collaboration reported photon beam asymmetry of 7
photoproduction on proton up to 2.1 GeV in total energy for the first time [44].
They observed drastic change in the angular distribution of beam asymmetry.
In 2020, CBELSA /TAPS Collaboration also reported photon beam asymmetry
and observed singularities of scattering amplitudes such as cusp effects [45].

Each experiment is described in detail below.

GRAAL

The GRAAL facility was set at the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble, France [43]. It produced a polarized photon beam
via Compton scattering of laser photons on the 6 GeV electrons. The 47
LAYRANGE detector detected both neutral and charged particles [43]. The
GRAAL Collaboration reported the differential cross sections and photon beam
asymmetries for the n meson photoproduction from threshold to 1.9 GeV in 2007
[42]. The n mesons were reconstructed in two neutral decay modes: 1 — 2 and
n — 37 — 67. Their results were compared with three PWA models of MAID,
BCC, and Bonn-Gatchina. These models reproduced the behavior of experi-
mental results rather well. Nevertheless contributions of individual resonances

were quite different.
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CBELSA /TAPS

This experiment was carried out at the electron accelerator facility (ELSA)
at the University of Bonn using a combination of the Crystal-Barrel (CB)
and TAPS detector. These detectors are electromagnetic calorimeters cov-
ering all solid angles and can detect all the photon produced by the decay
of the meson. A linearly polarized beam photon was produced via coherent
bremsstrahlung. Polarization degree was typically 20% above W = 2 GeV [60].
The CBELSA /TAPS Collaboration reported total and differential cross sections
of n photoproduction on proton for the photon energies between 0.85 and 2.55
GeV in 2009 [36]. The 1 mesons are detected in the two neutral decay modes,
n — vy and n — 37 — 6, and cover the almost full angular range in cos 07 .
The total cross section was nearly saturated with three resonances, the well-
known N (1535)1/27, the N(1720)3/2%, and the new resonance N(2060)5/2~
at the time. Now N(2060) is listed as a *** state by Particle Data Group
[15]. This collaboration also measured photon beam asymmetries for tagged
photon energies from 1.130 to 1.790 GeV in 2020 [45]. They performed partial
wave analyses and observed singularities of scattering amplitudes such as cusp
effects. They concluded that the existence of the N(1895)1/2— resonance was
confirmed, and precise resonance parameters were obtained. Now N(1895) is
evaluated as a *** state by Particle Data Group [15].

CLAS

The CLAS is a large acceptance spectrometer in the Continuous Electron Beam
Accelerator Facility (CEBAF) at the Department of Energy’s Thomas Jefferson
National Accelerator Facility in Newport News, Virginia. This spectrometer
can detect charged particles in 8° < 6 < 140°. They produce a linearly po-
larized photon beam by coherent bremsstrahlung using a 4.55 GeV electron.
Polarization is typically 30% above W = 2 GeV [61]. The CLAS Collaboration
measured differential cross sections for the reactions vp — pn for center-of-
mass energies from near the threshold energy up to 2.84 GeV in 2009 [35].
Photon beam asymmetries for center-of-mass energies from incident photon en-
ergies from 1.070 to 1.876 GeV in 2017[44]. The n mesons were detected in a
charged decay mode: n — 777~ 7", They required p, 7", and 7~ to be detected
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0

and missing mass of yp — 77 pX reaction to be ©. They performed par-

tial wave analyses with the Bonn-Gatchina model and confirmed the evidence
for four nucleon resonances: N(1895)1/2, N(1900)3/2%, N(2100)1/2", and
N(2120)3/2~, which lacked the ”****” gtatus in Particle Data Group at that

time.

LEPS experiment in 2009

In 2009, the LEPS Collaboration measured differential cross sections for 1 me-
son photoproduction on proton targets in the backward angular region in the
energy range I, = 1.6 — 2.4 GeV of incident photons. Identification of the
n mesons was performed from the missing mass distribution of the vp — pX
reaction. The results of the LEPS experiment are shown in Fig. 1.11. Bump
structures can be seen above the total energy W = 2 GeV. The center position
of the bump structure shifts to higher energies as the backward angle increases.
The position is W ~ 2.06 GeV for —0.7 < cos ! < —0.6 and W ~ 2.17 GeV
for —1.0 < cos@!,, < —0.9. This behavior suggests that this bump structure

consists of multiple resonance states with different angular distributions.

1.5 Present experiment

We measured not only differential cross sections but also photon beam asym-
metries for the reaction vp — np in the LEPS2/BGOegg experiment. The
coverage of polar angles is —1.0 < cosf! , < 0.6. We can generate linearly
polarized beams at E, = 1.3-2.4 GeV by means of backward Compton scatter-
ing, as described in Sec. 2.1.2. The degree of the beam polarization is higher
than 70% above E, = 1.7 GeV. The 7 mesons were detected in a neutral decay
mode: 1 — ~v. All the final-state particles were detected, a recoil proton and
two ~’s from the 1 meson decay. To reduce the background contribution, we
required the following conditions for selecting the events: the four-momentum
conservation between the initial and final states; and the two-photon invariant
mass being the nominal 7 mass.

We have two significant advantages over LEPS experiment. The first one is

a wide angular coverage of detecting n mesons. While the LEPS only covers the
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Figure 1.11: The differential cross section for 17 photoproduction on the proton

at LEPS [20].
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backward angles, —1.0 < cos 8! < —0.6, the BGOegg also covers the sideways
angles, —1.0 < cos8? , < 0.6. Therefore, the behavior of the bump structure
observed in the LEPS experiment can be investigated over a wider region. The
other is a good signal-to-noise (S/N) ratio. In the LEPS experiment, the S/N
ratio was poor because n meson was not directly detected, and therefore the
statistics were not sufficient to determine beam asymmetry. In the BGOegg
experiment, all particles in the final state are measured and kinematically re-
stricted applying four-momentum conservation, which improves the S/N ratio
and makes it possible to measure photon beam asymmetry with the same level

of statistics.

Our statistical uncertainties are about half those of CBELSA. CLAS has no
acceptance for the most backward region. Therefore, the BGOegg experiment
is most suitable to study the enhancement of the differential cross sections
in the backward region. In addition, the degree of our beam polarization is
many times greater than that from the CBELSA experiment. CBELSA uses
a coherent bremsstrahlung technique to generate a linearly polarized photon
beam. The intensity and polarization of this photon beam are shown in Fig. 1.12
[21]. The beam polarization is lower than 10% above E, = 1.7 GeV, and hence
it is difficult to measure the photon beam symmetry precisely in this incident
photon energy region. Thanks to the high polarization in our photon beam,
we can measure photon beam asymmetries in high precision. In particular, our
measurement is first in the world above £, = 1.9 GeV. This is also an advantage

over the CLAS experiment.

We study excited states of nucleons above 2 GeV by measuring the differen-
tial cross sections and photon beam asymmetries of 1 photoproduction on the

proton using linearly polarized photons at £, = 1.3 — 2.4 GeV.

The LEPS Collaboration observed a bump structure above W = 2 GeV
in the backward region of 1 emission. The peak position of this bump struc-
ture shifted with each angle, suggesting the contribution of multiple resonance
states. However, this could not be concluded from the differential cross section
measurement. In order to investigate the origin of this structure, we measure
the photon beam asymmetries in addition to the differential cross sections over

a wide angular range in the LEPS2/BGOegg experiment.

By comparing the obtained angular distributions of differential cross sec-
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Figure 1.12: Intensity and polarization of the photon beam in CBELSA
experiment[21]. The solid and dotted curves show the intensity and the degree
of beam polarization obtained in the simulation, respectively, as a function of
the photon energy.
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tions and photon beam asymmetries with the calculated angular distribution
of those as shown in Fig. 1.9, the spin-parity of the candidate resonance state
is constrained. We compare our results with several PWA calculations such
as EtaMAID [22] and Bonn-Gatchina [23]. Our new beam asymmetry mea-
surement provides strong constraints on the PWA calculations in high energy

region.
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Chapter 2

Experiment

The experiment was carried out at the LEPS2 beamline at SPring-8. A photon
beam was produced by means of Backward Compton Scattering (BCS) of ul-
traviolet (UV) laser from 8 GeV electrons in the SPring-8 storage ring. Photon
beam energy was estimated from the recoil electrons with the tagging counter.
The photon beam was transferred to the LEPS2 experimental building and hit
a liquid hydrogen target. Produced particles were measured by the BGOegg
detector system. The details of the experimental set up are described in this
chapter.

2.1 SPring-8/LEPS2 facility

2.1.1 LEPS2 beamline

SPring-8 is a large synchrotron radiation facility located in Harima Science Park
City, Hyogo Prefecture, Japan [24]. 100 mA electrons with 8 GeV energies are
stored in the storage ring. The beamlines of SPring-8 are shown in Fig. 2.1. The
LEPS2 beamline is located at BL31LEP, which is one of the 30 m long straight
sections in the storage ring. The electron emittance of long sectors is 14 urad.
Figure 2.2 shows a schematic view of LEPS2 beamline. The photon beam
is produced by backward Compton scattering with ultraviolet laser photons
injected onto the 8 GeV electrons in the storage ring. The photon beam is
transferred to the LEPS2 experimental building located 125 m downstream
from the collision point and outside of the storage ring. As mentioned above,

the small emittance of the electrons allows the beam size to remain sufficiently
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Figure 2.1: The beamline map of SPring-8 [24]. LEPS2 beamline is located at
BL31LEP.
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Figure 2.2: A schematic view of LEPS2 beamline.

small after transferring to the LEPS2 experimental building. The standard
deviation in the x- and y-axis directions are 7.86 mm and 8.66 mm, respectively.
The recoil electrons are detected by the tagging counter to measure the energies
of produced photons.

2.1.2 Backward Compton scattering

Here, we describe the principle of generating a photon beam by backward Comp-
ton scattering. When a laser photon with energy k; strikes an electron with
energy . as shown in Fig. 2.3, the energy of scattered photon E, is calculated
as follows:

1 — B cosb

E, =k
" M — Beosby + (ki /E.) (1 — cos (61 — 65))

(2.1)

where 67 and 65 are defined as the angles between an electron and a laser photon
and the angles between an electron and a scattered photon as shown in Fig. 2.3.

[ denotes the incoming electron velocity in units of the speed of light ¢. In the
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Figure 2.3: A schematic drawing of a backward Compton scattering.

LEPS2/BGOegg experiment, 5 ~ 1,6; ~ 180°, and 6, ~ 0°. Then, Eq. 2.1 can
be written as

P 4E%k,
T m2 + 4Bk + 0372m?2’

(2.2)

where m, is electron mass and ~ is Lorentz factor. The BCS photons have
the maximum energy when 65 is 0°. In this work, E, is 7.975 4+ 0.003 GeV
and £y is 3.49 4+ 0.00 eV with a wavelength of 355 nm, therefore the maximum
BCS photon energy EJ'* are calculated to be 2.385 GeV. The differential cross
section for Compton scattering in the laboratory frame is written as follows
[25]:

do  2mria
dE,  Emax

(x + 1+ cosa?), (2.3)
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where

m?

M 2.4
T 2+ 4Bk (24)

(E,/Ey™)*(1 — a)?
= (B,/B5™)(1—a)
B — E.(1+a)

cosa = : (2.6)
Emex — F (1 —a)

(2.5)

r. is the classical electron radius and its value is 2.818 + 0.000 fm. The degree
of linear polarization of the scattered photon P, is proportional to that of the

laser beam Pgeras follows [25]:

(1 — cosa)?

2(x +1+cosa?)

P’y — Plaser (27)

Figure 2.4 shows the E, dependence of the differential cross section for the BCS

process (left) and the degree of linear polarization (right).

)
N
o
o

Polarization(%.

2 25 0 0.5 1 1.5 2 25
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Figure 2.4: A left figure shows differential cross section for the BCS process. A
right figure shows linear polarization of the BCS photons, assuming that the
degree of the laser polarization Pager is 97.5%.

2.2 LEPS2/BGOegg experimental set up

We measured the vp — np — vyyp reaction. The photon energy was evaluated
by measuring a recoil electron of the BCS process with a tagging counter lo-

cated near the storage ring. Figure 2.5 shows the experimental set up. Events
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Figure 2.5: A schematic drawing of LEPS2/BGOegg experimental setup (Top
view).

Te~ pair when it was

in which an incident photon were converted to an e
transmitted to the experimental hall was excluded using an Upstream Veto
counter. The 1 mesons were identified from the invariant mass of yvys with
the BGOegg calorimeter. Charge identification for particles incident on the
BGOegg calorimeter was performed by Inner Plastic Scintillator (IPS). The
scattered protons were detected using the BGOegg calorimeter or the Drift

Chamber (DC). Details of each detector are described in the following sections.

2.2.1 Beam tagging counter

The energy of a BCS photon is measured by reconstructing the track of a
recoil electron with the tagging counter system (tagger). Figure 2.6 shows a
schematic drawing of the tagger. The tagger consists of two layers of 1 mm-wide
scintillating fiber bundles (Tagger-fiber) and two layers of 8 mm-wide plastic
scintillators (Tagger-PL). The Tagger-fiber has 80 counters per layer and the
Tagger-PL has 12 counters per layer. The position of the recoil electron hit
at the Tagger-fiber corresponds to the momentum of the recoil electron, and
hence the photon beam energy. The Tagger-PL is used to generate a tagger
logic signal, which makes a trigger for data acquisition. The hit rate of the

tagger logic signal is counted by a scaler to monitor the photon beam flux.
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Figure 2.6: A schematic drawing of the tagging counter

2.2.2 Upstream Veto counter

The Upstream Veto (UpVeto) counter is a plastic scintillator for detecting
charged particles. Figure 2.7 shows a photograph of the UpVeto counter. It was
placed 1.0 m upstream of the target to exclude events in which the photon beam
is converted to an e*e” pair before reaching the target due to the materials in
the beamline. This counter is 620 mm high, 620 mm wide and 3 mm thick. A
fine mesh PMT, HAMAMATSU Photonics H6614-70mod, is connected to the
plastic scintillator with a light guide. The overveto rate by UpVeto counter was
estimated to be 99.878 4+ 0.004%. The overveto loss is negligibly small.

2.2.3 Target

A liquid hydrogen target was used in this experiment. A cylindrical target cell,
made of thin polyimide films, is placed in the center of the BGOegg calorimeter.
A refrigerator that is connected to a hydrogen gas tank liquefies a part of the
sealed gas, and fills the target cell with liquid hydrogen. The measured thickness
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of the target cell is 54.0 mm, and the density is 0.0708 g/cmg.

2.2.4 BGOQOegg calorimeter

The BGOegg calorimeter is an egg-shaped electro-magnetic calorimeter, which
consists of 1320 bismuth germanate (BGO) crystals. Figure 2.8 shows a schematic
view of the BGOegg calorimeter. The BGOegg calorimeter has 22 layers in the
polar angular direction, covering from 24 to 144 degrees. Each layer consists of
60 crystals and covers whole azimuthal angles. No support frames are inserted
between the crystals, and thus there is no insensitive area. The length of each
crystal in the radial direction is 220 mm, which value corresponds to 20 radia-
tion lengths. The energy calibration for each crystal has been done by iteration
so that a distribution for the invariant mass of two ~’s, one of which deposits
the largest fraction of its energy to the calibrated crystal, should have a peak
at the nominal ¥ mass [15]. The energy resolution of the BGOegg calorimeter
was evaluated to be 1.4% at the incident ~ energy of 1 GeV [28]. The invariant
mass resolution of the 7° is 6.7 MeV/c? with a 20 mm thick carbon target.
These resolutions are the world’s best among the experiments conducted in a

similar energy range.

2.2.5 Inner plastic scintillator

The Inner Plastic Scintillator (IPS) is a hodoscope in order to identify charged
particles incident on the BGOegg calorimeter. The IPS is located between
BGOegg and the target. Figure 2.9 shows a schematic drawing of the config-
uration of BGOegg and IPS. IPS consists of 30 slats of 453 mm-long and 5
mm-thick scintillators side by side in a cylindrical shape as shown in Fig. 2.10.
The energy deposition signal of a charged particle was read out by Multi-Pixel
Photon Counters (MPPC) from the upstream end of individual IPS slats.

2.2.6 Drift chamber

The Drift Chamber (DC) is a wire chamber for detecting chard particle tracks.
Figure 2.11 shows a schematic drawing of the DC. The DC consists of six

hexagonal planes whose circumscribed circle has a diameter of 1600 mm. Figure
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Figure 2.9: A schematic drawing of the configuration of BGOegg and IPS.
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Figure 2.10: A front view of IPS.
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2.12 shows an internal structure of the DC. These six planes are classified by
wire directions and named X, X’, U, U’, V, and V’. The tilt angles of X, U,
and V are 0, 60, and —60 degrees, respectively. The coordinates that can be
measured by the DC are those perpendicular to the wire directions, which we
define as y, u, and v in the laboratory system as shown in the Fig. 2.12. Each
plane has 80 sense-wires and 81 potential-wires with a wire interval of 8 mm.
As shown in Fig. 2.12, the wire structure is shifted by 8 mm between pair
planes with the same direction. The position resolution at each plane when
reconstructing the charged particle trajectory with a straight line fit is about
300 pum. The detailed values are listed in Table. 2.1. The DC is placed at 1.6
m downstream of the target, covering polar angles less than 21 degrees.

Table 2.1: Position resolutions at each plane

Plane Position resolution (um)

X 326.8
X’ 321.9
U 301.2
U’ 319.1
\Y 289.7
V’ 293.1

2.2.7 Resistive plate chamber

The Resistive Plate Chambers (RPCs) are gas chambers for measuring a Time-
Of-Flight (TOF) of charged particles. Figure 2.13 shows a schematic drawing
of a TOF wall consisting of 32 RPCs. The TOF wall is located at a distance of
12.5 m from the target to measure the momentum of protons emitted to very
forward angles (< 6.8°). An RPC is 250-mm wide and 1000-mm long [29, 30].
There are eight readout strips along the vertical direction in a chamber, and
hit signals are read at both top- and bottom-ends. The timing resolution of the
RPC varies from individual to individual and is 60-90 ps. It provides a good

momentum resolution of less than 1% for an incident proton of 2 GeV /c.
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Effective area

Figure 2.11: A schematic drawing of the DC.

2.2.8 RF signal

SPring-8 uses the 508.579343 MHz radio frequency (RF) system to accelerate
an electron beam. Therefore, the electrons in the storage ring have a bunch
structure, where the time interval between successive bunches is 1.966 ns. There
are 2436 packets in total, but not all packets are filled with electrons. Several
bunch-filling modes are summarized in Appendix B. The timing resolution of
the RF signal is 12 ps, which is far better than the other detectors’ timing
resolutions. We used the RF signal to accurately determine the event start
timing for the TOF measurement.

2.3 Data acquisition system

In this section, we describe the readout electronics and the trigger system in
the LEPS2/BGOegg experiment.
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Figure 2.12: An internal structure of the DC.

2.3.1 Electronics

Table 2.2: Digitizers for each detector

Detector ADC TDC
Tagger-PL. ~ VME V792 VME V1190
Tagger-fiber none VME V1190

UpVeto ~ VME V792  VME V1290N
BGOegg  FERA 4300B  VME V1190

IPS VME V792 VME V1290A
DC none LeCroy 3377
RPC FERA 4300B  VME V1290A
RF none VME V1290A /N

Table 2.2 summarizes the digitizers to read out the signals from the LEPS2/BGOegg
detector. We used two types of the analog-to-digital converter (ADC) to mea-
sure signal charge. LeCroy FERA (Fast Encoding and Readout ADC) 4300B
modules were used for BGOegg and RPC. For Tagger-PL, UpVeto, and IPS,
CAEN VME (Versa Module Europe) V792 ADC modules were used. Timing in-

formation was recorded using three types of the time-to-digital converter (TDC)
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2000 mm

Figure 2.13: A schematic drawing of the RPC wall

modules. CAEN VME V1190 TDC modules were used for the Tagger-PL,
Tagger-fiber, and BGOegg. For the UpVeto, IPS, and RPC, CAEN VME V1290
TDC modules were used. The difference between the V1290A and V1290N is

the number and shape of input channels. We utilize LeCroy 3377 TDC modules
for DC.

2.3.2 Trigger

Trigger signals for data acquisition were generated from the tagging system and
the BGOegg calorimeter. A schematic drawing of the trigger logic is shown in
Fig. 2.15. In the tagging system, when paired tagger plastic scintillators both
have hits, a Multi-Purpose Logic Module (MPLM4) [31] generated a trigger sig-
nal. For the BGOegg calorimeter, when more than two crystals of the BGOegg
calorimeter had hits, a GeV-y 139 module [32] generated a trigger signal. The
LeCroy 4413 discriminator module used for BGOegg has a current sum out-
put. It gave a signal proportional to the number of channels which exceed the

threshold. This threshold corresponded to an energy deposition of 10 MeV.
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Figure 2.14: A schematic drawing for the RF signal readout.

The GeV-v 139 module summed up signals from all the discriminators. Trigger
signal was generated when two or more crystals of the BGOegg calorimeter had
hits. This was the minimum bias trigger for BGOegg to detect more than two
~’s. Matching timing hits were required for the tagger signal and the BGOegg
signal.

2.4 Data summary

The experiment was carried out from November in 2014 to February in 2015.
The total number of BCS photons was 3.593 x10'? after considering DAQ effi-
ciency and dead time correction of scaler, which details were shown in Sec. 3.1.3.
Multiplying this by the transmission ratio gave the number of photons incident

on the target. The transmission ratio is described in Sec. 3.1.4.
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Figure 2.15: A schematic drawing of the trigger logic.
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Chapter 3

Data Analysis

This chapter describes the data-analysis procedure to obtain differential cross
sections and photon beam asymmetry for n photoproduction on the proton.
An n meson is identified by detecting +’s from its neutral decay:n — 7. The
branching ratio of this decay is 39.41 4+ 0.20%. These decay products are de-
tected with the BGOegg calorimeter and a recoil proton is detected with the
BGOegg calorimeter or the DC.

3.1 Photon beam measurement

3.1.1 Tagger track reconstruction

A BCS photon was identified by the corresponding recoil electron track. The
following procedure was used to reconstruct the recoil electron track. First, the
recoil electron must hit one or two layers of the scintillating fibers and both
geometrically corresponding plastic scintillators. Second, the timing difference
between the plastic scintillators was required to be within £ 0.8 ns as shown in
Fig. 3.2 to remove electron tracks coming from other electron bunches existing
every 2 ns. The plastic scintillator hit timings were finally averaged to obtain a
detection time of the reconstructed track. Its timing resolution is 170 ps, which
is good enough to distinguish the reconstructed track with the tracks coming
from other electron bunches. Third, the timing cut was applied for the timing
difference between the plastic scintillators and scintillating fibers as shown in
Fig. 3.3. The cut region was —2.5 to 2.0 ns. Since the energy of the photon

beam could not be uniquely determined when there were multiple reconstructed
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tracks, events with only one reconstructed track were used for analysis.

Forward fiber

Backward fiber

Forward PL

Backward PL

Figure 3.1: A schematic drawing of the tagger and an example of an electron
track.

+0.8ns

o]

o

o

o
\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

L1 ‘ 111 l L1 1| ‘ L1 1| ‘ 1111 ‘ L1 1|
0 1 2 3 4 5
timing difference of tagger-PL (ns)

(}IO
AF
b
b
L

Figure 3.2: The timing difference between the tagger plastic scintillators.

The tagger reconstruction efficiency was evaluated by using vp — 7%7%
reaction to compensate for the signal loss due to track reconstruction failure
in the analysis, multi-track detection in the tagger, and inefficiencies of tagger
fibers. The reconstruction efficiency varies from 0.86 to 0.93 depending on the
photon beam energy. The typical uncertainty of this reconstruction efficiency
is 0.7%. Details are provided in the Appendix E. The electromagnetic shower

contamination rate due to high momentum recoil electrons hitting the walls

o6



CHAPTER 3. DATA ANALYSIS

2000

1800 -25~+2.0|ns

1600

Counts (arb. unit)

1400
1200
1000
800
600
400
200

F\H‘\\\‘H\‘\H‘\H‘H\‘\H‘\H‘\H‘H\

1l J PR N R P L - \i L 11 | l 11 | L1 \ L1 | J L1 \ ) -
-8 -6 -4 -2 0 2 4 6 8 10
timing difference of tagger-PL and tagger-fiber (ns)

L
o

Figure 3.3: The timing difference between the tagger plastic scintillators and
scintillating fibers.

of the vacuum chambers upstream of the tagger was estimated to be 0.0424 +
0.0006 at the tagger trigger level.

3.1.2 Beam energy calibration

The energy of a BCS photon is uniquely determined from the momentum of a
recoil electron. Since the momentum of the recoil electron corresponds to the
hit position of the tagging system, the photon beam energy of each event is
obtained from the hit position in the tagger. We evaluated the photon energy
functions as a fourth-order polynomial of the Tagger-fiber hit position. Since
Tagger-fiber has two layers, forward and backward, we prepared photon energy
functions for forward (E,;) and backward (E.;) fiber layers corresponding to

the Tagger-fiber forward (z;) and backward (x;) hit position, respectively as

E.f=a; + bf><:Uf+cfxa:?e—l—dfxx?}jLefxxj‘c(MeV), (3.1)
Ep=ap, + byxxp+cp x o) +dy x ) + e x x5(MeV), (3.2)

When a track contained both of forward and backward fiber hits, the photon
beam energy £, was obtained as the average of E,; and E,;,. We derived these

photon energy functions using a kinematic fit in the yp — 77" reaction. By
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Table 3.1: Coefficients of photon energy functions

coefficient value coefficient  value

ag 1250.7 + 0.9 ap 1266.0 &= 1.5

by 34.912 + 0.069 by, 34.486 + 0.25

cy -0.27172 £ 0.00203 Cp -0.25291 4+ 0.00478

dy 0.55498 + 0.00489 x1072 | d, 0.49325 + 0.03234 x1072
ey -0.77346 £ 0.01052 x107% | ¢, -0.72442 + 0.07751 x107*

measuring the momentum of all particles in the final state using the BGOegg
and RPC, the beam energy was back-calculated from the energy and momen-
tum conservation laws to obtain the correspondence with the Tagger-fiber hit
position. More details are provided in the Appendix D. The photon energy
resolution was evaluated using the vp — 7np reaction. MC simulation was
used to obtain the resolution of the momentum of mesons such as 7’ and 7
reconstructed by using the BGOegg calorimeter and a proton detected by using
the RPC. From these resolutions, the resolution of the predicted photon beam
energy was calculated, and the standard deviation of the difference between the
measured photon beam energy and predicted photon beam energy from a kine-
matic fit was obtained. By subtracting the contribution of the predicted photon
beam energy, the measured photon beam energy resolution was estimated to be
12.1 £ 0.7 MeV. This resolution was predominantly influenced by the electron

beam emittance in the SPring-8 storage ring.

3.1.3 Tagging photon counting

The photon beam flux was obtained by counting the tagger logic signals. The
tagger logic signals have a finite width of 20 ns, which causes them to be mis-
counted. It is necessary to estimate and correct the miscount rate to obtain
accurate photon beam flux. This miscount rate depends on the tagger rate
and the electron filling pattern at SPring-8 [33]. Therefore, correction factors
should be obtained for each filling pattern. Details of calculating correction fac-
tors are provided in the Appendix C. The integrated counts of tagger scalers

after considering these correction factors reach of 3.593 x 10'? in this analysis.
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3.1.4 Beam transmission

A part of the BCS photons did not reach the target because of pair creations
at materials in the LEPS2 beamline. A photon beam transmission 7%, was
evaluated to be 0.772 based on a calculation considering the amount of ma-
terials. The uncertainty given by the measurement accuracy of the material
thickness was smaller than 1%. In addition, the beam transmission requires
a beam energy-dependent correction factor Fia.s. As shown in Fig. 3.4, when
the injected laser light was focused in the wrong point from the designed BCS
point unexpectedly, a peripheral region of the photon beam was cut off at a
collimator, located 25 m downstream from the designed BCS point.

ZBICS:O m ZBCS :25 m ZBCS :125 m

pa
. /
Designed
BCS point Target
! Collimator
¢ : 7mm
Zges =~-10m Zpes =25 m Zges =125 m
’ Cut-off of
| a peripheral region
€ 7
Shifted
BCS point I Target
: Collimator
¢ : 7 mm

Figure 3.4: A schematic drawing of beam transmission

As expressed in Eq. 2.2, when the cone angles 6, is large, the energy of
the BCS photon is low. Therefore, the photon beam loss is greater at lower
energies. The correction factor Fi..,s was derived from the ratio of inclusive
7% yields to tagging photon counts in each energy bin. Assuming that the
detection efficiency of 7% mesons at the BGOegg calorimeter and the target

length was constant, the variation in the number of photons reaching the target
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was estimated from the variation in the ratio of 7° yields to tagging photon
counts (R0 /%ag). First, in the period with a good laser focal length, the BCS
happened at the ideal position as shown in the upper part of the Fig. 3.4,
therefore the beam transmission is constant regardless of the photon beam

good

energy. For this period, we let R be the ratio of 7° yields to tagging

7TO/’Y‘cag
photon counts. Second, the R0, for the entire period was normalized using
the Riﬁ?jt . Since the cone angles 6, was small at higher energies, the beam
ag

loss due to the shift of the BCS point did not occur. The obtained value at
the highest energy bin was 1 within the statistical uncertainty. Finally, we
renormalized the correction factor to 1 at the highest energy bin. The energy-

dependent transmission correction factor was obtained as below

Foans(Ey) = 1+ irans X (2300 — E.) + birans X (2300 — E,)?,
Qtrans = 1.206 %+ 2.954 X 107, byrans = —1.113 £ 0.370 x 1077,

as shown in Fig. 3.5.
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Figure 3.5: The energy-dependent correction factor for beam transmission.
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3.2 Reaction timing reference

Since the electron beam at SPring-8 is synchronized with the RF signal, the
BCS reaction with the laser photon also occurs in synchronization with the RF
signal. The RF signal timing was used as a reference of the reaction timing at
the target. The RF signal was prescaled with a factor 1/84, and the recorded RF
signal timing did not necessarily coincide with the electron bunch that caused
the BCS photon. The RF signal timing has 1.966 X n ns ambiguity when
determining the BCS reaction timing, where 1.966 ns is the electron bunch
interval in the SPring-8 storage ring, and n is an integer from 0 to 83. To
resolve the ambiguity, we used the tagger timing. Figure 3.6 shows the timing
difference between the tagger plastic scintillator hit and the prescaled RF signal.

5000]-
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1000}
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Trag = Tre [NS]

Figure 3.6: The timing difference between the tagger plastic scintillator hit and
the RF signal.

3.3 Measurement of final-state particles

In this analysis, we detected two photons and one proton as the final-state par-
ticles. The BGOegg calorimeter was able to detect both photons and charged
particles in the polar angular range from 24 to 144 degrees. The charged par-
ticles in this region deposited energy in the IPS, and could be distinguished
from photons. On the other hand, charged particles emitted at a polar angle

61



3.3. MEASUREMENT OF FINAL-STATE PARTICLES

of less than 21 degrees and 4.4 degrees were detected using the DC and RPC,

respectively. The details of the analyses are described in the following sections.

3.3.1 Reconstruction of particles

with the BGQOegg calorimeter

The BGOegg calorimeter can detect both photons and charged particles. The
four-momenta of photons were obtained from the energy and angle informa-
tion, whereas, only the angles of charged particles with respect to the target
were measured. The details of the analysis procedure are described below. ~’s
from a meson decay are detected by using the BGOegg calorimeter. The front
size of individual BGO crystals is a little smaller than the Moliere radius for
BGO, which is 22.3 mm. Therefore, an electromagnetic shower of a ~y leaves its
energy in multiple crystals around a core where the v is incident. The crystals
with energy depositions were grouped into a “cluster”. This cluster consists of
several hits in main crystals whose energies were larger than the discrimina-
tor threshold set at 10 MeV and neighboring peripheral crystals with smaller
energies. The cluster energy was a sum of all the cluster members. A crystal
with the largest energy was adopted as the core of a cluster. The timing of
a cluster was determined by using the core crystal. The center of a cluster
was evaluated from the energy-weighted average of the hit crystal positions.
The four-momentum of a v was reconstructed assuming that this v came from
the center of the target. A charged particle was also reconstructed using the
same method as the v, but in many cases the charged particle penetrated the

calorimeter, so the magnitude of this momentum could not be measured.

3.3.2 IPS charge identification

The IPS was used to identify the charge of a cluster. First, we selected the IPS
channel that located on the line connecting the center of the cluster and the
target center. Second, we obtained the energy deposition and the timing of the
corresponding IPS channel. If the energy loss in this IPS channel was greater
than 0.8 times that of minimum ionizing particles and the timing difference
between the RF signal and the IPS hit was within 3 orpg, where orpg stands

for the standard deviation of the timing difference and its value was 0.22 ns,
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then we treated the corresponding cluster as a charged cluster. Otherwise, all
other clusters were treated as neutral clusters. In this analysis, we treat neutral

clusters as 7’s and charged clusters as protons. The proton detection efficiency
of IPS was evaluated to be 0.9863 4 0.0009.

3.3.3 DC tracking

The DC measured the track of a charged particle. Charged particles ionized
the gas inside the DC as they pass through the DC. The electrons produced by
ionization drifted in the electric field, producing a signal. The hit positions of
the charged particle’s were determined by taking into account the drift time of
the electrons. Straight line tracking was performed using hit positions on each
of the six planes in DC to obtain angular information on the track of the charged
particle. To improve the position resolution, the fit was performed by assuming
the charged particles came from the target and including the target position as
an additional constraint. Tracks were considered to be correctly reconstructed
when the x? probability of fitting was greater than 0.01. The tracking efficiency
was evaluated to be 0.9824 4 0.0044. This efficiency included both the detection

and reconstruction efficiency.

3.3.4 TOF measurement

The RPC measured the TOF of a charged particle. The start time is when
the reaction occurs in the target, which is determined by the RF signal. Next,
the flight-length was determined from the hit position in the RPC and the
target position, and the velocity of a charged particle was calculated. The hit
positions in the horizontal (z) and vertical (y) directions were obtained from
the channel number of the hitting strip and the timing difference of the hit
signals that were read out at the top- and bottom-ends of a strip, respectively.
The position resolutions in the two directions were o, = 7.5 mm and o, =
16 mm. The reconstruction efficiency of an RPC hit was 0.931 + 0.023. The
momentum of the detected particle was determined by assuming the proton
mass. Protons are separated from charged pions and electrons by the velocity

information requiring that some meson is detected at the BGOegg calorimeter.
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3.4 Event selection

3.4.1 Outline of the event selection

In the present analysis, the yp — np events were extracted from the data
collected with the liquid hydrogen target by identifying the 1 meson in the
decay mode into vy, whose branching fraction was 0.3941 £+ 0.0020 [15]. We
determined the photon beam energy with the tagger by measuring the position
of the recoil electron tracks. We selected one recoil electron track because if
multiple recoil electron tracks were detected we could not uniquely determine
the photon beam energy. We required that there was no hits in the UpVeto to
exclude events in which a beam photon was converted to an eTe™ pair while it
was transmitted to the experimental hall. An 7 meson that was produced in the
vp reaction immediately decayed into two 7’s in the target. We measured the
energies of the +’s from the energy deposition in the BGOegg calorimeter, and
the directions of «4’s as the angle from the target center to the cluster centers
in the BGOegg calorimeter. If we found more than two neutral clusters, we
rejected the events. We measured the emitted direction of a proton with the
BGOegg calorimeter or the DC. We required only one charged track candidate
to reduce background events in which multiple charged particles were emitted.
We identified n mesons in the invariant mass distribution of two v’s. We rejected
events in which a v was detected at the edge layer of the BGOegg calorimeter
to measure the energy deposition correctly. We performed a kinematic fit with
the five constraints: the four-momentum conservations and the ~+v invariant
mass to be consistent with the nominal 7 mass. In summary, we required the

following conditions:
1. One recoil electron track in the tagger,
2. No charged particles detected with the UpVeto,
3. Two neutral clusters at the BGOegg,

4. One charged cluster at the BGOegg or one charged track at the DC,

ot

. No neutral clusters at the edge layer of the BGOegg calorimeter,

=

. x? probability of kinematic fit is more than 0.01.
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Table 3.2 summarizes the reduction factor for each cut condition.

Table 3.2: Cut conditions and reduction factors in real data
cut name input output reduction factor
Tagger tracks cut 6.37 x 10° 2.98 x 10® 2.14
No UpVeto hits cut 2.98 x 10® 1.50 x 10® 1.98
Number of clusters cut  1.50 x 10®  1.49 x 107 10.1

DC tracks cut 1.49 x 107 1.28 x 107 1.17
No edge cluster cut 1.28 x 107 6.87 x 10° 1.86
Kinematic fit cut 6.87 x 105 6.60 x 10* 104

3.4.2 Recoil electron track in the tagging system

It is necessary to select a recoil electron track that corresponds to the beam
photon that caused the reaction at the target. We selected the event in which
the timing difference between the RF signal corresponding to the reaction at the
target and the BCS reaction was within 4+ 1.0 ns. However, the BCS reaction
may occur more than once in the same electron bunch, in which case the energy
of the BCS photon cannot be uniquely determined. To exclude such events, we
required that there was only one recoil electron track whose timing matched
the RF signal corresponding to the reaction at the target. Figure 3.7 shows
the number of recoil electron tracks corresponding to the reaction at the target.
Events in which the beam-photon energy that caused a reaction at the target

was able to be uniquely determined were about half of all data.

3.4.3 No UpVeto hits

+

We excluded the events in which a photon beam converted to an e"e™ pair

before reaching the target. Figure 3.8 shows the signal timing of the UpVeto
counter relative to the RF signal, tupveto — trr in a unit of the timing resolution
lupVeto—IRF

UpVeto
produced by ete™ pairs from the beam conversion. We required the following

. ¢ —t ¢ —t
conditions;Y¥ete RE - _ 3 op pYete RE -, 5,
OUpVeto OUpVeto

of the UpVeto counter (oupyeto = 0.48ns). The events around = (0 were

65



3.4. EVENT SELECTION

250

200

150

100

50

0

X

a

o
w

L1l

-2 —1
The number of recoil elctron tracks corresponding the reaction at the target

0

1

2

4

5 6 7 8

Figure 3.7: The number of recoil electron tracks corresponding to the reaction
at the target. Events with a track count of —1 represent events where no track

was found in the reaction at the target.
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Figure 3.8: The timing difference between the UpVeto counter and the RF
signal in a unit of the timing resolution of the UpVeto counter. The red lines
and arrows present survived region after the UpVeto cut.
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3.4.4 'Two ~’s identification

We selected an event with two neutral clusters in the BGOegg calorimeter that

satisfied the following conditions as a signal candidate:
1. The energy of a cluster was greater than 50 MeV.

2. The timing difference between a cluster and the RF signal was within +
3.0 ns.

The details are as follows. As shown in Fig. 3.9, when one v is incident on
the BGOegg calorimeter, two clusters may be produced due to electromagnetic
shower leakage. The ones with the smallest energy are called a ”leak cluster”.
The energy of the leak cluster is much smaller than the energy of the incident
~v on the BGOegg calorimeter.

Main cluster

Leak cluster

. Crystal with a TDC hit

. Neighboring crystal with no TDC hits

Figure 3.9: An example of a leak cluster.

Figure 3.10 (a) shows the energy distribution of each cluster in MC simu-
lation of an 1 photoproduction process. The peak at low energy is caused by
the leak cluster. Therefore, we required the minimum energy of each cluster to
be 50 MeV to reject the leak cluster in counting the number of neutral clus-

ters. The black histogram in Fig. 3.10 (b) shows the timing difference between
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the neutral cluster and the RF signal. We required that this timing difference
was within + 3.0 ns in order to remove the events that originated from other
electron bunches.

When 7 is incident on the most forward or backward edge layer of the
BGOegg calorimeter, the electromagnetic shower leaks out of the BGOegg
calorimeter. Therefore, the correct cluster energy is not able to be measured.

Such events were rejected in reconstructing an 7 meson.
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Figure 3.10: The panel (a) shows the energy distribution of a cluster in the
MC simulation of an n photoproduction process. The red vertical line presents
the energy threshold. The panel (b) shows the timing differences between the
cluster and the RF signal. The solid and dashed histograms presents the timing
difference using the neutral cluster and charged cluster. The red and green
vertical lines present the timing cut region.

3.4.5 Proton identification

A charged particle was measured in the large polar angular range by using
the BGOegg calorimeter or the DC. Since it is not possible to identify the
type of particle, the analysis proceeded assuming that the charged particles are
protons. The BGOegg calorimeter covered the angular range of 24 < 07, <
144 degrees (—0.5 < cosf! < 0.6). The emitted direction of the charged
particles was calculated from the vector connecting the target center position
and the position of the core crystal of the charged cluster. The minimum energy
condition of the charged cluster was the same as that of the neutral cluster.
The timing condition of the charged cluster was a little looser than that of the
neutral cluster in order to save the charged particle with low momentum. The

blue dashed histogram in Fig. 3.10 (b) shows the timing difference between
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the charged cluster and the RF signal. Unlike the case of neutral clusters, the
charged clusters with cores in the edge layers of the BGOegg calorimeter were
accepted because only the emission angle could be measured.

Charged particles emitted at the angles 6, < 21 degrees (cos !, < —0.5)
were measured using the DC. We required that the track satisfied the following

conditions:
1. Good x? track fitting.

2. Track originated from the target.

3. Not a track derived from e’ or e™.

First, we required that the x? probability of the track fitting was larger than 0.01
to select good track fitting. Figure 3.11 shows the x? probability distribution
of DC tracking. Secondly, we required that both the z and y coordinates of
the track at the target location (z = 0 mm) be within + 50 mm to ensure
that the charged particle were generated from a reaction in the target. Thirdly,
in order to reject et or e~ tracks, we excluded the tracks that hit the DC
in || < 50 mm or |y| < 50 mm. In the case of extremely forward emission

angles 0, < 6.8 degrees (cosf!, < —0.95), it was possible to determine the

c.m.

momentum of the proton because the TOF was measured using the RPC. The

total number of charged particles in a reconstructed event was limited to one.
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x2 probability of DC tracking

Figure 3.11: The x? probability of DC tracking.
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3.4.6 Kinematic fit

After measuring all the final-state particles, a kinematic fit was performed by
assuming the reaction vp — np — yyp. Figure 3.12 shows all the variables and
constraints in the kinematic fitting method. The constraints were the nominal 7
mass constraint for the v+ invariant mass and the four-momentum conservation
between the initial and final states. In the equations of the four-momentum
conservation, we assumed that the target was a proton at rest and that the
scattered charged particle has the mass of the proton. We treated the absolute
value of proton momentum as an unmeasured variable. The measured energy,
polar and azimuthal angles were floating parameters that could be within the
uncertainties due to the detector resolutions. The position of the reaction ver-
tex along the photon beam direction was adjusted while taking into account
the constraint imposed by the target size. The uncertainties of those floating
variables in the kinematic fit were estimated by using the GEANT4 [34] based
simulation package. Figure 3.13 shows the x? probability distribution of the
kinematic fit distribution.

Yp = np = V1Vab
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Figure 3.12: The variables and constraints of kinematic fit.

Finally, we required the x? probability of the kinematic fit was greater than
0.01. Figure 3.14 shows the invariant mass distributions for v pairs detected
with the BGOegg calorimeter. The kinematic fit cut successfully removed most
of the continuous background. However, the 4-momentum conservation con-

straints was imperfect because the magnitude of the proton momentum was
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Figure 3.13: The x? probability of the kinematic fit.

not measured. The background contamination after applying kinematic fit cut
remained. The typical contamination rate was 10%. The background contami-

nation is discussed in the next section.

3.5 Yield estimation with background subtrac-
tion

In order to extract signal yields, we evaluated background contributions in the
event sample after applying the selection described in Sec. 3.4.1. After the
kinematic fit cut, kinematical distributions of signals and backgrounds become
too similar to be distinguished from each other. Therefore, in order to estimate
the final contamination rate with the kinematic cut, the contamination rate
was determined from the behavior of the individual background shapes using
by the template fitting when the loose cut conditions were applied. The loose
cut conditions were that the invariant mass of 4y must be between 300 MeV /c?
and 800 MeV/c?, the missing mass of 7y must be between 700 MeV/c? and
1400 MeV/c?, and the opening angle cos §%¢""9 hetween the detected proton
and the missing momentum of a vy pair was greater than 0.98 .

Three background reactions were taken into account in the template fitting:
vp — 7% — 4yp, yp — 7w'np — 4vp, and vp — wp — 7yp — 3yp, in which
the mesons decayed into multiple v’s.At first, the signal and above-mentioned
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Figure 3.14: The invariant mass distribution for vy pairs detected by using the
BGOegg calorimeter. The black solid histogram shows the survived events after
the missing mass cut. This cut means that the missing mass of a ~v pair is
less than 1200 MeV/c?. The red dashed histogram shows the survived events
after applying the kinematic fit cut. The continuous background is successfully
removed.
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background processes were generated in MC simulations. Template spectra of
the invariant and missing mass distributions for v pairs were prepared using
loose event selection criteria. Characteristic shape for 7%7% photoproduction
reaction appeared in side-band region of the invariant mass distribution. This
background was main component of the continuous background, especially on
the low mass side. The background from w photoproduction reaction appeared
as a bump structure in high mass side of the invariant mass distribution. The
missing mass of background processes had higher tail than one of signal pro-
cess. In particular, the background from nm" photoproduction reaction had the
highest peak of missing mass. Finally, the invariant and missing mass distri-
butions in the real data were simultaneously fitted using all template spectra
with the yield of each reaction as a parameter at individual kinematic bins.
The event samples were separated in five center-of-mass energies W, four polar
angles cos 0 . and eight azimuthal angles ¢.
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Figure 3.15: The template fitting at the kinematic bin of W = 1.87 GeV and
cosf! = 0. The left figure labeled (a) shows the invariant mass spectrum for
~vv pairs in the real data and several MC samples. The black plots with sta-
tistical uncertainties represent the real data. The red solid, green dashed, blue
dotted, and magenta dash-dotted histograms show the template mass spectra
obtained from MC simulations of the n, 77" n7% and w photoproduction pro-
cesses, respectively. A sum of all the template spectra is represented by the
solid thick black line. The right figure labeled (b) show the missing mass spec-
trum of a v+ pair in the real data and several MC samples. The correspondence
between the color and style of the lines and each reaction is the same as in (a).
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Figure 3.15 shows an example of the template fitting in a certain kinematic
bin. Through this fitting process, the normalization factors for simulated back-
ground samples were established relative to the size of the real data. The
contamination rate of each background after the kinematic fit cut was then
evaluated by applying this cut to individual simulated background samples
and taking into account the obtained normalization factors. Finally, the signal
yields in individual kinematic bins were derived by subtracting the estimated

background amounts.

In order to verify the validity of this template fitting approach, we as-
sessed systematic variations in signal yields using two additional fitting meth-
ods. Firstly, we excluded the contribution of the w meson from the fitting
process to reduce the number of free parameters. To achieve this, we imple-
mented a tight invariant mass cut to suppress any contamination from the w
meson. The yield difference compared to the original template fitting was less
than 2% in all kinematic region. Secondly, we conducted a template fitting
solely based on the invariant mass distribution to avoid a possible bias in signal
extraction arising from simultaneous fitting to the missing mass distribution.
In this method, we fixed the relative ratios of the three backgrounds based on
the original template fitting, treating the total background amount as a free
parameter. Notably, the yield difference from the original estimation was less

than 6% across all kinematic regions.

In the current dataset, the number of events that passed the kinematic fit
cut was 6.2 x 10* events. The background ratio varied across kinematic bins,
ranging from 3.1% to 36.9%. Notably, this ratio exhibited an upward trend with
increasing center-of-mass energy W. Following background subtraction, the es-
timated number of signal yields amounted to 5.5 x 10* events. We evaluated the
background contribution originating from the target container by analyzing the
data obtained with an "empty” target configuration. During this measurement,
the target cell was filled with vaporized hydrogen gas. Few events remained af-
ter the kinematic fit cut, and we concluded this background contribution was

negligible.
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3.6 Geometrical acceptance

The geometric acceptance was evaluated by using a GEANT4-based MC sim-
ulation package developed for our experiment. Events for the process vp — np
were generated with an isotropic angular distribution. The resulting cross sec-
tions from this acceptance determination were then integrated back into the
MC simulation to incorporate realistic kinematic distributions for a subsequent
round of acceptance calculation. This iterative process continued until the
change in the differential cross section from the previous step became less than
1%. Typically, the acceptance rate is around 50% for backward n angles and
decreases for forward angles. The acceptance coverage is —1.0 < cos 8! , < 0.6.
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Chapter 4

Results

In this chapter, we show the differential cross sections do/dS) and the pho-
ton beam asymmetries ¥ for the yp — np reaction in the energy range of
1.82 < W < 2.32 GeV and the polar angle range of —1.0 < cos#!_ < 0.6.
First, Sec. 4.1 presents the formalism, systematic uncertainties, and energy dis-
tributions of the differential cross sections. In addition, the another results for
do /dS) obtained by an independent analysis of the same data set by using the
RPC to provide reliability to the present results. Next, Sec. 4.2 presents the
formalism, systematic uncertainties, and angular distributions of the photon

beam asymmetries.

4.1 Differential cross section do/df)

4.1.1 Formalism of do/df)
The differential cross section do/dS2 is derived from the following equation:

do Y, 1
aQ NW-TW-Ftrans-pN-A-Brn-eAQ'

(4.1)

Y, represent the yield of n photoproduction within a specific kinematic bin,
utilized for cross-section measurement. This value was derived by counting the
number of events after the signal selection and background subtraction, as de-
scribed in Sec. 3.5. N, is the number of beam photons after the dead time

correction of the scaler as described in Sec. 3.1.3. T, is the calculated trans-
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mission rate (0.772)as described in Sec. 3.1.4. Fi,s is the energy-dependent
correction factor for the beam transmission as described in Sec. 3.1.4. py is the
number density of protons in the liquid hydrogen target. A is the geometrical
acceptance in the BGOegg experiment for each kinematic bin as described in
Sec. 3.6. Br,, is the branching fraction of the n — v (0.3941). € is the product
of all other efficiency factors, and they are the tagger reconstruction efficiency,
the fraction of true tagger tracks after removing shower contributions, and the
proton detection efficiency of the IPS or the DC. Derailed descriptions of these

efficiencies can be found in Sec. 3.1 and Sec. 3.3.

4.1.2 Systematic uncertainties of do/df)

Systematic uncertainties affecting the measurement of differential cross sections
are outlined in Table 4.1. Details regarding uncertainties originating from the
template fitting method are provided in Sec. 3.5. Consistently, uncertainties
related to the energy-dependent transmission and target length are the same
as those reported in Ref. [51]. The impact of the transverse shift of the photon
beam is also described in Ref. [51]. Although the magnitude of the shift aligns
with that in Ref. [51], its effect on geometrical acceptance varies depending on
the angular distribution of each reaction. Consequently, possible changes in
geometrical acceptance factors were re-evaluated in individual kinematic bins
via MC simulation. The estimated variations of the cross section values ranged
from 0.01% to 8.8% depending on the kinematic bin. In this analysis, the 99%
confidence level cut was applied to select signals after the kinematic fit. For
estimating the uncertainty due to the cut point, the differential cross section
was recalculated by adjusting the requirement on the y? probability to exceed
5%, thereby selecting a flat region in the probability distribution. The result-
ing variations ranged from were 0.01% to 3.4%. Other sources of systematic
uncertainties arise from the measurement of tagger reconstruction efficiency,
shower contribution, and proton detection efficiency, detailed in Appendix E.
Additionally, the uncertainty of the branching fraction of the  — v decay was
factored in based on the Particle Data Group value [15]. The total systematic
uncertainties were evaluated to be in the range of 3.4% to 13%, obtained by

summing the listed uncertainties in quadrature.
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Table 4.1: Systematic uncertainties of the differential cross section measurement

Source of systematic uncertainty Typical value
Template fitting
Fitting excl. the w contribution 0.1-2.4%

Fitting with invariant mass 0.8-5.9%
Energy dependent transmission

Fit function dependence 0.2-1.0%

Normalization method 2.8%

Energy dependence 0.3-2.0%
Target length 1.3%
Beam position shift 0.01-8.8%
Kinematic-fit cut dependence 0.01-3.4%
Tagger reconstruction efficiency 0.57-0.92%
Shower contribution 1.4%
Proton detection efficiency 0.09% (IPS)

0.45% (DC)

Branching ratio (n — ) 0.50%

4.1.3 Energy distributions of do/df)

Figures 4.1-4.4 show the differential cross sections as a function of total energy
W. The binning of energy W and polar angle cos 8!  are 0.25 MeV and 0.1, re-
spectively. The current results are depicted using red solid circles, denoting sta-
tistical uncertainties. Corresponding systematic uncertainties are represented
by gray histograms. Detecting all the final-state particles, including a proton
and two 7’s produced by the decay of an 17 meson, made the present analysis
precise. Overall, the results exhibit a decreasing trend in the differential cross
sections as energy increases in the region where cos 67 . > 0. A distinctive bump
structure emerges at higher energies within the region where cos6! , < 0, with
its prominence increasing as the emission angles of n become more backward.
Specifically, the bump is centered at W = 1.97 GeV for cos !, ranging from
—0.1 to 0, and slightly shifts to W = 2.02 GeV for —0.7 < cosf! , < —0.6.
Notably, the peak position undergoes more rapid changes at the most backward
angles, reaching W = 2.25 GeV within the range —1 < cos !, < —0.9.

To ensure the reliability of the present results, an independent analysis of
the same dataset was conducted, focusing on proton detection at the RPC. The

RPC is capable of measuring the momentum of a forward proton via its TOF
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DIFFERENTTAL CROSS SECTION Da/DS)

Figure 4.1: Differential cross sections do/d2 as a function of W for the re-
action yp — 7np at the polar angle cosf!  from —1.0 to —0.6. The current
results are depicted using red solid circles, denoting statistical uncertainties.
Corresponding systematic uncertainties are represented by gray histograms.

Figure 4.2: Differential cross sections do/dS2 as a function of W for the re-
action yp — 7np at the polar angle cosf!  from —0.6 to —0.2. The current
results are depicted using red solid circles, denoting statistical uncertainties.
Corresponding systematic uncertainties are represented by gray histograms.
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Figure 4.3: Differential cross sections do/dS? as a function of W for the reaction
vp — np at the polar angle cos 0 from —0.2 to 0.2. The current results are de-
picted using red solid circles, denoting statistical uncertainties. Corresponding
systematic uncertainties are represented by gray histograms.
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Figure 4.4: Differential cross sections do/dS2 as a function of W for the reaction
vp — np at the polar angle cos @] from 0.2 to 0.6. The current results are de-
picted using red solid circles, denoting statistical uncertainties. Corresponding
systematic uncertainties are represented by gray histograms.
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Figure 4.5: Comparison of the differential cross sections from two independent
analyses in the extremely backward 7 angle regions —1.0 < cos@, < —0.95.
The red solid circles represents the results by using the DC. The green solid
squares represents the results by using both the RPC and DC.
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at extremely backward n angles (—1.0 < cosf! < —0.95). This enables the
RPC to provide complete kinematic information, allowing for four-momentum
conservation in the kinematic fit without any unmeasured variables. Figure 4.5
illustrates a comparison of the differential cross sections obtained using the RPC
(green squares) against those obtained using the DC (red circles), limited to
the overlapping acceptance region. Notably, these two analyses exhibit excellent
agreement both in terms of energy dependence and the overall magnitude of

the differential cross sections.

4.1.4 Angular distributions of do/df}

Figures 4.6-4.9 show the differential cross sections as a function of polar angle
cosf! . A backward rise of the differential cross section can be seen above
W = 2.1 GeV and the peak position is shifted as energy increases. In the
energy region where W is around 2.11 GeV, the peak is at the point where
cos B!  is —0.75. And as the energy increases, the peak position moves toward
cosf! = —1, and in the region where W is above 2.25 GeV, the shape o the

differential cross section is leftward.
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Figure 4.6: Differential cross sections do/dS2 as a function of cos@?  for the
reaction vp — np in the total energy W from 1.82 to 1.92. The current results
are depicted using red solid circles, denoting statistical uncertainties. Corre-
sponding systematic uncertainties are represented by gray histograms.
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Figure 4.7: Differential cross sections do/dS2 as a function of cos@?  for the
reaction yp — np in the total energy W from 1.92 to 2.02. The current results
are depicted using red solid circles, denoting statistical uncertainties. Corre-
sponding systematic uncertainties are represented by gray histograms.
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Figure 4.10: Differential cross sections do/dS) as a function of cos@!  for the
reaction yp — np in the total energy W from 2.22 to 2.32. The current results
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4.2. PHOTON BEAM ASYMMETRY ¥

4.2 Photon beam asymmetry X

4.2.1 Formalism of X

The photon beam asymmetry ¥ was determined by a fit to the azimuthal an-

gular dependent yield:

f(9) = A(1 + Bos (26)) (4.2)

The fitting parameter A in Eq. (4.2) is normalization factor. The fitting pa-
rameter B in Eq. (4.2) stands for the product of the degree of photon beam
polarization P, and the photon beam asymmetry >. In order to reduce system-
atic uncertainties stemming from incomplete detector symmetry, horizontally
and vertically polarized photon beams were employed alternately. The angles of
polarization vectors for these beams were estimated to be —2.1 and 82.6 degrees
from the horizontal plane in the laboratory frame, respectively. The degree of
laser polarization typically reached 98%. P, ranged from 42% to 91%, with the
highest polarization achieved at the Compton edge of the BCS photon beam.

4.2.2 Systematic uncertainties of X

Table 4.2: Systematic uncertainties of the photon beam asymmetry measure-
ment

Source of systematic uncertainties Typical value
Uncertainty of the template fitting method 0.001-0.03
Difference of two polarization data 0.003-0.05
Another binning of azimuthal angle 0.004-0.05
Ambiguity of polarization vector direction 0.001-0.008
Uncertainty of laser polarization degree 0.04% of |X]

Systematic uncertainties affecting the measurement of photon beam asym-
metries are itemized in Table 4.2. The values provided denote possible devia-
tions in the X values, with estimated deviations distributed within the indicated
range across kinematic bins. To reduce statistical uncertainty, neighboring kine-
matic bins were combined for certain uncertainty assessments. Primarily, un-

certainties in yield estimations via the template fitting method were evaluated

86



CHAPTER 4. RESULTS

by the same procedure for differential cross sections. Additionally, the differ-
ence between photon beam asymmetries in horizontal and vertical polarization
data was examined to conservatively treat it as a possible systematic uncer-
tainty. Furthermore, uncertainty stemming from different binning methods for
azimuthal angles was estimated by shifting half a bin in the determination of
bin ranges. Lastly, considerations were made for uncertainties in the polar-
ization vector direction and laser polarization degree to estimate their impact
on photon beam asymmetries. The total systematic uncertainties were deter-
mined to range from 0.008 to 0.09, obtained by summing the all of the above

uncertainties in quadrature.
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4.2.3 Angular distributions of X

Figures 4.11 and 4.12 show the photon beam asymmetries as a function of polar
angle cos 0! . The binning of energy W and polar angle cos 8!  are 0.50 MeV
and 0.2, respectively. The current results are depicted using red solid circles,
denoting statistical uncertainties. Corresponding systematic uncertainties are
represented by gray histograms. In this study, we have achieved precise 3. values
in a broad angular range, marking the first instance of such precision at total
energies surpassing 2.1 GeV. Notably, the photon beam asymmetries exhibit a
dip structure around cos 6! = —0.2 for W > 1.9 GeV. This distinctive behav-
ior has been proposed to be influenced by the helicity couplings associated with
N(1720)3/2" and N(1900)3/2" [44]. Remarkably, this dip structure remains at
higher energies, where the present analysis provides new data for the first time

in the world.
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Figure 4.11: Photon beam asymmetries Y as a function of cos#!  for the
reaction vyp — np at the total energy W from 1.82 to 2.12 GeV. The current
results are depicted using red solid circles, denoting statistical uncertainties.
Corresponding systematic uncertainties are represented by gray histograms.
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Figure 4.12: Photon beam asymmetries ¥ as a function of cos! for the
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results are depicted using red solid circles, denoting statistical uncertainties.
Corresponding systematic uncertainties are represented by gray histograms.
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Chapter 5
Discussion

5.1 Differential cross section enhancement in
W = 2.0-2.3 GeV

In this section, we discuss the cause of an enhancement of the differential cross
section in W = 2.0-2.3 GeV at n backward angles. In Fig. 4.8-4.10, the polar
angular dependent differential cross section above W = 2.1 GeV shows a back-
ward rise at cosf! , < —0.4. Such behavior in the backward region is caused

by a u-channel exchange or high-spin s-channel resonances.

5.1.1 w-channel contribution

According to Regge theory [47, 48], we can adopt a simple description of the

20()=2 " where s

smooth energy dependence for the u-channel cross section as s
and a(u) represent the center-of-mass energy and a Regge trajectory function,
respectively. Therefore the bump structures seen in a narrow range of 2.0 <
W < 2.4 GeV, as shown in Fig. 4.1, cannot be explained only by a u-channel
contribution. The value of (2a(u) —2) is expected to be negative within a small
|u| region as illustrated in Fig. 33 of Ref. [49]. In addition, the EtaMAID2018
calculation describes the non-resonant background as s- and w-channel Born
terms and ¢-channel vector meson exchanges. This calculation suggests that
the amplitude of the u-channel contribution is relatively small [22]. So the main

contribution of the backward rise is expected to be s-channel contribution.
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5.1.2 High-spin resonance contribution

The current data suggest that the sharp increase in backward region is likely
associated with the decay of high-spin s-channel resonances. In photon-proton
interactions, the helicity of the initial state is constrained to |h| < 3/2. Con-
sequently, if an intermediate resonance has a high spin (J > 5/2), it can emit
an n meson to the backward or forward polar angles in two-body decays, as
understood by the discussion of helicity amplitudes with Wigner d-matrices
[50]. The relationship between the spin parity of the intermediate state and the
behavior of the differential cross section is illustrated in Fig. 1.9. In the forward
region, the ¢-channel contribution becomes dominant as energy increases, while
in the backward region, the ¢-channel makes little contribution. Therefore,
the differential cross sections at backward n angles are particularly sensitive
to the high-spin s-channel resonances. As mentioned in Sec. 4.1.4, the peak
position seems to shift with energy in angular dependent differential cross sec-
tions. It suggests that there are contributions from different resonance states
at different energies. Considering the angular distribution for a single EM mul-
tipole amplitude, the contribution from F3_, Ms,, E,_, and M3, may appear
in 2.11 < W < 2.25 GeV. In higher energy regions, the contribution from FEjs,

and Ms_ may be dominant.

5.1.3 Comparison with other meson photoproduction re-

sults

Figure 5.1 shows the energy-dependent differential cross sections for the 7,
7% and w photoproduction processes at backward regions measured by the
LEPS2/BGOegg Collaboration. The red circles, green squares, blue triangles,
and magenta inverted triangles indicate the results where the angles cos .., are
—0.95, —0.85, —0.75, and —0.65, respectively. The differential cross sections of
70 and w photoproduction were published in Refs. [51] and [52], respectively.
All of these photoproduction reaction studies were obtained on the same data
set. The differential cross sections of the 7° photoproduction in backward re-
gions are slowly decreasing with increasing energy. Only when the polar angle
oS QZ(I)H is —0.95, a slight enhancement of the differential cross sections is seen

from W = 2.1 GeV, but no clear bump structures exist. The differential cross
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Figure 5.1: The differential cross sections of the n, 7 and w photoproduction
processes as a function of the center-of-mass energy W [51, 52]. The red circles,
green squares, blue triangles, and magenta inverted triangles indicate the results

where the angles cos 6., are —0.95, —0.85,

—0.75, and —0.65, respectively.
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PWA SOLUTIONS

sections of the w photoproduction in backward regions also show declining be-
haviors. No structure of note is seen. In contrast, only the differential cross
sections of the 1 photoproduction shows a clear bump structure at the center-
of-mass energies above 2.0 GeV. The biggest difference between the n mesons
and the 7 and w mesons is whether or not they contain s5 quark pair as a
component. Therefore, the observed bump structure in the differential cross
sections of 1 photoproduction is likely associated with the nucleon resonances

that have a large s5 component and strongly couple to the n/N channel.

5.2 Comparison with other experimental re-
sults and PWA solutions

5.2.1 Differential cross section

The differential cross sections for the vp — np reaction were measured with the
steps of 25 MeV in W and 0.1 cos 0, respectively. Figure 5.2 shows the energy-
dependent differential cross sections for individual cos 6! , bins in present and
previous experiments. The red solid circles and gray histograms indicate the
our results and systematic uncertainties as described in Sec. 4.1.3. Also shown
are the other experimental results. The black inverted triangles, green triangles,
and blue squares represent the result of LEPS [20], CBELSA /TAPS [36], CLAS
[35] experiments, respectively. The bin widths for the photon beam energy E.
in LEPS and CBELSA /TAPS experiments were 100 and 50 MeV in all energy
regions, respectively. In the CLAS experiment, the results are divided by center-
of-mass energy W, and the step is 10 MeV for 1.68 < W < 2.10 GeV and 5
MeV for 2.10 < W < 2.36 GeV All of those results were consistently binned
with 0.1 steps in cos 6 .

The BGOegg experiment detected all the final-state particles in wide angu-
lar measurement. The coverage of polar angles is —1.0 < cos 6 , < 0.6. In the
LEPS experiment, the momentum of the forward emitted protons is precisely
measured with a forward spectrometer, and events in which an n meson was
produced were identified by a missing mass technique. This acceptance is lim-
ited to be cosf! , < —0.6. The CLAS experiments detected charged particles,

including a proton and a 77— pair from an 7 meson decay n — 7t7~7’. The
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Figure 5.2: Differential cross sections do /dS) as a function of center-of-mass en-
ergy W for the vp — np reaction. The individual panels correspond to different
bins of the 77 emission angle in the center-of-mass system. The current results are
depicted using red solid circles, denoting statistical uncertainties. Correspond-

ing systematic uncertainties are represented by gray histograms.

The results

from CBELSA/TAPS [36], CLAS [35], and LEPS [20] Collaborations represent
as green triangles, blue squares, and black inverted triangles, respectively.
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Figure 5.3: Differential cross sections do/dS? as a function of cos#! —for the
reaction vp — np. The current results are depicted using red solid circles, de-
noting statistical uncertainties. Corresponding systematic uncertainties are rep-
resented by gray histograms. The PWA model calculations from EtaMAID2018
[22], SAID2009 [38], Bonn-Gatchina2019 [23], and ANL-Osaka2016 [40] shows
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respectively.
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7% meson was treated as a missing particle in the kinematic fit. The experi-

mental results of the CLAS Collaborations were most statistically accurate in
a wide angular range —0.855 < cos#! , < 0.8. Unfortunately, there is no sen-
sitivity in the most backward angle region which we were most interested in.
The CBELSA/TAPS experiment detected all the final-state particles by using
large acceptance calorimeters as we do. In addition, they identified n mesons
in the two decay modes: n — vy and n — 37" — 67. Their detectors covered a
whole angular region including the missing backward 7 angles of the CLAS ex-
periment. However, the statistical uncertainties were greater than one of other

experiments.

The present results are in good agreement with the result in CLAS and
CBELSA /TAPS experiments in any polar angular regions in the energy region
W <2GeV.InW > 2 GeV, the BGOegg results are consistent with the CLAS
data except for cosf! < —0.8. The peak position of the differential cross
section in —0.9 < cos !, < —0.8 region in CLAS experiment are lower than
one in previous experiment. The CBELSA/TAPS data provide larger cross
sections compared to our results. Nevertheless, the statistical uncertainties for
CBELSA /TAPS results are large, so it is consistent within the margin of three
standard deviations. The behavior of the bump structure in CBELSA/TAPS
is also similar to our behavior. The differential cross section obtained by LEPS
experiment is significantly larger than the BGOegg results. The peak positions
of two data are also similar in —0.9 < cos@!,, < —0.6 regions, but different

where cos 8 is less than —0.9.

Figure 5.3 shows the polar angular dependent differential cross sections and
the several PWA model calculations. The red points and gray histograms
represent the BGOegg results and associated systematic uncertainties. The
blue solid, magenta dotted, green dashed, and black dotted-dashed lines in-
dicate the PWA calculations by by EtaMAID2018 [22, 37], SAID2009 [38],
Bonn-Gatchina2019 [23, 39], and ANL-Osaka2016 [40, 41], respectively. The
EtaMAID2018 calculations reproduce the present data at total energies be-
low 2.2 GeV. But the backward rise in above W = 2.2 GeV is not seen. The
SAID2009 calculations disagree with our results in many respects. They overes-
timate differential cross sections in center-of-mass energy region 1.9 < W < 2.1
GeV. Also, the peaking structure obtained by the SAID2009 calculation in
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5.2. COMPARISON WITH OTHER EXPERIMENTAL RESULTS AND
PWA SOLUTIONS

cosf! < —0.6 and W > 2.2 GeV is not observed in the present data. The
ANL-Osaka2016 does not reproduce our results overall, nor is it applicable to
the center-of-mass energy region W > 2.1 GeV. The Bonn-Gatchina2019 calcu-
lations are in agreement with our results compared to other PWA calculations.
Especially, the backward rise of the differential cross section in above W = 2
GeV is produced. On the other hand, some overestimations compared to the
experimental results exist, and it cannot be said that they perfectly reproduce
our results. In higher energy regions, the EtaMAID2018 utilizes only CLAS
data and the Bonn-Gatchina2019 fits only CBELSA/TAPS data to create pa-
rameters for PWA calculations, and these differences are thought to reflect
differences between experiments. A new PWA calculations including our data
is needed for detailed analysis. In the next subsection, the effectiveness of the
Bonn-Gatchina2019 model can be assessed through the newly measured photon

beam asymmetries in the current analysis.

5.2.2 Photon beam asymmetry

In Fig. 5.4, our results and several other experimental results obtained by the
GRAAL [42], CLAS [44], and CBELSA /TAPS [45] Collaborations are also plot-
ted. Since each of these experimental results is divided by different energy bin
widths, the results in each experiment are overlaid in the specific energy bin,
where the center of energy bin is closest to the one in the BGOegg experiment.
The black triangles indicate the GRAAL results which have 15 energy bins as
photon beam energy E, in range of 0.7-1.5 GeV. They measured highly precise
results below W = 1.9 GeV due to the high degrees of beam polarization at
the Compton edge of the BCS photon. The green inverted triangles represent
the CBELSA /TAPS results obtained for the photon beam energy bins of each
60 MeV in the range of £/, = 1.13-1.79 GeV. The energy bin width is 60 MeV
as the photon beam energy. They observed drastic change in the angular dis-
tribution of photon beam asymmetry above W = 1.9 GeV. The photon beam
asymmetries exhibit a dip structure around cos !, = —0.2. The blue squares
indicate the CLAS results divided into photon beam energy bins £, and the
step is 27 MeV for 1.071 < £, < 1.689 GeV and 40 MeV for 1.689 < E, < 1.876
GeV. The same dip structure can be seen. Our precise results are in agreement

with the any other experimental results below W = 2.1 GeV.
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Figure 5.4: Photon beam asymmetries > as a function of cosf! , for the n
meson photoproduction. The current results are depicted using red solid cir-
cles, denoting statistical uncertainties. Corresponding systematic uncertain-
ties are represented by gray histograms. The experimental result obtained by
GRAAL [42], CLAS [44], and CBELSA /TAPS [45] Collaborations indicate the
black triangles, blue squares, and green inverted triangles, respectively. The
PWA predictions calculated by the EtaMAID2018 [22], Bonn-Gatchina2019
23], SAID2009 [38], ANL-Osaka2016 [40], and Jiilich-Bonn [46] models repre-
sent the blue solid, green dashed, magenta dotted, black dash-dotted, and blue
long-dashed curves, respectively.
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5.3. COMPARISON WITH THE EXISTING PWA RESULTS

The PWA predictions calculated by the EtaMAID2018 [22], Bonn-Gatchina2019

23], SAID2009 [38], ANL-Osaka2016 [40], and Jiilich-Bonn [46] models rep-
resent the blue solid, green dashed, magenta dotted, black dash-dotted, and
blue long-dashed curves, respectively. The EtaMAID2018 model calculations
reproduce the present results below W = 2.0 GeV. The results of Bonn-
Gatchina2019, and Jiilich-Bonn models replicate our results as well. What
these models have in common is that they fit the recent results for photon
beam asymmetries from CLAS [44] and CBELSA /TAPS [45] experiments. The
SAID2009 curve does not reproduce the dip structure above W = 1.95 GeV.
The ANL-Osaka is only applicable in the region of W < 1.95 GeV because it
does not include heavy-meson contributions such as an w meson in the coupled-
channel calculation. In the region above 2.0 GeV, no PWA results reproduce
the BGOegg results.

The position of the bump structure shifts from W = 2.02 GeV at cos 0!, =
—0.65 to W = 2.25 GeV at cosf! = —0.95, as mentioned in Sec. 5.1. This
may be caused by the presence of multiple nucleon resonances. In the mass
range of 2.1-2.3 GeV, several resonances with three or four stars are cur-
rently known based on the 7 N-decay channel (e.g. N(2100)1/2%, N(2120)3/2",
N(2190)7/27, N(2220)9/2", N(2250)9/27) [15]. However, the information
about the n/N-decay of nucleon resonances is limited. The new BGOegg data of
differential cross sections as well as photon beam asymmetries has high statis-
tics at backward angles and provides additional constraints for the resonance

search, particularly related to the bump structure.

5.3 Comparison with the existing PWA results

The differential cross sections and photon beam asymmetries measured in the
present analysis are in fair agreement with the existing PWA results at lower
energies. In contrast, the PWA results at higher energies show clear differences
from the present data, as described in Sec. 5.2. The discrepancies in the photon
beam asymmetries are particularly large. In addition, the PWA results are
inconsistent with each other at the higher energies.

These discrepancies are clearly seen in Fig. 5.6, which compares the present
data with existing PWA results calculated by the EtaMAID2018 ((a) and (b))
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Figure 5.5: The existing PWA results calculated by EtaMAID2018 ((a) and
(b)) and Bonn-Gatchina2019 ((c) and (d)) with the orbital angular momenta L
up to 1 (red dashed lines), 2 (green dotted lines), 3 (blue dotted-dashed lines),
4 (magenta long dashed-dotted lines), and 5 (cyan dotted lines). The full PWA
calculation with all the orbital angular momenta is shown by black solid lines.
The BGOegg results are plotted as red circles.
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Figure 5.6: The existing PWA results calculated by EtaMAID2018 ((a) and
(b)) and Bonn-Gatchina2019 ((c) and (d)) with the orbital angular momenta L
up to 1 (red dashed lines), 2 (green dotted lines), 3 (blue dotted-dashed lines),
4 (magenta long dashed-dotted lines), and 5 (cyan dotted lines). The full PWA
calculation with all the orbital angular momenta is shown by black solid lines.

The BGOegg results are plotted
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CHAPTER 5. DISCUSSION

and Bonn-Gatchina2019 ((c) and (d)) models at the highest energy bin near W
= 2.3 GeV. Here, differential cross sections and photon beam asymmetries are
plotted in the left ((a) and (c¢)) and right ((b) and (d)) sides, respectively. For
drawing the PWA curves of EtaMAID2018 and Bonn-Gatchina2019, the electro-
magnetic amplitudes, containing the information about the partial waves, were
obtained from Refs. [37] and [39], respectively. The multipole amplitudes were
combined with the Legendre polynomials to construct the CGLN amplitudes
[12], which are conventionally used for the pseudoscalar-meson photoproduc-
tion. In each panel, contributions from the partial waves up to the indicated
orbital angular momenta (L) are also shown.

In Fig. 5.6 the EtaMAID2018 full calculation reproduces the measured dif-
ferential cross sections except for the most backward n angles, where the ex-
perimentally observed backward rise does not exist in the calculated result.
This calculation shows a small bump structure of photon beam asymmetry at
cos 0  ~ 0, while it is not seen in the experimental data. On the other hand,
the Bonn-Gatchina2019 results reproduce the backward shape of differential
cross sections but its strength is overestimated compared to the present results.
The calculated photon beam asymmetry has no small bump structures like the
EtaMAID2018 calculation but it is underestimated compared with the experi-
mental data around cosf! . ~ 0. Neither of these PWA models can reproduce
the differential cross sections and the photon beam asymmetries simultaneously.

The different behaviors of backward cross sections in the two PWA results
arise from the ambiguity of multipole contributions even at L < 3, as seen in
Fig. 5.6. The different determinations of multipoles in the lower L region also
cause a large difference between the calculated photon beam asymmetries espe-
cially at middle angles. It is clear that the current understanding of resonance
and Born-term contributions is not enough even for lower L’s at high energies.
In addition, higher L contributions are important to reproduce the experimental

data accurately.

5.4 Jilich-Bonn calculation comparison

Recently the Jilich-Bonn model calculation was updated by a fit to the differ-

ential cross sections and photon beam asymmetries in the 1 photoproduction
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measured by the CLAS experiment [44]. In this measurement, the photon beam
asymmetries were obtained at 1.70 < W < 2.10 GeV and —0.8 < cos 8!, < 0.8.
Before the fit was made, the N(1900)3/2" was found to be important in the
analyses of KA and K3 photoproduction by the Bonn-Gatchina group [53].
In order to confirm this resonance contribution, the CLAS Collaboration fit-
ted two sets of possible solutions with and without a contribution from the
N(1900)3/2" resonance by using the Jiilich-Bonn model. The CLAS data indi-
cated the weakness of the N(1900)3/2" contribution in the n photoproduction,
but was not able to clarify its strength because the difference between the two
fits to the photon beam asymmetries should appear at extremely backward n
angles, which were out of the CLAS acceptance. In contrast, the present results
of photon beam asymmetries cover the most backward angles, while they are
consistent with the CLAS results in the overlapping angular region. A refit of
the Jiilich-Bonn model to present data must provide more accurate information
about the strength of the N(1900) contribution.

5.5 Future work

In order to extract detailed information of resonances from the experimental re-
sults, it is necessary to fit the present data with PWA models. A detailed PWA
including our new experimental results is currently underway in cooperation
with the Bonn-Gatchina group [23]. The BGOegg experiment also has data on
liquid hydrogen targets that have not yet been analyzed, which together are
expected to increase the statistics by a factor of 2.5. We plan to use the results
of the PWA analysis to identify sensitive regions to the resonance contribution

and refine the bin widths to investigate the behavior in more detail.
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Chapter 6

Summary

The constituent quark models describe the ground-state baryons successfully.
However, most of the excited states predicted in the constituent quark models
have not been observed experimentally or have different masses than expected.
Especially, in the energy region above W = 1.8 GeV, a significant number of
predicted states have not been established by the experiments. Most of the
observed states in first stage were found in 7N scattering. During experiments
involving wN scattering, the flavors of constituent quarks in the pion have an
impact on the behavior of the excited nucleons. On the other hand, the photon
induced reaction can couple to a ¢g pair including the strangeness in a few
GeV energy. Here the n meson photoproduction is a good tool to study the
resonances containing the strangeness. The 1 meson photoproduction on the
proton has an advantage to search for isospin 1/2 resonances, because an 7
meson is isospin 0 and cannot produce intermediate states that are isospin 3/2.
Moreover, the  meson contains hidden strangeness (sS), so it is expected to

couple to a baryon resonance with a large ss component.

We have measured the yp — np reaction at £, = 1.3-2.4 GeV to study
a bump structure in the differential cross sections at cosf!,, < —0.6 above
W = 2.1 GeV. The experiment was carried out in the newly constructed
LEPS2 beamline at SPring-8, by using a linearly polarized backward-Compton-
scattering photon beam. The polarization is more than 70% above W = 2.1
GeV. The n — v decay mode is used to identify the n meson. These decay
products are detected by the BGOegg calorimeter and a recoil proton is de-
tected by the BGOegg calorimeter or the DC. Event selection was performed
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using kinematic fit with four-momentum conservation and energy conservation
as constraints to suppress the background. The remaining background was sub-
tracted using three background reaction templates: vp — 7%7%, vp — 7np,
and yp — wp, obtained from the MC simulation.

We obtained the differential cross section and photon beam asymmetries
for the reaction yp — np in the energy range of 1.82 < W < 2.32 GeV and
the polar angle range of —1.0 < cosf!,, < 0.6. The present analysis has
achieved the precise and wide angular measurement by detecting all the final
states, including a proton and an 7 meson which decays into yvy. A bump
structure above W = 2.0 GeV appears in the region of cosf! < 0. and its
strength becomes larger as the 7 emission angles get more backward. Similar
bump structures have been observed in LEPS, CBELSA /TAPS, and CLAS re-
sults, but their strength and behaviors differ from each other. We compared
our results with the Partial Wave Analysis calculations by Bonn-Gatchina2019,
EtaMAID2018, SAID2009, and ANL-Osaka2016. No PWA calculations repro-
duce the behaviour and strength of the bump structure at n backward angles.
Our results for photon beam asymmetries are consistent with other experimen-
tal results from the GRAAL, CBELSA/TAPS, and CLAS Collaborations in
W < 2.1 GeV. In W > 2.1 GeV, we measured for the first time the photon
beam asymmetries. No PWA calculations reproduce our experimental results
and the discrepancy between the PWA results. Our data is useful to limit PWA

calculations in this energy region.

We discussed the enhancement of the differential cross section at cos 0, <
—0.4. One possibility is u-channel contribution, which is strongly enhanced
at backward angle. The u-channel contribution is expected to have a smooth
energy dependence from Regge theory. However, the bump-like energy depen-
dence is seen and cannot be explained by the w-channel contribution alone.
Other possibility is high-spin s-channel resonance. Since the helicity of the ini-
tial state is limited to |h| < 3/2, if an intermediate resonance has a high spin
(J > 5/2), it can emit an 1 meson to the backward or forward polar angles in
two-body decays. We compared the differential cross sections for 7° and w pho-
toproduction derived from the same data set utilized in the current analysis. No
visible bump structures are observed in backward angles. This observation can

be attributed to the composition of the mesons within the framework of flavor
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SU(3) quark models. The 1 meson comprises an s5 quark pair, while the 7°
and w mesons solely consist of u@ and dd quark configurations. Consequently,
the observed bump structure in the differential cross sections of 1 photopro-
duction is likely linked to nucleon resonances characterized by a significant ss
component and a strong coupling to the n/N channel.

We have compared the model calculations in the various ranges of orbital
angular momentum L. Our differential cross sections show a sharp backward
rise at higher energies. By comparing this behavior with the two PWA results,
EtaMAID2018 and Bonn-Gatchina2019, it is recognized that the determination
of multipole contributions at L < 3 is still ambiguous in the existing PWAs and
important to reproduce the data. The different determinations of multipoles
in the lower L region also make a large difference in the angular dependence
of calculated photon beam asymmetries. This indicates that the current un-
derstanding of resonance and born-term contributions is not enough even for
lower L’s at high energies in both the PWA calculations. In addition, higher
L contributions are important to accurately reproduce the measured photon
beam asymmetries.

In order to investigate what might be the source of the bump structure
observed in several previous measurements above W > 2 GeV, we precisely
measured the differential cross section and photon beam asymmetry. Our ex-
perimental results suggest that this bump structure is caused by the high-spin
resonances with large ss components, which strongly couple to n/N channel.
Candidates for these resonances are N(2060)5/27, N(2120)3/27, N(2190)7/2™,
N(2220)9/2%, N(2250)9/2" listed in the PDG. Information on these resonances
comes from the w/N-decay channel and less from the nN-decay channel. This
work provides additional constraints for the interpretation of the bump struc-

ture in the high energy region.
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Appendix A
Helicity amplitude

Here we formulate the pseudoscalar meson photoproduction reaction using he-

licity amplitudes [13]. We define an amplitude A, related to the S matrix by
S =1+ (2n)"i0* (P — P) (STWN) A, (A1)

where P, = k+p1, Pf = q+p2, and N = (2k2w2E12E2)%. A is a spin-dependent
2 X 2 matrix whose column and rows refer to the initial and final nucleon spins.
The elements of A are dependent on the photon polarization ¢, the polar angle
6, and the total energy W.

A= (Ag) = (A“ A“) . (A2)

Ap Ay
lq
spins

Once we quantize the initial and final spin along the direction of k and q in the
c.m. system, then the elements of A are represented as the helicity amplitudes
A0, 0), where A = A\, — A\ and p = A\, — A are the total initial and final
state helicities, respectively. Since Ay = =£1 for real photon and \; = :t% for
the proton, the initial state helicity A takes the four values +%, —I—%, —%, and
—%. Similarly, since A, = 0 for the meson and Ay = :I:% for the proton, the
final state helicity up = —X\o takes the two values +% and —%. Combining the
initial and final states allows eight helicity amplitudes A, though they are not

independent. Using parity symmetry, the independent amplitudes are limited
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to four, because the relationship between A, \ and A_, _, is given by
A—u)\(ea ¢) = _ei()\iu)(ﬂi2¢)AuA(87 (b) (A4)

If we let the four independent helicity amplitudes be Hy, Hy, H3, and H,
with Ay = +1 and choose ¢ = 0 in the direction defined by the outgoing meson,
then A, ,(6,0) is given in Table A.1. Using this formalism and Eq. A.3, the

Table A.1: Independent helicity amplitudes

A= +1 A= —1
) M +1/2 —1/2 +1/2 —1/2
+1/2 Hy H, Hy —Hs
—~1/2 Hy Hy —Hy H

differential cross section for pseudoscalar meson photoproduction is represented

in terms of helicity amplitudes in the following equation:
1
o0(6) = 57 (FL[* + | Hal? + | Hof* + | Ha) (A.5)

Thus, the differential cross sections are simply the sum of the squares of the
absolute value of the helicity amplitudes.

Next we consider the asymmetry for linearly polarized incident photons. We
define x and y axes of a coordinate system with z axis along k and y axis along
k x q. Helicity states of the photon, A; £ 1, correspond to circularly polarized
photons with polarization vectors

1
£t = :FE(:% +i9), \p = £1. (A.6)

The polarization vectors of linearly polarized photons are oriented either per-

pendicular € or parallel € to the production plane, respectively,

€|l =1 = él(&ﬁrs_), o
g =12 = —E(ar —e_).
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The helicity amplitudes in Table A.1 correspond to helicity states of ey (A =
+1) and e_ (A\x = —1). We obtain the helicity amplitudes with linearly polar-
ized photons given in Table A.2.

Table A.2: Helicity amplitudes for linearly polarized photons

g €||
= —A +1/2 ~1/2 +1/2 ~1/2
— T N2
+1/2 ¢<H1+H4) é(H2_H3) _?(Hl — H,) —?5(1‘-’24—]‘13)

The differential cross sections for linearly polarized photons o, (perpendic-

ular) and o (parallel) can be obtained in the following equations:

1
01(6) = 55 (|Hi+ Hi* + |Hy — Hy),

1 q 2 2 (4.8)
o)(0) = 57 (1H1 = Ha|" + | Hz + H[").
The photon beam asymmetry X is defined as
0) — o0
5 — 7L(0) = 0 (0) (A.9)

o1 (0)+oy(8)

With this equation and o, and o from Eq. A.8, ¥ is found to be

s _ 5 (1) (Hy + Ha? + |Hy — H3*) — 5 (}) (|Hy — Ha? + |Ho + Hy*)
% (%) (|Hy + Ha|? + |Hy — H3|?) + % (%) (|Hy — Ha|?> + |Hy + H3)?)
q 1 ] ]
= = Re(H H; — H HyY).
k’O’O(Q) 6( 1444 2 3)

(A.10)

The photon beam asymmetry X are the interference between helicity ampli-
tudes.

We consider the helicity amplitudes in terms of states of orbital angular
momentum and parity. The partial-wave expansion of the helicity amplitude

elements is expressed as follows [14].

ZA (27 +1 (9)6’“_’% (A.11)
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With the ¢ dependence from Eq. A.11 we can return to the elements of the

A matrix in Table A.1 and include the ¢ dependence for each helicity amplitude,
thus producing Table A.3.

Table A.3: Independent helicity amplitudes with ¢ dependence
E+(/\k = —I—l) E_()\k = —1)

) N2 12 412 —1)2
—|—1/2 H1€i¢ Hos H46_i¢ —H36_2¢
—1/2 H3€i2¢ H4€i¢ —HQ Hle_w

Combining Table A.3 and Eq. A.7 produces the ¢-dependent helicity ampli-

tudes for linearly polarized photons with €, and g, as given in Table A.4 and

A,

Table A.4: Helicity amplitudes with ¢ dependence for linearly polarized photons
€1

€1
—\
1= =) +1/2 —1/2
+1/2 Lf(Hlel¢+H4e i) L\[(Hz Haze™29)
—1/2 \/—»(H3622¢—H2) T(H4€Z¢+H16 i )

Table A.5: Helicity amplitudes with ¢ dependence for linearly polarized photons
Ell

X Ell
— N1
1/2 —1/2
+1/2 —?(Hleﬁ — Hye™'?) —?g(h& + H3€_22¢?
—1/2 —5(H3e™" + Hy) 5(Hye'” — Hye™™)

We can obtain the ¢-dependent differential cross section using this informa-
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tion, as given in Eq. A.12 and A.13.

lg
o.(0,9) =57 > Akl

HE | states
1 *
q (\H1|2 + |Ho|* + [Hal* + | Ha|* + 2 cos 20 Re(H\ Hy — H>H3))

= 00(0) + 0(0)X cos 2¢
= 00(0)(1 + X cos2¢)
(A.12)

o8, ¢) = Z |A#€n‘2

;us”states
—% (|Hy|? + |Hol> + |Hs|? + |Hy|? — 2 cos 20 Re(Hy Hi — HyH))

= 00(0)(1 — X cos 2¢)
(A.13)

So far, we assumed that the polarization of the photon beam was 100%. Since
the polarization is less than 100% in real experiments, so a multiplicative factor

of P, has been introduced.

(Z, ¢) = o0(0)(1 + P, cos2¢), (A14)

(0, ¢) = 00(0)(1 — P, X cos 2¢).

Finally, the relationship between CGLN amplitudes (Fi, Fy, F3, Fy) and he-
licity amplitudes (Hy, Hs, Hs, Hy) is shown below.

Hy(0,9) = —%ew sin 6 cos %Q(Fg + Fy) (A.15)
Hy(0,6) = v3cos %9{(5 R+ ;(1 _cosO)(Fs—F))} (A.16)
H3(0,¢) = %ei‘b sin 6 sin %Q(Fg — Fy) (A.17)

Hi(0,6) = \/ﬁei¢sin%9{(F1+F2)+%(1+COSQ)(F3+F4)} (A.18)
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Appendix B

SPring-8 filling pattern

We summarize the several electron filling patterns at SPring-8 in the present

experimental period [33]. We show illustrations of each bunch mode in Fig. B.1.

Table B.1: Several filling patterns in the second half of 2014.

Mode Bunch mode Bunch interval
A 203 bunches 23.6 ns

C 11 bunch train x 29 145.5 ns

F 1/14-filling 4+ 12 bunches 342 ns

H 11/29-filling 4+ 1 bunch 1486 ns
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A-mode
203 bunches 11 bunch train X 29

203%0.493 mA ' 29%11*0.313mA .
F-mode H-mode
1/14 filling + 11/29 filling +
12 bunches 1 bunches

342.1 nsec
1487 nsec

80.8 + 12*1.6 mA - 90~94 + 5~ mA '

Figure B.1: Several electron filling pattern in the second half of 2014.

\
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APPENDIX C. DEAD TIME CORRECTION

Appendix C

Dead time correction

The tagger scaler has dead time because of finite signal width (20 ns), so the
tagger counting efficiency depended on the tagger rate and electron filling pat-
tern. The dead time correction factors depending on tagger rate are simulated
in each filling pattern and are fitted with the 4th polynomial function. These

results are shown in Fig. C.1.

Gra_A.dat Gra_C.dat

5 5

£ g 3

E 11 %2/ ndf 1.513e-05/25 E 1.25 %2/ ndf 6.285e-05/ 25
= po 1£0.000778 = PO 1£0.001586
-g p1 0.008827 + 0.001805 .g p1 0.01189 + 0.00433
E1.08 | P2 0.03168 + 0.003506 212 p2 0.09972 + 0.009456
g p3 -0.0138 + 0.002126 s p3 -0.04628 + 0.006465
2 p4 0.002177  0.0004043 g p4 0.00873 + 0.001389
Z1.06 Z115

< ®

3 9

a a

\l\\\‘\\\‘\\\‘\\\‘\\\‘\

1.04 1.1
1.02 1.05
11— 1
b b b b [ | | P B
0 0.5 1 1.5 2 25 0 0.5 1 15 2 25
Tagger rate[MHz] Tagger rate[MHz]
1 F 1 F
it E £ E
S 1.8 [42/ndf 0.0001883 / 25 Sy q6b [ 7t 3.638¢05/25
S _F |p0 1+0.002744 = F | e0 1+0.001206
£ 17 | ot -0.0562 +0.01177 114 | P 0.01229 + 0.002999
] £ | p2 0.6165 + 0.03522 2 C|p2 0.05655 + 0.006123
E 16 | 3 _0.4611 + 0.03319 $1.12 | »3 -0.02533 + 0.003908
2 50 LR 0.1618 + 0.009874 g F [ 0.004277 + 0.0007829
E E é 1.1;
8 14 21.08]
135 1.06
12F 1.04—
11 1.02—
1; 1%
B vt v b b b b b b by | Evvowv o b b b e b
0 0.2 0.4 1.2 1.6 1.8 0 0.5 1 2 25
Tagger rate[MHz] Tagger rate[MHz]

Figure C.1: The dead time correction function using 20 ns width in each filling

pattern.
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Appendix D

Photon energy
measurement

We determined the energy of the photon beam by analyzing the recoil elec-
trons produced by backward Compton scattering. The relationship between
the photon beam energy and the position of the tagger fiber hits was evaluated
using equations 3.2 and 3.2. These equations were derived by simultaneously
fitting the expected photon energy for various reactions: (a) yp — 27" + p, (b)
y+p— 7l /n+ pf, and (c) the maximum photon beam energy, using data ob-
tained from the liquid hydrogen target. In this analysis, the detection of 7%, 1,
and p were detected using the BGOegg calorimeter and p; was detected using
the RPC. For the analysis of the reaction (a), a kinematic fitting technique was
employed to evaluate the expected photon beam energy. For the analysis of the
reaction (b), the missing mass of the p(v,ps) reaction was calculated, and the

O or 7 meson was estimated.

photon energy corresponding to the mass of an 7
For the analysis of (c¢), the maximum photon beam energy was calculated to be
2.385 GeV, known as the Compton edge, and the tagger fiber number associated

with the entries at the Compton edge was identified.

To evaluate the resolution of the photon energy, we utilized the v+ p —
7nps reaction with the liquid hydrogen target. The photon beam energy was
predicted through kinematic fitting using the measured momenta of n, 7°, and
ps. The standard deviation of the difference between the measured and pre-
dicted photon beam energy was determined to be 16.8 +0.9 MeV. Additionally,

a MC simulation was employed to estimate the contribution of detector resolu-
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APPENDIX D. PHOTON ENERGY MEASUREMENT

tion, which was found to be 11.84+0.2 MeV. Subtracting the detector resolution,
the photon beam energy resolution was estimated to be 12.0 4 0.7 MeV.
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Appendix E

Efficiencies

E.1 Tagger reconstruction efficiency

The tagger reconstruction efficiency was obtained from v +p — 7 + 70 4 p
reaction with the liquid hydrogen target. We used kinematic fitting with the

0 mass and the four-momentum conservation. The

constraints by the two m
photon beam energy was treated as an unmeasured variable. These efficiencies

are listed in Table E.1.

Table E.1: Tagger reconstruction efficiency

Total energy region  tagger reconstruction efficiency

1.82 < W < 1.87 GeV 0.8560 £ 0.0057
1.87 < W < 1.92 GeV 0.9199 £ 0.0052
1.92 < W < 1.97 GeV 0.8671 £+ 0.0055
1.97 < W < 2.02 GeV 0.8876 £ 0.0057
202 <W < 2.07 GeV 0.9058 £ 0.0059
207 < W < 212 GeV 0.8743 £ 0.0062
212 < W < 217 GeV 0.8910 £ 0.0064
217 < W < 2.22 GeV 0.8985 £ 0.0068
222 < W < 227 GeV 0.8881 £ 0.0071
227 < W < 2.32 GeV 0.9244 £ 0.0085

E.2 Shower contribution

At the calculation of integrated photon beam flux, the tagger trigger counts are

basically utilized. However, we know there is the shower contribution due to the
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APPENDIX E. EFFICIENCIES

recoil electron hit to the beamline structure between the electron beam and the
tagger. This amount was estimated from the special data which was taken with
the lead glass counter, which was used to directly measure the photon beam
energy. The template spectra for a BCS photon beam and a shower contribution
were prepared for the template fit to separate them. The BCS photon spectrum
was made by the MC simulation with the well-known Compton cross sections.
The lower edge of the spectrum was cut off at 1268 MeV, corresponding to
the edge of the tagger fiber forward layer. The energy resolution of the lead
glass counter was estimated to be 129.4 MeV by the error function fit at the
Compton edge, and the above BCS photon spectrum was smeared with this
energy resolution. The template spectrum for the shower contribution was
obtained from the lead glass data by requiring the tagger PL hits which are
coincident at the corresponding forward and backward layers. A function with
a Gaussian and a second order polynomial was fitted to the region below the
tagger acceptance. The shower contribution was clearly observed at 1143.6
MeV with o = 82.9 MeV. The Gaussian component was defined as the template
spectrum of the shower contribution. The obtained template spectra for the
BCS photon and shower components were fitted to the energy distribution of
the lead glass data. At the template fit, the spectrum for the bremsstrahlung
component was simultaneously fitted. The fraction of the shower contribution
was estimated to be 0.0424 + 0.0006. This fraction was used to remove the

shower contribution from the integrated tagger counts.

E.3 IPS proton detection efficiency

When protons are detected by BGOegg, IPS partly has no hits because of
small energy deposits or slow timing. These events were identified as a neutral
cluster by IPS. We evaluated the IPS proton detection efficiency using the
v+ p — n + p reaction with the liquid hydrogen target. We used kinematic
fitting without charge identification at IPS. The two +’s combination with the
maximum energy sum was treated as an 7 candidate and the remained cluster
was assumed as a proton. The detection efficiency was the fraction of clusters
assumed to be protons that are charged clusters. The IPS proton detection
efficiency was estimated to be 0.9851 £ 0.0006.
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E.4. DC TRACK RECONSTRUCTION EFFICIENCY

E.4 DC track reconstruction efficiency

The proton detection inefficiency at DC is caused by the events failed by the
x? probability cut for the DC track reconstruction. We evaluated the DC track
reconstruction efficiency using the v + p — w + p reaction with the liquid
hydrogen target. We used kinematic fitting and required that the proton angle
to be in the DC acceptance. The DC tracking efficiency was estimated to be
0.9824 £+ 0.0044. Not only the proton detection efficiency but also the overveto
rate to be considered because DC has no timing resolution for the charged
track detection. The tracks from different bunches, especially due to ete™
conversions, can be recorded simultaneously. In order to estimate this overveto

0 events were analyzed with the kinematic fitting, where all the DC

rate,
track candidates were examined to estimate this overveto rates. The overveto
efficiency at DC was estimated to 0.9804 4+ 0.0010. This value was treated as a

correction factor for proton detection efficiency at DC.

E.5 RPC reconstruction efficiency

We evaluated the RPC reconstruction efficiency using the y+p — n+p reaction
with the liquid hydrogen target. We used kinematic fitting and required a track
of proton in the DC and RPC acceptance. We obtained the RPC reconstruction
efficiency to be 0.9589 + 0.0232.
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