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Abstract

GeV photon beams are provided at SPring-8/LEPS facility by backward-Compton scattering
(BCS) from Argon laser photon against the 8-GeV electrons inside the SPring-8 storage ring.
The energy range of tagged photon by measuring the recoil electron is from 1.5 to 2.4 GeV, and
enables us to study the strange meson- and baryon-photoproduction, such as φ(1020), Λ(1405)
and Λ(1520) . In the past 30 years, other than the high-energy Λ(1520) photoproduction at
NINA/LAMP2 experiment, there is no further study of the Λ(1520) photoproduction near
the threshold. Based on this exclusive measurement at NINA/LAMP2 experiment, several
theoretical calculations predict that the Λ(1520) photoproduction near the threshold can be
explained by t-channel K∗ exchange, t-channel K exchange or the contact term together with
the t-channel K exchange under the gauge invariance.

This experiment was performed at SPring-8/LEPS facility with liquid hydrogen and deu-
terium targets by a forward spectrometer from 2002 to 2003. The electroproduction experi-
ment with similar c.m. energy region performed by JLab/CLAS is included for comparison.
We study three two-track detection modes to reconstruct the Λ(1520) resonance and other
resonant/non-resonant backgrounds by the invariant mass and missing mass spectra. Utiliz-
ing the one-/two-step side-band subtraction methods and Monte Carlo simulation method, we
measure the differential cross sections, K− decay asymmetries in t-channel helicity frame and
photon beam asymmetries to understand the production mechanism of Λ(1520) . This is the
first time, the differential cross sections were measured at low energies and with a deuterium
target. A large asymmetry of the production cross sections from protons and neutrons was
observed at backward K+/0 angles. It can be explained by the dominance of the contact term
along with the t-channel K exchange under the satisfaction of gauge invariance. This interpre-
tation was also compatible with the differential cross sections, K− decay asymmetry, and the
photon beam asymmetry measured in the production from protons in the forward K+ angles.

A detector upgrade for the acceptance complement is done by introducing a time projection
chamber, the configuration and operation principles except for the physics results will also be
discussed in this thesis.

III
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Chapter 1

Introduction

1.1 Physics motivation

In 1947 during an experiment of cosmic ray interactions from proton-nucleus collisions detected
by the hydrogen bubble chamber, a “strange” particle which has much longer lifetime (2.63×
10−10 s) than expected (∼ 10−23 s) was discovered and named as Lambda, “Λ”. Then, it also
led to the discovery of strange quark. Later on, this Λ particle was known as the ground state
of Λ baryon families, Λ(1116), and possesses the valance quark uds and I(JP ) = 0(1

2

+
).

In the study of photoproduction of Λ(1116), many possible production diagrams can proceed
this reaction. Four most common production candidates and one high-order diagram are shown
in Fig. 1.1, five panels are (a) s-, (b) u-, (c) t-/v-, (d) c- channels and (e) loop diagram. As
shown in Fig. 1.1, the s-channel corresponds to the photon and nucleon forming an intermediate
particle that finally splits into K+/0 and Λ(1116); the t-channel represents the reaction in which
the photon emits the intermediate particle (K−/0 or K∗−/0) and becomes the K+/0, while the
nucleon absorbs the intermediate particle then becomes the Λ(1116) (in order to distinguish
the K and K∗ exchange in the t channel, an additional symbol “v” is used to specify the t
channel through K∗ exchange); the u-channel is the t-channel with role interchange of the
K+/0 and Λ(1116); and the c-channel represents the contact term under the satisfaction of
gauge invariance, where the gauge invariance which leads to the well-known “conservation of
charge” is one kind of charge coupling. The loop diagram will be discussed later.

γ(k1)

N(p1) N(qs)

K(k2)

Λ*(p2)

(a) s−channel

γ

N
Λ*(qu)

K

Λ*

(b) u−channel

γ K

K(qt) or K*(qt)
− −

N Λ*

(c) t− or v− channel

γ K

N Λ*

(d) c−channel

γ K+

π,K K,π
p

p,Σ
Λ

(e) Loop diagram

Figure 1.1: Feynman diagrams of reaction channels for Λ(1116)/Λ(1520) photoproduction [1].
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2 CHAPTER 1. INTRODUCTION

In the past 15 years, the production mechanism of Λ(1116) has been well studied through the
measurement of differential cross sections and photon-beam asymmetries at ELSA/SAPHIR
(photoproduction, Eγ > 2 GeV), JLab/CLAS (electroproduction, 1.6 <

√
s < 2.3 GeV) and

SPring-8/LEPS (photoproduction, 1.5 < Eγ < 2.4 GeV), where
√

s and Eγ means the center-
of-mass energy and photon energy respectively. Most recent results were measured by LEPS
collaboration and published in 2006 [2].

The photon beam asymmetry is a good method to identify the meson-exchange mechanism
in the t-channel. Photon beam asymmetries are measured in the dimension of K+ azimuthal
angle, where the K+ azimuthal angle φ, as shown in Fig. 1.2, is measured relative to the
horizontal plane, in each of the vertical and horizontal polarization.

ΣPγ cos (2φ) =
kNV (φ) − NH(φ)

kNV (φ) + NH(φ)
, (1.1)

where Nv and Nh are the Λ(1520) photoproduction yields with the vertically and horizontally
polarized photons respectively, “Pγ” is beam polarization and “k” is a normalization factor
determined by photon counts at the tagger. Refer to Nam’s calculation at Eγ =2.0 GeV
shown in Fig. 1.3 [3], the s, u channels and contact term show weak φ dependence in whole
angular regions, the photon beam asymmetry from them turns out to be zero, while the photon
beam asymmetry from K exchange show that A(Eγ , θ) = −1 for whole range of θ, indicated
this interaction is dominated by magnetic component. Whereas the A(Eγ, θ) of K∗ exchange
give the positive contributions other than θ =0◦ and 180◦, shown the dominance of electric
component.

L(1520)

g

N

K
xy
z

Photon
polarization

Figure 1.2: Definition of axes on the produc-
tion plane and azimuthal angle φ. The x-, y-
and z- axes stand on the production plane in-
stead of Lab. frame, and the φ is the azimuthal
angle between photon polarization and pro-
duction plane. [3]

Figure 1.3: Photon beam asymmetries for dif-
ferent contributions.

It can be seen from the left column of Fig. 1.4, based on the measurement of LEPS experi-
ment, the photon beam asymmetries was found to be positive and to increase with the photon
energy. It can be explained by Gent isobar model from D.G. Ireland [4] accompany with the
mixing model of the Feynman diagram and the Regge model from Mart and Bennhold [5], but
not very well.

Owing to a much weaker magnetic interaction provided by much smaller microscopic K∗

coupling constants [6] than the phenomenological coupling constants determined by fitting to
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the data [7], a further theoretical calculation about Λ(1116) production [8] introduced the one-
loop diagram induced by the Wess-Zumino-Witten (WZW) term [9], as shown in Fig. 1.1(e),
based on the experimental results from CLAS [10] and LEPS [2], to furnish the leakage of K∗

exchange. It can be seen from Fig. 1.5, however, both dashed and solid lines including WZW
term which contribute the positive photon asymmetries match the LEPS results well. From
Fig. 1.6, however, there is no significant difference between theoretical calculations with (solid
line) and without (dashed line) the supplement of WZW term.

Figure 1.4: Photon beam
asymmetries and differential
cross sections for the γp →
K+Λ as a function of cos Θc.m.

are shown in left and right
columns respectively [2]. The
closed circles and open trian-
gles are from the LEPS and
CLAS respectively. In left col-
umn, the dot-dashed, dashed
and solid curves are the re-
sults of “Regge model with
K and K∗ exchange”, “Gent
isobar model” and the “mix-
ing model of the Feynman di-
agram and the Regge model”
respectively. In right col-
umn, dot-dashed, dashed and
solid curves are the theoreti-
cal predictions with the Regge
model, the Feynman diagram
and the mixing model of the
Regge model and the Feyn-
man diagram respectively.

Following with the study of Λ(1116) production, we are interested at the photoproduction
of Λ(1520) with same diagrams shown in Fig. 1.1(a)-(d), since some theoretical calculations

predicted different dominant models for the productions of Λ(1520) which is I(JP ) = 0(3
2

−
).

The intrinsic difference on spin, J , between Λ(1520) and Λ(1116) might be the reason for
different production mechanism. While the experimental results of Λ(1520) photoproduction
are available in the photon energy range of 2.8-4.8 GeV from the LAMP2 collaboration, this
reaction has not been measured near the threshold.

Other than the study of photon beam asymmetry, as shown in right column of Fig. 1.4 and
Fig. 1.6, the differential cross sections of Λ(1116) photoproduction from CLAS and LEPS ex-
periment increase at forward angles. This forward peak resulted from the the significant contri-
bution of K exchange in t-channel, while the contribution from WZW term is minor. Compare
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to the Nam’s theoretical calculation for Λ(1520) photoproduction shown in Fig. 1.7 [3], there
is also an obviously forward enhancement contributed by contact-term channel instead of K
exchange in the t channel. The contact-term contributions shown in Fig. 1.7 almost dominate
overall contributions to the differential cross sections, even though the contributions from K
and K∗ exchange are not negligible, and those from s and u channels are quite small.

Figure 1.5: Photon asymmetry measurements
by LEPS experiment at W=2.109 and 2.196
GeV show as a function of cos θcm. The dashed
(solid) and dot-dashed (dot) lines show the
calculations with and without WZW term at
W=2.196 (2.109) GeV.

Figure 1.6: Differential cross section at
W=2.164 GeV as a function of cos θcm. The
dashed and solid lines indicates the results of
sum of contributions of Fig. 1.1(a)-(d) with
and without the contribution of WZW term
respectively. The open-circle and open-square
data show the results of CLAS and LEPS re-
spectively.

Figure 1.7: Differential cross sections of individual/total contribution as a function of θ at
three different photon energies Eγ =1.8, 2.0 and 2.2 GeV.

The LAMP2 results could also be described by a model emphasizing the importance of a
contact term, which was necessary to conserve gauge invariance along with t-channel pseu-
doscalar kaon (K) exchange [11]. In this framework, a strong asymmetry is distinctively pre-
dicted in the Λ(1520) photoproduction cross sections from protons and neutrons because the
dominant contribution from the contact term is absent in the production from neutrons [1, 12].
According to theoretical prediction of total cross section of Λ(1520) photoproduction [1], in
the process γp → K+Λ(1520), c-channel (contact term), depicted in Fig. 1.1, dominates this
process near the production threshold as shown in the left panel of Fig. 1.8. And, since
γn → K0Λ(1520) is a neutral process, the contact term is absent. This absence caused the
total cross section of γn process to become smaller than that for the γp process, the predicted
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total cross section was shown in the right panel of Fig. 1.8.

Figure 1.8: The predictions of total cross sections for the proton and neutron target are shown
in the left and right panels respectively [1]. In the left panel, the s-, t- and c-channel contri-
butions are drawn separately. The experimental data are taken from LAMP2 experiment [13].
In the right panel, total cross sections with three different coupling constants gK∗NΛ∗ (11., 0.
and -11.) are shown individually.

Figure 1.9: (a) The total cross section of the reaction γp → Λ∗K+ as a function of photon
energy. The solid circles are the result of LAMP2 experiment. The dot-dashed line shows a fit
to LAMP2 data by σ � 0.7(μb)[2.9(GeV )/Eγ]

2.1. The long-dashed line shows the cross sections
from the phase space. The dashed line shows the assumption of the amplitude of Λ(1520) pho-
toproduction at low- and high-energy regions. The short-dashed line is the extrapolation of
effective Lagrangian model to the high-energy region. (b) The differential cross section of the
reaction γp → Λ∗K+ at Eγ = 2GeV as a function of θ in c.m. frame, where the “Bonn” term
represent the sum of contribution of s-, t- and c-channel in Fig. 1.1(a, c, d). (c) The differential
cross section of the reactions γp → Λ∗K+ (dot-dashed) and γn → Λ∗K0 (solid) at Eγ = 2GeV
as a function of θ in c.m. frame.

Another theoretical calculation about the Λ(1520) photoproduction, based on the quark-
gluon string model, was done by Titov et al. [14]. Assuming that the cross sections of
Λ(1520) production at photon energies close to the production threshold can be described
by the effective Lagrangian formalism, nevertheless at high energies, vector meson K∗ ex-
change and Regge model dominated, as shown in Fig. 1.9(a). It can be seen from Fig. 1.9(b)
and (c), the main difference of differential cross sections at the forward region came from the
contribution of Bonn term in the γp reaction; at backward production, the shapes and values
of differential cross sections of two reactions are similar to each other.
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Figure 1.10: The total cross sections of reactions (a) K−p → K−p and (b) K−p → K̄0n as
a function of the invariant collision energy. The data came from ref. [15]. The red-solid lines
represent the results including full reaction amplitudes, while the blue-dashed lines show the
contribution from D03 partial wave only. (c) The invariant mass spectrum of K−p for the
reaction γp → K+K−p, where the red-solid and blue-dashed lines show the results of Drell
mechanism with and without the inclusion of K∗ exchange respectively; the dot line indicates
the result from phase space with a constant amplitude at Eγ =3.8 GeV; and the dot-dashed
line represents the contribution of a Λ(1600) P01-resonance.

There is also a theoretical calculation from Sibirtsev et al. which claimed that Drell mech-
anism can not describe the Λ(1520) photoproduction from protons of LAMP2 data well alone,
the discrepancy can be explained by the K∗ exchange in the t-channel [16]. Drell mechanism
(namely pseudoscalar K exchange) means that the incoming photon virtually decays into a
K+K− pairs, the K− penetrates into proton initiating the reactions to various final states, such
as quasi-elastic scattering K−p → K−p or charge-exchange rescattering K−p → K̄0n, while
the K+ emerges directly [17]. Making a comparison between (a) and (b) in Fig. 1.10, it shows
that the Λ(1520) signal mainly came from the reaction γp → K+K̄0n instead of γp → K+K−p.
If the Λ(1520) resonance does produce from the intermediate reaction γp → K+K−p, there will
be another mechanism dominate in this step rather than the Drell mechanism. Therefore, the
K∗ exchange was considered as a dominant mechanism and demonstrated a good agreement
with the invariant mass spectrum of LAMP2 experiment, as shown in Fig. 1.10(c).

Figure 1.11: The total cross section of the reaction γp → K+Λ(1520) as a function of photon
energy at Lab. frame. The red-solid and green-dashed lines indicates the results of K- and
K∗-exchange trajectories respectively.
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Furthermore, the other theoretical calculation utilizing the chiral unitary model based on
the same LAMP2 data was performed by Toki et al. [18]. It turns out that the contribution
of K∗ exchange at low energies was small, so that the pseudoscalar K exchange dominates in
the reaction γp → K+Λ(1520) , as shown in Fig. 1.11. An extrapolation including the K and
Reggeon exchange models predicts the total cross section to be around 2 μb at the Eγ ∼2GeV.

γ
(JP=1−)

K+
(JP=0−)

K?(t)
K− (JP=0−)

K*− (JP=1−)

p
(JP=1/2+)

Λ(1520)
(JP=3/2−)

p,

K−

Figure 1.12: Feynman diagram of Λ(1520) photoproduction.

Except for the measurement of differential cross sections and photon beam asymmetries, the
decay angular distribution of K− at the t-channel helicity frame (Gottfried-Jackson frame) [19]
of the Λ(1520) is related to its helicity state, which differs depending on reaction mechanisms
including K− or K∗− exchange in the t-channel [14, 18] and contact-term channel [1]. As seen
from Fig. 1.12, the dominant exchange particle of K∗− or K− in this reaction is unclear. This
information can be obtained by the determination of helicity state of Λ(1520) .

P
Λ(1520)

K-

P

target

K?

Λ*(1520) Rest Frame

θ -KHelicity Frame
X

Y

Z

Figure 1.13: The schema of the Λ(1520) t-
channel helicity frame, z-axis is assigned to
be anti-parallel to the direction of the incident
proton and the y-axis is perpendicular to the
production plane.
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Figure 1.14: The expected K− decay angu-
lar distribution in Λ(1520) t-channel helicity
frame.

I(cos θ, φ) =
3

4π
{ρ33 sin2 θ + ρ11(

1

3
+ cos2 θ) − 2√

3
Reρ31 sin 2θ cos φ − 2√

3
Reρ3−1 sin2 θ cos 2φ}

(1.2)
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Referring to the spin density matrix ρ2M2M within the density matrix function I(cos θ, φ) [13]
listed in Eq. 1.2, where M and M ′ are spin projection quantum numbers, we measure the decay
angle θK− in the Λ(1520) t-channel helicity frame shown in Fig. 1.13. Here is an assumption
that there is no φ dependence in the decay angular distribution of K−. Therefore, to integrate
the I(cos θ, φ) with φ in whole range (0∼2π), we obtain

I(cos θ) =
3

4π
{ρ33 sin2 θ + ρ11(

1

3
+ cos2 θ)} (1.3)

In Fig. 1.13, the z-axis is defined to be anti-parallel to the direction of the incident proton in
the Λ(1520) rest frame and the y-axis is the normal to the production plane.

The intensity of K∗− exchange forms a sin2 θK− distribution and K− behaves as a 1
3
+cos2 θK−

distribution, shown in Fig. 1.14. If the Λ(1520) spin projection is only spinless kaon, K−(mz =
±1

2
), exchange, the ratio of mz = ±3

2
to mz = ±1

2
population is zero. On the other hand, if

this reaction was dominated by vector kaon, K∗−(mz = ±3
2
), exchange exclusively by the ratio

of mz = ±3
2

to mz = ±1
2

is 3 : 1. In LAMP2 experiment [13], they assumed a trace condition,
ρ33 + ρ11 = 1

2
, in the evolution of density matrix function I(cos θ, φ) given in Eq. 1.2, but this

trace condition didn’t include the contributions from the last 2 terms of Eq. 1.2.
In addition, the Λ(1520) hyperon recently has received great interest since its mass is close

to that of the claimed pentaquark Θ+ [20] with an opposite strangeness, as shown in Eq. 1.4
and 1.5.

γ + p(uud) → K+(us̄) + Λ∗(uds) → K+ + p + K− (1.4)

γ + n(udd) → K−(ūs) + Θ+(uudds̄) → K− + n + K+ (1.5)

Because of these features, photoproduction of Λ(1520) from protons bears a close resemblance
to that of Θ+ from neutrons.

γ + d → Λ(1520) + Θ+ (1.6)

An associated photoproduction of Λ(1520) and Θ+ might be performed from the deuterons, as
shown in Eq.1.6. One possible Feynman diagram is shown in Fig. 1.15.

γ (JP=1−)

γ K*−K+

Λ*(JP=3/2−)

K+
(JP=0−)

Θ+nK+D
n

(JP=1/2+) Θ+
(JP=?)

p
(JP=1/2+)

Figure 1.15: Feynman diagram of Λ(1520) and Θ+ associated photoproduction from
deuterons. [14]

1.2 Previous results

In order to determine the contributions to Λ(1520) production quantitatively, we use same
fitting function, Eq. 1.7, as that of CLAS experiment [21] to fit the cos θK− decay angular
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distribution by assuming only K∗− and K− exchanges dominate Λ(1520) production.

f(θK−) = α(
1

3
+ cos2 θK−) + β sin2 θK− + γ cos θK−, (1.7)

and
α + β = 1 (1.8)

α and β indicate the fraction of helicity-1/2 and helicity-3/2 respectively. The last term,
“γ cos θK−”, in Eq. 1.7 describes an asymmetric distribution represented the interference with
spin-1

2
background hyperons.
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Figure 1.16: The cos θK− distribution in t-channel helicity frame and fitting result of LAMP2
experiments.
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Figure 1.17: Four cos θK− distribution in t-channel helicity frame and fitting results of CLAS
experiments.

By utilizing Eq. 1.7 and the constrain Eq. 1.8, the fitting results of previous 2 experiments,
LAMP2 [13] and CLAS [21], are shown in Fig. 1.16 and 1.17 respectively. In LAMP2 exper-
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iment, the range of photon energy is from 2.8 to 4.8 GeV. The CLAS facility, however, is an
electroproduction experiment, and the data were divided into four regions of Q2, virtuality.
It can be seen in the left panel of Fig. 1.16, the cos θK− distribution of LAMP2 experiment
behaves much like the sin2 θK− as shown in Fig. 1.14. Then, the fitting gives a significant con-
tribution, 88±8%, from helicity-3/2 state. The result of LAMP2 experiment is larger than the
upper limit, 75%, of the theoretical prediction of Clebsch-Gordon coefficients in a PURE K∗−

exchange. On the contrary, four cos θK− distribution and fitting results of CLAS experiment
show a relatively larger contribution from helicity-1/2 state.

The result of LAMP2 experiment indicates a distinct K∗−-exchange dominance from pho-
toproduction. On the contrary, the electro-production in CLAS experiment behaves closer to
a K−-exchange dominance within the similar energy range as LEPS experiment. There is dif-
ference in a dominant component of the helicity state measured by these two experiments. It
is unclear whether possible energy, angular or photon-virtuality dependence is the main cause
of difference.

1.3 SPring-8/LEPS experiment

In SPring-8/LEPS experiment, a high-intensity polarized photon with an energy range from
1.5 to 2.4 GeV provided by the Backward Compton Scattering facility (BCS) was used to
interact with protons and deuterons.

Table 1.1: Comparison of experimental conditions between NINA/LAMP2, JLab/CLAS and
SPring-8/LEPS

Reaction (Virtual) Photon Energy C.M. Energy

LAMP2 γp → K+Λ(1520) 2.8 < Eγ(GeV) < 4.8 2.48 < W(GeV) < 3.14
CLAS e−p → e′−K+Λ(1520) 0.9 < Q2(GeV2) < 2.4 1.95 < W(GeV) < 2.65
LEPS γp → K+Λ(1520) 1.5 < Eγ(GeV) < 2.4 1.92 < W(GeV) < 2.32

Making a comparison, as shown in Table 1.1, SPring-8/LEPS experiment covers a relatively
lower photon energy around the production threshold. Therefore, it is able to measure cross
sections near the production threshold. On the other hand, SPring-8/LEPS experiment has
a similar energy range to CLAS experiment with real photon instead of virtual photon of
electroproduction. It allows us to clarify the meson exchange dominance in Λ(1520) production
not only in energy dependence but in the virtuality of photon.

The experimental setup of SPring-8/LEPS will be described in Chapter 2; the scenarios
of data analysis including reaction channels, two analytic methods, data samples and event
selections will be discussed in Chapter 3. Following with experimental results and discussions
including the studies of mass spectrum, background linearity, total/differential cross section
from different targets, decay asymmetry and photon beam asymmetry in different detection
modes will be presented in Chapter 4. Eventually, we give a summary in Chapter 5.



Chapter 2

Experimental setup

2.1 Light source

2.1.1 Backward-Compton scattering

The production threshold for Λ(1520) photoproduction is above 1.75 GeV, thus a GeV photon
energy as the incident light source is needed. In 1963, Milburn, Arutyunain and Tumanian
purposed the Compton scattering of laser light against high-energy electrons could produce
GeV γ ray for the first time, the backward-Compton scattering (BCS) as shown in Fig. 2.1 [22],
where the energy of a scattered photon is k2, Ee is the incident electron energy, k1 is the laser
photon energy, θ1 and θ2 are the directions of incoming and outgoing photons respectively.

Ee

Ee

,

k2

k1

θ1

θ2

Figure 2.1: Kinematic variables of the backward-Compton-scattering process in the Lab. frame.

Based on the energy-momentum conservation, the energy of a scattered BCS photon energy
Eγ is depicted as

k2 = k1
1 − β cos θ1

1 − β cos θ2 + k1(1−cos θ)
Ee

(2.1)

where Pe

Ee
= β = ve

c
is the velocity of incident electron in unit of the velocity of light, c and

θ = θ2 − θ1. By assuming γ = Ee/me � 1, β � 1, θ1 � 180◦ and θ2 � 1, the Eq. 2.1 can be
rewritten as

k2 =
4E2

ek1

m2
e + 4Eek1 + θ2

2γ
2m2

e

(2.2)

If the laser photon is anti-parallel to the electron beam and is scattered backward θ2 = 0◦, we
would get the highest outgoing photon energy,

k2 =
4k1E

2
e

m2
e + 4k1Ee

. (2.3)

As the incident laser lights are 100% polarized, a backward-Compton scattering photon is
polarized at the maximum energy. The polarization drops as the photon energy decreases, as

11
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shown in Fig. 2.2. However, we could change a wavelength of laser lights easily so that the
polarization remains reasonably high in the energy region of interest.
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Figure 2.2: While the laser photon is full polarized, the polarization of the BCS photon is a
function of Eγ by using the 8 GeV incident electron beam. (a) Linear polarization and (b)
Circular polarization.

In Fig. 2.3, the maximum energy Emax
γ as a function of incident electron energy Ee is

shown with different wavelengths of laser photons. In this experiment, a 351-nm Ar-ion laser
(Coherent Sabre) was used to produce BCS photon against the 8-GeV circulating electron
bunches in the storage ring of SPring-8, the BCS photon energy is up to 2.4 GeV. The energy
spectrum and beam profile of BCS photon beam were measured by a PWO (PbWO4) crystal
calorimeter located at 42.8 m far from the center of the straight section inside the laser hutch.

Fig. 2.4 shows the energy spectra of BCS photon beam and Bremsstrahlung beam created
in the residual gas in the storage ring. The maximum energy of Bremsstrahlung beam is 8
GeV corresponding to the electron beam energy.
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Figure 2.4: Energy spectra of the BCS photon
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2.1.2 Synchrotron radiation and SPring-8

In October 1988, Japan Atomic Energy Re-
search Institute (JAERI) and the Institute of
Physical and Chemical Research (RIKEN) be-
gan to plan and to construct a synchrotron ra-
diation facility. In June 1989, Harima Science
Garden City was selected as the site for the
facility, as shown in Fig. 2.5. In October 1997,
SPring-8 opened for research until now. Syn-
chrotron radiation is emitted from an electron
traveling at almost the speed of light when its
path is bent by a magnetic field. As it was
first observed in a synchrotron in 1947 and was
named “synchrotron radiation”. Figure 2.5: The location of SPring-8.

SPring-8 (an acronym for Super Photon ring-8 GeV) is a research facility that was built
to generate synchrotron radiation, “the light of modern science”. Fig. 2.6 is a bird’s eye view
of SPring-8. Because is has highest electron energy, the largest circumference and advanced
insertion devices, SPring-8 is the one of the world’s most powerful third-generation synchrotron
radiation facility.

Figure 2.6: Bird’s Eye View of SPring-8.

SPring-8’s main facilities are shown in Fig. 2.7, the accelerator complex is composed of
an injector linac (linear accelerator), a booster synchrotron and a low emittance storage ring.
It generates electrons with an electron gun, and accelerates them to energy of 1 GeV, The
accelerated electron beam is transported to the synchrotron, which then accelerates it to 8
GeV. Finally, the beam is injected into the storage ring and stored with the energy of 8 GeV.
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Figure 2.7: SPring-8’s main facility.

2.1.3 Laser system

The 100% linear polarized, horizontal or vertical polarization, laser system we used as the light
source in the initial stage is an Argon laser. A 5W Argon laser has 2W output power at 351nm
(3.5 eV). The GeV photon beam at SPring-8 is produced by backward-Compton scattering
of laser photon from 8 GeV electrons with the maximun photon energy of 2.4 GeV. Those
high-energy photons were transported through the beam pipe to the experimental hutch where
the detector located. If a higher power laser with 5 W output is used, it increases the intensity
of BCS photon beam to about 107 photons/sec.
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Figure 2.8: Schematic view of the laser operation system.

Fig. 2.8 shows the schematic view of Argon laser operation system. The laser photon passed
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through λ/2-wavelength plate to change its polarization. Beam expander was used to adjust
the laser beam profile. After that, the extended laser beam was navigated to the collision part
inside the storage ring. At the end of the straight section in the storage ring, we measured the
polarization angle and degree by rotating the Glan-laser prism, the intensity of the laser was
measured behind the prism with a photodiode as a function of rotation angle. The intensity
distribution for laser photon polarization measurement were shown in Fig. 2.9.
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Figure 2.9: Intensity of photodiode output as a function of the angle of Glan-laser prism for
(a) vertically polarized laser photons and (b) horizontally polarized laser photons.

Fig. 2.10 shows the overview of our experimental facility, the Laser Electron Photon facility
at SPring-8 (LEPS).
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Figure 2.10: Overview of LEPS.
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2.1.4 Tagging counter (Tagger)

Based on the energy conservation, the energy of BCS photons, Eγ, was determined by measur-
ing the energy of recoiled electron, Ee′ . Eγ = Ee−Ee′ , where Ee is the energy of electron beam
inside the storage ring (7.975±0.003 GeV). As shown in Fig. 2.1, an electron scattered by BCS
process will lose its energy. After passing through the bending magnet, the scattered electron
deviated from its normal orbit in the storage ring and was detected by the tagger counter
located at the downstream of bending magnet of the storage ring. The displacement deter-
mined by the tagging counter was proportional to the energy of recoiled electron, the scheme
of tagging counter is shown in Fig. 2.11. The energy resolution, 15 MeV, was estimated by
measuring electron-positron pair production by the BCS photons with the LEPS spectrometer.
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Figure 2.11: Tagging counter.

2.2 Spectrometer

The whole measurement system includes two parts: readout system and detectors system.
As shown in Fig. 2.12, the LEPS detectors setup from upstream consists of a upstream-veto
counter (UPveto), a Liquid Hydrogen/Deuterium target (LH2/LD2), a plastic scintillator (trig-
ger counter), an aerogel Čerenkov counter (AC), a silicon strip detector (SSD), three drift
chambers (DCs), a dipole magnet and a time-of-flight wall (TOF). Each part of detectors has
connection with the readout system for data-acquisition.

UPveto The UPveto was used to reject the pair-production e+e− converted from BCS photons
in air, the residual gas or Al window of the beam pipe.

LH2/LD2 target A 50mm-long liquid hydrogen/deuterium target were used in this experi-
ment, it was located at the 952 mm upstream of the center of dipole magnet. The shape
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Figure 2.12: The setup of LEPS detectors.

of target cell was designed to avoid the loss of acceptance of charged particles detected
by spectrometer.

AC The aerogel Čerenkov counter is just downstream of the plastic scintillator. Based on
the Čerenkov radiation theory, the AC counter helps us to do a selection that throws
away charged particles whose velocities are very large or are greater than the velocity of
photon in a medium.

SSD When a thin and high-resolution detector is required near an interaction region, the
silicon strip detector is very useful. As an incident charged particle passed through the
silicon, it deposits ionization energy and dislodge electrons. Due to the electric field
inside the SSD, the ionization energy causes a separation of the electrons and holes. The
SSD collect at the electrode, giving a signal proportional to the deposited ionization
energy. In LEPS, the SSD consists of 2 planes (x- and y-) of single-sided silicon strip
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with a thickness of 300 μm and a width of 120 μm pitch.

DCs Charged particles passing through the drift chamber liberate electrons that drift toward
the anodes. After electrons are collected at the anode, the provide a signal that a particle
has passed. This signal is fed into TDC and ADC module. According to the drift time of
electrons, we could determine the accurate hit position in the chamber that was traversed
by the incident particle in terms of typical resolution. In LEPS, a 5 planes (x, x’, y, y’,
u) multi-wire drift chamber (DC1) is located upstream of the magnet and two sets of
multi-wire drift chambers (DC2 and DC3) are located downstream of the magnet. The
active area size of DC2 and DC3 is 200 cm (width) × 80 cm (height). Both of two sets
have 5 planes (x, x’, y, y’, v).

Dipole Magnet The dipole magnet in LEPS is a bending magnet whose size is 135 cm (wide)
× 55 cm (high). The length of the pole is 60 cm, and its field strength at the center is 1
Tesla. With the dipole magnet, we can determine the momentum of charged particle.

TOF wall In this experiment, it needs a clock to measure the time of flight while particles
fly through whole detectors. Here, we utilize the scintillator counters to give us a stop
signal. As shown in Fig. 2.13, the TOF wall contains 40 2m-long plastic scintillation bars
with a cross section of 4 cm (thickness) × 12 cm (width). The start signal, T0, for time
measurement is provided by a RF signal from 8 GeV storage ring, where electrons are
bounded at every 2 nsec (508 MHz) with a width (σ) of 12 psec. Since the speeds of both
electron beam and a laser-electron photon are the same, the arrival time of laser-electron
photon at the target is synchronized with the RF signal. When a charged particle passes
through the trigger counter, an output signal is transported to the readout system. Here
is the first stop of time measurement, T1. Then, the charged particle hits on the TOF
wall. This hit gives us the second stop, T2. Finally, the real time of flight is the difference
of 2 stop time, ΔT = (T2 − T0) − (T1 − T0).

PMTFront view

4 cm

200 cm

12 cm

Light guide

3 cm

Top view
Beam

Figure 2.13: Drawing of the TOF wall.
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Figure 2.14: LEPS detectors. Figure 2.15: Comparison of detection for ac-
ceptance and momentum between Spectrome-
ter and TPC.

As described in previous section, the LEPS Spectrometer was designed to detect the charged
particle in the very forward region with high momentum. In order to complement the detection
for wider acceptance and low-momentum charged particles in LEPS experiment, a 4-π detector,
Time Projection Chamber (TPC) embedded inside a 2-Tesla solenoid superconducting magnet,
was brought in for this purpose and set in front of Spectrometer, as shown in Fig. 2.14. The
comparison of detection for acceptance and momentum between Spectrometer and TPC is
shown in Fig. 2.15.
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Figure 2.16: The basic elements of a TPC
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Figure 2.17: The schema of the drift and de-
tection process of electrons on the sense wires.

The TPC [23], as shown in Fig. 2.16, consists of a large drift volume in a uniform electric
field provided by High-Voltage plane on one side and the surrounding field cage, terminated by
Multi-Wire Proportional Chamber (MWPC) on the other side. The wall of field cage parallel
to the direction of drift are installed with electrodes connected by a resistor chain creating a
linearly potential.
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While the charged particles pass through the drift volume, the energy loss from the travers-
ing charged particles ionizes the gas molecules inside the drift space then produce the ions and
ionized electrons. Under the influence of electric field, the ionization electrons drift towards
the MWPC. The electrons arriving at MWPC are multiplied by gas amplification then pro-
duce the avalanche on the sense wires, as shown in Fig. 2.17. The avalanche on the sense wire
then produce the image charges on the some small segmented area of cathode plane under-
neath, usually called pads. Both signals from sense wires and pads were transferred through
the pre-Amplifier, shaper and Flash-Analog-to-Digital converter (FADC) for data acquisition.
Combined the drift time for each of the pad signals, the TPC is able to provide three-dimension
particle trajectories by electronic means. Typically, the TPC is embedded in a uniform mag-
netic field whose direction is parallel to the electric field. It does not only allow to measure the
momentum of charged particle from the track curvature but also improves the spatial resolu-
tion and resolving power by suppressing the transverse diffusion of electrons during the drift
process.

In order to make sure that low-momentum charged particles are detected at large dip angle
or backward direction, as shown in Fig. 2.18, six trigger scintillators were set to surround the
TPC. Furthermore, the wire signal from avalanche or image charge signal on each pad can
provide the specific energy loss, dE/dx, of charged particles, helping us to make the particle
identification. It can be seen from Fig. 2.19, by requiring two charged particles were detected
by forward spectrometer, p, K+, π+ and π− bands can be identified clearly.

Figure 2.18: The schema of TPC surrounding
by six trigger scintillators (a-f).

Figure 2.19: Particle identification of TPC by
“dE/dx” versus “charge×momentum”.

In LEPS experiment, there are two-generation TPCs including circular configuration pads
plane with one-dimension wires for nuclei targets (C, Cu and CH2) and hexagonal configura-
tion pads plane with hexagonal wires for liquid hydrogen and deuterium targets, as shown in
Fig. 2.20. Through the first TPC, we are able to study the Λ(1405) photoproduction where
a kink decay to Σ±π∓ can be obtained within the inner layers; or the medium effect of φ
photoproduction from different nuclei targets. First result from LEPS first TPC was studies
and published by M. Niiyama et al. about “Photoproduction of Λ(1405) and Σ0(1385) on the
proton at Eγ = 1.5-2.4 GeV” [24]. After enlarging the inner space for cooling system, the
second-generation TPC allows us to study the claimed Θ+ photoproduction in the backward
direction from liquid hydrogen and deuterium targets.
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TPC for nuclei targets (C, Cu, CH2)

TPC for liquid hydrogen, deuterium targets
Upstream View Downstream View

Circular Pads One-direction MWPC

Hexagonal Pads Hexagonal MWPC

Upstream View Downstream View

Figure 2.20: Two-generation TPCs in LEPS experiments.

In the following sub-sections, the operational principle and configuration of MWPC and
basic concept of data analysis from FADC signal to track construction, based on the first
generation TPC, will be discussed briefly.

2.3.1 Multi Wire Proportional Chamber

The MWPC consists of a cathode plane and three wire grids above it: The wire grid containing
the sense/field wires, shielding wires closes the volume of the proportional region, and the gating
wire, as shown in Fig. 2.21.

Sense Wires The sense wires are the anode wires of the proportional cell and are at positive
high voltage with respect to the surroundings. The electrons arrive from the drift volume
towards these wires and initiate the avalanche process there.

Field Wires The field wires serve to electrically decouple the sense wires.

Shielding Wires The shielding wires are to hold the same potential as the cathode plane, to
align the electric-field lines.

Gating Wires The uniformity of the electric field is of prime importance in a TPC. Even if
the field cage creates a homogeneous field, it can be destroyed by the presence of space
charge in form of ions in the drift volume. The problem of space charge can be reduced
by a gating wire which in its closed state prevents electric charges from traversing the
wire. Fig. 2.20 shows the electric field for the two states of a gating grid.

Open State The gating wire is at a potential corresponding to its location, nearly not
disturbing the original field.
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Closed State A potential difference between the two semi-wires is applied such that a
dipole field is created to stop the ions created in the avalanche process from traveling
back into the drift volume, and to stop the electrons coming from the drift volume
before they enter the proportional region.

Figure 2.21: Electric field lines with the gate in ”open state” and in ”closed state”. [23]

2.3.2 From FADC signal to track construction

FADC signals For LEPS first TPC, there are totally 1152 FADC channels used for readout,
1056 channels for pads and 96 channels for wires. To scan all the FADC channels,
according to the DATAID (ID=1 for ADC, ID=2 for TDC and ID=3 for Trailer), then
obtain the pulse profile as shown in Fig. 2.22.

ADC

TDC TDC Trailer

Pedestal Level

ADC

Figure 2.22: The schematic ADC, TDC and Trailer.

Suppress pedestal A real ADC signal should have its limitation. That means that the
ADC height must greater then one specific value called pedestal. Therefore, all the
ADC heights obtained from scanning FADC channels need to have the pedestal removed.
As shown in the Fig. 2.22, a real pulse profile must be higher then the pedestal level.
Unfortunately, the pedestal level would vary with time. Even if the variation of the
pedestal level is not so large, it is better to measure the pedestal level every 5 or 6 hours.
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Figure 2.23: Pulse shape on layer 1 of R32338 Event4.

Set pulses To describe a pulse clearly, it includes ADC and TDC of pulse peak bin, width
of pulse, sum of ADC value, mean value of TDC (center of gravity of this pulse) and
the TDC of final ADC bin. So, to scan whole ADC bins in each channel, the specific
pulse configuration could be obtained. Fig. 2.23 is a real-event example about the pulse
profile, it is from Layer 1 of 4th event of run 32338. The vertical dashed lines in each
small plot show the beginning of this pulse, and the ‘̀PAD 0” or “PAD 1” which show
the pad number correspond to the position on transverse plane.

MaxADC1 MaxADC2

MinADC1

MinADC2

Figure 2.24: Schematic pileup pulses.

PREVIOUS

SEED

NEXT

Figure 2.25: Forming cluster on the same
layer, using one pad as a seed and then search-
ing the neighboring pads.

Pileup pulse Usually, it would has the pile-up pulse on one pad as shown in Fig. 2.24. Two
pulse are overlapped. Current criteria to define a pile-up pulse are listed below.

� There are more then one peak inside the pulse profile.
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� The difference between MaxADC1 and MinADC1 is greater then 15.

To separate the pile-up pulse is fitting the pile-up with two individual pulses, and then
two separated pulses could be obtained. But, the current analysis is to slice from the
TDC value of MinADC1. Therefore, there are two incomplete pulses. This part would
be improved by the two-individual-pulse fitting later.

Form clusters After obtaining the pulses in the individual pad, according to the order of
pads and layers, to search the pulse on each pad from first pad of the first layer. When
there is one pulse or several pulses on one pad, using the first pulse of this pad as a seed,
then check the time overlap in the neighboring pads, next one and previous one as shown
in Fig. 2.25.

Pulse on Seed Pad

Pulse on Neighboring Pad

Figure 2.26: Comparing the time overlap between the pulse on seed pad and the one on
neighboring pad

To compare the time overlap between the pulse on seed pad and the one on neighboring
pad, as shown in Fig. 2.26, if the the neighboring pulse satisfies any one of four types, the
neighboring pulse would be involved in the same cluster and then used to be a new seed
to search the other pulses on new neighboring pads. Hence, one cluster could involve
many pulses on many pads, no matter if those pulses are on the same pad, if and only if
those pulses are on the neighboring pads and satisfy the criterion about time overlap.

Set hits Following from clusters, “Hit” could be got by analyzing clusters. The cluster which
pulses within could be used to pick out the hits should obey the following criteria.

� A cluster must contains pulses more than two pulses.

� A cluster must have a pulse which its height(peakADC) greater than four channels
of ADC.

One hit is composed of three pulses on three neighboring pads on the same layer respec-
tively. However, by some reason, pulses located on three neighboring pads but different
layers are suspended now. Currently, to set one hit, it is not allowed that number of
pulses are less than or more than three pulses. Pulses located on the same pad is also
forbidden.

In order to find the three pulsed on the neighboring pads, the algorithm is as follows.

1. Clusters have to be satisfy the above criteria.
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PREVIOUS SEED NEXT
(MIDDLE  PULSE)

Figure 2.27: One hit is composed of three pulses on the neighboring pads respectively.

2. Sorting the pulses within one cluster by peak ADC from high to low.

3. To choose the pulse with higher peak ADC as a SEED, and then to check the pulse
which peak ADC is lower than the seed one, if this pulse is on the neighboring
pad(next or previous pad), it would be picked out to set as a member of one hit.
As mentioned before, one hit could only contain 3 pulses, the middle pulse should
have higher peak ADC than two side ones, as shown in Fig. 2.27. It is the reason
to sort the ADC height and utilize the higher ADC one as a seed.

Find track candidates If a hit has a pulse which its height is greater than the threshold
of ADC to be selected, it would be used as a selected-hit for track finding. Two real
events were shown in Fig. 2.28, a 3-d event display was shown in left plot and a 2-d
plot by Runge-Kutta tracking method is shown in the right plot. Eventually, to measure
the momentum from trajectory curvature and the energy loss from FADC signal of each
track, the particle identification can be obtained as shown in Fig. 2.19 for further studies.

TPCana0.46-rk  R32273  Event 10

Figure 2.28: Two real events are shown by 3-d event display in the left plot and 2-dimension
plot by Runge-Kutta tracking method in the right plot.



Chapter 3

Analysis method

In analysis, the photoproduction of Λ(1520) from two targets, hydrogen and deuterium, was
studied in K+K−, K+p and K−p detection modes. The side-band method for background
estimation is the main feature of this work, in contrast to Monte-Carlo fitting one [25] and
the individual results are compared. The results of production from protons and deuterons
enable the study of photoproduction from neutrons. The 3 detection modes, K+K−, K+p and
K−p pairs, are complementary in coverage of acceptance, so that backward (K+K− and K+p)
and forward (K−p) productions of the Λ(1520) in the c.m. system can be examined, respec-
tively.

3.1 Reaction channels

In the beginning of data analysis, all the reaction channels will be shown first, and help us to
identify the production channels and background channels.

1. Production Channels

(a) γ + p → K+ + Λ∗ → K+ + K− + p

(b) γ + d(p) → K+ + Λ∗ → K+ + K− + p

(c) γ + d(n) → K0 + Λ∗ → π+ + π− + K− + p

2. Background Channels

(a) γ + N → φ + N → K+ + K− + N

(b) γ + N → K+ + K− + N

(c) γ + d → Θ+ + Λ∗ → n + K+ + p + K−

3.2 Detection modes

According to the production/background channels listed above, what we actually interested
are K− and p generated from the decay of Λ(1520) events, mainly focusing on the 3-particle
final state (K+, K−, p). However, not all the K− and p come from the decay of Λ(1520). They
can also be the productions of φ photoproduction or some other else. For convenience, we re-
arrange the three particles K+, K− and p into three sets of two-track detection modes, K+K−,
K+p and K−p detection modes. By requiring a missing particle p/K−/K+ corresponding to its

26
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detection mode K+K−/K+p/K−p based on the energy momentum conservation, Λ(1520) pho-
toproduction can be studied. For example, as shown in Fig. 3.1, K−p detection mode means
that K− and p are detected by forward spectrometer accompanied a backward missing K+.

K
K

p

+
-

Figure 3.1: The schema of side-band subtraction method.

3.3 Analysis scenarios

In this analysis, it strongly depends on the fitted Monte Carlo ntuples generated by Mura-
matsu [25]. Not only to evaluate the number of yield by subtracting simulated background
from mass spectrum of data, but also to determine a reasonable mass spectrum range over which
property of good linearity is shown for side-band subtraction study. It is not always true that
good background linearities were found in the interested kinematic region. In such case of bad
background linearity, a further non-linearity correction is needed. “Side-Band subtraction”,
“Monte Carlo Fitting” and “Non-Linearity Correction” will be discussed individually.

3.3.1 Background non-linearity

B1

B2
B0

S1

S2

S0

Figure 3.2: The schema of side-band subtraction method.
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Before discussing the side-band subtraction method, the most important issue is how to
determine the background linearity or vice versa non-linearity (NL). Therefore, it is better
to determine the background non-linearity quantitatively and will help us to determine a
reasonable and acceptable mass spectrum range with good linearity for further studies, such
as decay angular distribution, differential cross section and so on. As shown in Fig. 3.2, the
side-band regions, “B1 +S1” and “B2 +S2”, are of the equal mass width as the signal window,
“B0 +S0”. The definition of non-linearity (NL) and the associated errors are given in Eq. 3.1-
3.3 by replace Gx as Rx. One set of relative ratio coefficients in K−p detection mode of hydrogen
target is listed in Table 3.1.

Table 3.1: Global fitting factors and relative ratio coefficients for background linearity study
in K−p detection mode of hydrogen target

Global Fitting Factors Gx Relative Ratio Coefficients Rx

KKp 0.0282 1.
KΛ∗ 0.0171 0.60638
φ 0.0361 1.28014

However, the non-linearity will be affected strongly by the statistic of denominator,
√

NB0 ,
in Eq. 3.1. Therefore, a better way to measure the non-linearity is to normalize the Monte
Carlo background components to real data spectrum by applying the global fitting factors
given in Table 3.1 instead of the relative ratio coefficients. Final definition of non-linearity
calculations are listed in Eq. 3.1-3.3.

NL ≡ NB0 − 1
2
(NB1 + NB2)√
NB0

(3.1)

ErrorB(0,1,2)
=

√(√
NBφ(0,1,2)

)2

× Gφ +
(√

NBKKp(0,1,2)

)2

× GKKp + ... (3.2)

ErrorL =

√
(ErrorB0)

2 + 1
2

(
(ErrorB1)

2 + (ErrorB2)
2)

√
NB0

(3.3)

where NB(0,1,2)
= NBφ(0,1,2)

× Gφ + NBKKp(0,1,2)
× GKKp+ ... and Gx means the global fitting

factors of background components.
One example of background non-linearity studies in K−p detection mode from proton target

by using global fitting factors, Gx, is shown in Fig. 3.3 and 3.4. As shown in Fig. 3.3, we studied
the 8-bin K− polar angle in t-channel helicity frame in the photon energy of 2.25-2.40 GeV.
In each plot, the black histogram indicates the mass spectrum from read data and the red one
shows the estimated Monte Carlo background component.

Based on the mass spectra of estimated Monte Carlo background components in Fig. 3.3,
the evaluations of “Non-Linearity” and “Non-Linearity Factor” are shown in the left and right
plots of Fig. 3.4 respectively. In this evaluation, the signal window is 1519 ± 15MeV/c2, that
is, from 1515 to 1534 MeV/c2, and 2 30-MeV/c2 side-band regions are neighboring to the
signal window in the low-mass and high-mass sides individually. Typically, the acceptable
non-linearity is smaller than 1σNsignal

.
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Figure 3.3: 8 plots show the mass spectra of read data (black histogram) and the estimated
Monte Carlo background component (red histogram) by K− polar angle in t-channel helicity
frame. In this background linearity study, the photon energy range is from 2.25 and 2.40 GeV
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Figure 3.4: The “Non-Linearity” and “Non-Linearity Factor” in the photon energy of 2.25-
2.40 GeV in the K−p detection mode from proton targets are shown in the left and right plots
respectively.
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3.3.2 Side-band subtraction

Relied on the linearity of Monte Carlo background spectrum, by choosing the mass spectrum
range with good background linearity to study the yield of Λ(1520) production. According to
the Fig. 3.2, the yield can be calculated by side-band method as shown in Eq. 3.4.

Y ield = (S0 + B0) − 1

2
(S1 + S2 + B1 + B2)

= (S0 − 1

2
(S1 + S2)) + (B0 − 1

2
(B1 + B2))

(3.4)

Refer to Fig. 3.2 and Eq. 3.4, assuming that the background linearity near the mass peak
is good, namely B0 − 1

2
(B1 + B2) = 0, the S0 can be calculated by Eq. 3.4 accompanied with

the sneak-in factor ε from Monte Carlo simulation, as shown in Eq. 3.5.

ΔS ≡ S0 − 1

2
(S1 + S2) = S0

[
1 −

1
2
(S1 + S2)

S0

]

ε ≡
1
2
(S1 + S2)

S0

⇒ S0 =
ΔS

1 − ε

(3.5)

3.3.3 Monte Carlo fitting

From Fig. 3.5, subtracting the background components from real data mass spectrum to obtain
the yield of Λ(1520) . Please refer to [25] for details of Monte Carlo background estimation
produced by Muramatsu. A brief description about how to generate background spectrum is
in the following.

Figure 3.5: The schema of Monte Carlo fitting method.

� Producing background spectra for two major photoproduction processes of φp and non-
resonant KK̄p final states individually. Small contributions other than Λ(1520) and φ
productions were included in the category of “non-resonant” process. These processes
were generated by assuming a constant matrix element in a GEANT3-based MC simu-
lation package [26].
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� KΛ(1520) photoproduction was simulated by varying width of the resonance depending
on phase space of decay products with Blatt-Weisskopf barrier penetration model [27].
Kinematical dependences of the simulated events, including polar angles and momenta
of the detected tracks and c.m. energy, were adjusted by skimming events to reproduce
the real hydrogen data.

� The individual photo-reaction was isolated by tagging/untagging Λ(1520) and φ peaks
with subtraction of contaminations from the other processes, so that the event skimming
and normalizations were properly done.

� Quasi-free photoproduction spectra in the deuterium data were estimated just by adopt-
ing influence of Fermi motion in the MC samples skimmed using the hydrogen data. An
off-shell correction was taken into account for a nucleon target inside deuterium. A MC
sample only for non-resonant K0K−p production from neutrons was additionally prepared
based on the deuterium data.

� Sum of all the processes were well consistent with real spectra of invariant and missing
masses within slices pf photon energy and polar angle.

3.3.4 Non-linearity correction

As we mentioned before, the mass spectrum did not have good background linearity in all
dimensions. A further correction must be taken care, especially in the K+K− detection mode
from hydrogen target. Therefore, we introduce in a new variable, “scale”. It will be multiplied
to physics results after the standard side-band subtraction procedure. The evaluation of “scale”
is shown in Eq. 3.6-3.11.

Non-Linearity Factor (NLF ),

NLF ≡ B0

1
2
(B1 + B2)

. (3.6)

Sneak-in Factor (Factor),

Factor ≡ 1 + κ ≡ MC0

MC0 − 1
2
(MC1 + MC2) × NLF

. (3.7)

Y ield′ ≡ (S0 + B0) − 1

2
(S1 + B1 + S2 + B2) × NLF (3.8)

→ FactorNLF=1 ≡ MC0

MC0 − 1
2
(MC1 + MC2)

. (3.9)

→ Y ield′
NLF=1 = (S0 + B0) − 1

2
(S1 + B1 + S2 + B2) (3.10)

scale =
Y ield′ × Factor

Y ield′
NLF=1 × FactorNLF=1

(3.11)
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3.3.5 2-step side-band subtraction

Since many possible background processes other than the K+K−p final state were involved
in the K+p detection mode, MC simulations were not adopted for background estimation.
Different from the standard side-band subtraction described in section 3.3.2, a 2-step side-
band subtraction method was implemented to treat complicated background contamination in
K+p detection mode of hydrogen target.
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Figure 3.6: Dalitz plot and mass spectra of massing mass of K+ versus missing mass of pK+

in K+p detection mode of hydrogen target. A zoom-in Dalitz plot around the mass range of
Λ(1520) and K− was shown in bottom-right panel.

It can be seen from Fig. 3.6, both mass spectra of “missing mass of K+” (top-right panel)
and “missing mass of pK+” (bottom-left panel) show complicate background contamination.
In the case of “missing mass of pK+”, an significant contamination came from the production
of Λ(1405)/Σ(1385) in the low-mass region; simultaneously, an unknown bump structure about
1.7 GeV/c2 contaminates from high-mass side. On the other hand, the contamination under
the peak of K− in the mass spectrum of “missing mass of pK+ is totally indistinguishable.
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The background includes γ + p → Λ + π+, Σ + π+, Λ + π0 + π+, Σ + π0 + π+, Σ(1285) + π+,
K∗+(892) + Λ, K∗+(892) + Σ, and so on. Therefore, we use the 2-step side-band subtraction
method.

At the first step, three mass spectra of “missing mass of K+” were selected in the range of
“missing mass of pK+” of 0.433-0.463 (low-mass), 0.463-0.523 (middle-mass, ±30 MeV/c2 away
from PDG value of Kaon mass) and 0.523-0.553 (high-mass) GeV/c2, corresponding to the
colored histograms (left green, central yellow and right green parts) in bottom-left panel of
Fig. 3.6 respectively. Subtracted the sum of low-mass and high-mass “missing mass of K+”
spectra from the middle-mass “missing mass of K+” spectrum to have the first-step side-
band subtracted mass spectrum. Here, there is a linearity problem of “missing mass of pK+”
spectrum”.

Following the second-step, side-band subtraction was performed on which was obtained in
the previous step. Non-linearity of hyperon backgrounds in “missing mass of pK+” spectrum
is removed assume that the linearity in “missing mass of K+ is better. Non-linearity of non-
resonance KKp background in “missing mass of K+” spectrum still remains. In summary,
the 2-step side-band subtraction method calculates raw signal counts by (N5 − N4 − N6) −
(N2 − N1 − N3) − (N8 − N7 − N9), as shown in Fig. 3.7. This is actually consistent with the
case where the order of side-band subtractions is reversed : (N5 − N2 − N8)−(N4 − N1 − N7)−
(N6 − N3 − N9).
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Figure 3.7: Conceptual explanation of 2-step side-band subtraction method.

3.4 Event selections

All the cut conditions in K−p and K+K−/K+p detection modes were listed in Table 3.2, where
the photon energy was re-calculated by utilizing “ photonenergy2trk.f ”
in “ miho:/np1b/v01/sp8lep/OfficialMacro/func/ ” provided by Kato [28]. The photon energy
cut, Eγ > 1.75 GeV, in the K−p detection was set by the production threshold of Λ(1520) .
However, the photon energy cut, Eγ > 1.90 GeV, in K+K− detection mode was due to the
acceptance of Λ(1520) photoproduction drops drastically below 1.9 GeV. An additional cut
condition, “invm(K+K−)>1.030 GeV/c2”/”MMp(γ,p)>1.050 GeV/c2”, was applied to exclude
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the significant contamination of φ events in the K+K−/K+p detection mode. All the other event
selection conditions were discussed in the following subsections.

Table 3.2: Cut conditions for K−p and K+K−/K+p detection modes

K−p mode K+K−/K+p mode

ntrk > 1 ntrk > 1
3σ PID 4σ PID
ikm/ipr 
= 0 ikm/ikp 
= 0
ithtofhit(ikm/ipr) > 0 ithtofhit(ikm/ikp) > 0
prbchi2(ikm/ipr) ≥ 0.02 prbchi2(ikm/ikp) ≥ 0.02
abs(ytof(ikm/ipr)-tofdiff(ikm/ipr)) ≤ 80 abs(ytof(ikm/ikp)-tofdiff(ikm/ikp)) ≤ 80
abs(itof(ikm/ipr)-tofid(ikm/ipr)) < 2 abs(itof(ikm/ikp)-tofid(ikm/ikp)) < 2
nuotl(ikm/ipr) ≤ 6 nuotl(ikm/ikp) ≤ 6
-1100 ≤ vtz ≤ -900 -1100 ≤ vtz ≤ -900
abs(vtx) ≤ 15 abs(vtx) ≤ 25
0.40 ≤ MMp(γ,K−p)−MK ≤ 0.62 GeV/c2 |MMp(γ,K+K−)−MP | ≤ 0.050 GeV/c2

photon energy ≥ 1.75 GeV photon energy ≥ 1.9 GeV
invm(K+K−) > 1.030 GeV/c2 (K+K− only)
MMp(γ,p) > 1.050 GeV/c2 (K+p only)

3.4.1 Particle identification (PID)

Since the Λ(1520) → K− + p is the main detected decay mode in this analysis, therefore how
to identify K− and p from experimental data is the main issue. One of the ways to distinguish
different particles is by mass. From experimental data, we could get the momentum (p) of the
particle from the bending angle as it passed the magnet and the velocity (β) from the path
length and time of flight. Then the mass of particle is

m =

(
p21 − β2

β2

) 1
2

(3.12)

, where β is the velocity of particle.
Usually we use some selection criteria to identify particles and suppress background tracks.

In order to define particles’ boundaries more quantitatively, instead of m distribution, we bring
in a m2-distribution boundary as shown in Fig. 3.8, a 2-D distribution of momentum versus
mass square. It can can be seen from Fig. 3.8, some band structures can be seen. From
Eq. 3.12, we can derive the resolution of m2, σ2

m2 , as

σ2
m2 = 4m2

(
σp

p

)2

+
4p4

β2

(σTOF

L

)2

(3.13)

, where m is the particle’s mass peak position; L is the length of flight path; σp is the momentum
resolution and σTOF is the TOF resolution.
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Depending on Eq. 3.13, we studied the momentum dependence of mass-square resolution,
σ2

m2 , we eventually determined the particle identification boundary for proton and Kaon and
shown in Fig. 3.8. In Fig. 3.8, 2 inner solid lines defined the 3σ PID boundaries and 2 outer
dashed lines indicated the 4σ PID boundaries for proton, K+/− and π+/−. In our study, 3-σ
boundary was used for K−p detection mode. A wider PID boundary, 4σ, was utilized to collect
more events in Λ(1520) production of K+K− and K+p detection mode since the acceptance of
K+K− and K+p detection modes are relatively small.
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Figure 3.8: Particle Identification Boundaries.

3.4.2 Decay-in-flight cuts

� At least one hit must be accepted by the TOF counter (Fig. 3.9).

� We make cuts on the difference of transverse positions between reconstructed hit posi-
tion at the TOF counter and the measured positions by the TOF counter itself. If the
difference of the TOF slat number, abs(itof − tofid), was greater than 1 (Fig. 3.10) or
the difference of y coordinate, abs(ytof − tofdiff), was greater than 80 mm (Fig. 3.11),
those tracks will be rejected.

� The reconstructed hit position of tracking chamber away from the expected trajectory
more than the resolution was considered as a outlier and removed from the tracking.
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While the number of outliers of one track was greater than 6, this track will be rejected
(Fig. 3.12).

� If the χ2 probability of a fitting of the track reconstruction was greater than 0.2, this
track will be rejected (Fig. 3.13).
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Figure 3.9: Number of hits at
TOF counters.
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Figure 3.11: Position differ-
ence in Y coordinate.
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Figure 3.12: Number of outliers hits.
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Figure 3.13: χ2 probability.

3.4.3 Vertex cuts

� The cut condition of vertex position of liquid hydrogen and deuterium targets in x co-
ordinate was chosen as ±15mm away from center of target for K−p detection mode and
±25mm away from center of target for K+K−/K+p detection mode (Fig. 3.14).

� Depends on the experimental setup, the positions of liquid hydrogen and deuterium
targets in z coordinate are located between -900 mm and -1100 mm (Fig. 3.15).
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Figure 3.14: Vertex position in x coordinate.
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Figure 3.15: Vertex position in z coordinate.

3.4.4 Production threshold

The first thing that needs to be done is to derive the relativistically kinematics invariants,
known as the Mandelstam variables s and t. Mandelstam variable s stands for CMS energy
squared, s = (k1 + k2)

2 = (k3 + k4)
2; variable t is defined as the 4-momentum transfer squared,

t = q2 = (k1 − k3)
2 = (k2 − k4)

2.

γ
p

K+

Λ*(1520)

θLab γ
(k1)

p
(k2)

K+(k3)

Λ*(1520) (k4)

θCMS

Figure 3.16: Λ(1520) photoproduction in Lab.(left diagram) and CMS (right diagram) frames.

Fig. 3.16 shows the reaction of γ+p → Λ(1520)+K+ in Lab. and CMS frames respectively.
Referring to the right diagram of Fig. 3.16, Λ(1520) photoproduction in CMS frame, k1, k2, k3,
k4 denote the 4-momenta of particles: γ, p, K+ and Λ(1520) and are shown in Eq. 3.14-3.17
respectively.

k1 =

⎛
⎜⎜⎝

EγCMS

0
0

PγCMS

⎞
⎟⎟⎠ (3.14)

k3 =

⎛
⎜⎜⎜⎜⎝

√
M2

K+ + P 2
K+

CMS

PK+
CMS

sin θCMS cos φCMS

PK+
CMS

sin θCMS sin φCMS

PK+
CMS

cos θCMS

⎞
⎟⎟⎟⎟⎠ (3.15)

k2 =

⎛
⎜⎜⎝

√
M2

p + P 2
pCMS

0
0

PpCMS

⎞
⎟⎟⎠ (3.16)

k4 =

⎛
⎜⎜⎜⎝

√
M2

Λ + P 2
ΛCMS

PΛCMS
sin θCMS cos φCMS

PΛCMS
sin θCMS sin φCMS

PΛCMS
cos θCMS

⎞
⎟⎟⎟⎠ (3.17)
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, with the notation as:

EγCMS
incident photon energy in CMS frame

PγCMS
momentum of incident photon in CMS frame

Mp mass of proton
PpCMS

momentum of proton in CMS frame
MK+ mass of K+

PK+
CMS

momentum of K+ in CMS frame

θCMS polar angle of K+ in CMS frame
φCMS azimuthal angle of K+ in CMS frame
MΛ mass of Λ(1520)
PΛCMS

momentum of Λ(1520) in CMS frame

Based on Eq. 3.14-3.17, the Mandelstam variable s and t can be evaluated as the following.
In LEPS experiment, m1 = 0, namely,

s ≡ (k1 + k2)
2 = (k3 + k4)

2 = m2
1 + 2E1E2 − 2P1P2 + m2

2 = 2EγMp + M2
p (3.18)

t ≡ (k1 − k3)
2 = (k2 − k4)

2 = m2
1 + 2E1E3 + 2P1P3 + m2

3 (3.19)

= (E1CMS
− E3CMS

)2 − (P1CMS
− P3CMS

)2 − 4P1CMS
P3CMS

sin2

(
θCMS

2

)
(3.20)

= M2
K+ − 2E1CMS

E3CMS
+ 2P1CMS

P3CMS
cos θCMS (3.21)

If θCMS = 0,

t = M2
K+ − 2E1CMS

E3CMS
+ 2P1CMS

P3CMS
. (3.22)

And if θCMS = π,

t = M2
K+ − 2E1CMS

E3CMS
− 2P1CMS

P3CMS
, (3.23)

where

E1CMS
=

s + m2
1 − m2

2

2
√

s
=

s − M2
p

2
√

s
(3.24)

E3CMS
=

s + m2
3 − m2

4

2
√

s
=

s + M2
K+ − M2

Λ

2
√

s
(3.25)

P1CMS
=

√
E2

1CMS
− m2

1 = E1CMS
(3.26)

P3CMS
=

√
E2

3CMS
− m2

3 =
√

E2
3CMS

− m2
K+ (3.27)

Utilizing Eq. 3.22-3.23, the production threshold of Λ(1520) photoproduction can be eval-
uated. Simultaneously, the production threshold of Θ+(1540) can be derived by utilizing the
mass of K0 (497.648 MeV/c2) and the mass of Θ+ (1540 MeV/c2) instead of the mass of K+
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Figure 3.17: Production threshold of Λ(1520) and Θ+(1540)

(493.677 MeV/c2) and the mass of Λ(1519.5 MeV/c2) in Eq. 3.16-3.21. Both of them are shown
in Fig. 3.17.

From Fig. 3.17 it can be seen that the production threshold of Λ(1520) is 1.6945 GeV. Since
the Λ(1520) production will accompany Θ+ production, we apply 1.75-GeV cut on Λ(1520) pho-
toproduction for further study on Θ+ photoproduction in K−p detection mode. On the other
hand, because of low statistic at photon energy below 1.9 GeV in K+K− detection mode, a
1.9-GeV photon-energy cut was applied in K+K− detection mode.

3.5 Data samples

In this experiment, there are 2 kinds of targets, liquid hydrogen and liquid deuteron. For
convenience, we used LH2 and LD2 as the abbreviations of “liquid hydrogen target” and “liquid
deuterium target”. All data samples used for analysis are listed below. In hydrogen data
analysis, 5 missing runs weren’t included in this study since the Monte Carlo estimation did
not include these 5 missing runs in the ntuples training.

LH2 miho:/np1b/v01/sp8lep/OfficialMacro/runinfo/runlistllh2.dat

24011, 24012, 24013, 24014 and 24015 were not included in this study.

LD2 miho:/np1b/v01/sp8lep/OfficialMacro/runinfo/runlistlld2.dat



Chapter 4

Results and discussions

4.1 Invariant mass and missing mass

The main purpose of this study is to reconstruct the Λ(1520) baryon events from two-track
events. The invariant mass of Λ(1520) baryon and missing mass of different missing particles
in 3 detection modes are reconstructed to identify the Λ(1520) events. Backward (forward)
production of Λ(1520) in the c.m. system is examined by detecting a K+K− or K+p (K−p)
pair. Two charged particles are identified by a 3σ or 4σ cut in squared mass depending on
their momenta. A particle decaying in flight is removed by required good track fitting qualities.
The vertex point of two tracks is required within the target volume and the beam size. Photon
energy is required to be greater than 1.90 (1.75) GeV for the K+K− and K+p (K−p) detection
mode because of our acceptance to the Λ(1520) photoproduction.

In K+K− detection mode, we measured the missing mass of K+ to identify the Λ(1520) baryon.
Simultaneously, we reconstructed K+ and K− to form the invariant mass of φ(1020) meson and
determine the missing mass of K+K− to be proton by energy-momentum conservation. As
shown in Fig. 4.1 and Fig. 4.3 for hydrogen and deuterium targets respectively, a clear proton
band associated with the momentum and a proton resonance peak can be recognized. Owing
to the Fermi motion inside the deuterium target, the width of missing mass of K+K−from
deuterons is obviously larger than that from protons. From Fig. 4.2 and Fig. 4.4, in order
to enhance the Λ(1520) resonance structure, a φ(1020) exclusion cut, the invariant mass of
K+K− greater than 1.03 GeV/c2 was applied in K+K− detection mode. Even we required the
3-particle KK̄p final state, that is to study the missing mass of K+ while the missing mass
of K+K− was around the mass of proton, the S/N ratio of Λ(1520) resonance structure in
K+K− detection mode is still very small, especially for that from deuterium targets.

Similar to the K+K− detection mode, we measured the missing mass of K+ to identify
the Λ(1520) baryon in K+p detection mode from hydrogen target exclusively. In parallel, we
measured the missing mass of proton to identify the φ(1020) meson and determined the missing
mass of pK+ to be K−. Similar plots can be seen from Fig. 4.5 and Fig. 4.6. It can be seen
from the bottom plot of Fig. 4.5, unlike the missing mass spectra in K+K− detection mode
shown in the bottom plots of Fig. 4.1 and Fig. 4.3, the background contamination under the
K− resonance peak is complicated and not easy to dig out the K− event exclusively. That is
why we introduce the 2-step side-band subtraction method. A similar φ(1020) exclusion cut,
missing mass of proton is greater than 1.05 GeV/c2, was also applied in K+p detection mode,
but not shown in plots. The spectrum of missing mass K+ shown in the right panel of Fig. 4.6
has applied the 3-particle KK̄p final state.

Different from the K+K− and K+p detection modes, we detected K− and proton to form the

40
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invariant mass of Λ(1520) baryon in K−p detection mode from hydrogen and deuterium targets,
and to determine the missing mass of pK− to be K+. Meanwhile, we measured the missing
mass of proton to identify the main background component, φ(1020) events, in K−p detection
mode. Similar plots can be seen in Fig. 4.7 and Fig. 4.8 for hydrogen target; Fig. 4.9 and
Fig. 4.10 for deuterium target. In K−p detection mode, no φ(1020) exclusion cut was applied
because φ(1020) events were kinematically suppressed.

According to Fig. 4.1, 4.3, 4.5, 4.7 and 4.9, in order to determine the 3-particle KK̄p final
state, “|missing mass of K+K− − Mp| ≤ 0.050 GeV/c2” was applied in K+K− detection mode;
“0.468 ≤ missing mass of K+p ≤ 0.518 GeV/c2” was applied in K+p detection mode; “0.40
≤ missing mass of K−p ≤ 0.62 GeV/c2” was applied in K−p detection mode. 2 dash lines in
top-left and bottom-left plots of each figure pointed out the boundaries of event selections.

Mass spectra, other than Fig. 4.1-4.10, with specific photon energy regions and K+/0 polar
angle ranges in c.m. system are plotted in Fig. 4.11, where the specific polar angle ranges
are depending on the measurement of differential cross sections. In comparison with K+K−,
K+p and K−p detection modes, the spectator K0 which occurs only in the K−p detection mode
of deuterium events means that some of events came from the photoproduction from neutron
inside the deuterium target. As shown in Fig. 4.11, the real-data spectra (solid line) and es-
timated background spectra (all the others) were overlapped, and the hatched area indicated
the typical side-band areas. In Fig. 4.11(a), the background contribution which came from
φN photoproduction is comparable to that of non-resonant KKN photoproduction. Differed
from Fig. 4.11(a), the background contribution in Fig. 4.11(c,d) is mainly non-resonant KKN
photoproduction. On the other hand, the photoproduction of Λ(1520) in K+K− and K+p de-
tection mode are generated mainly in the backward region. In contrast, that in K−p detection
mode is produced in the forward region.

4.1.1 K+K− detection mode from protons
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Figure 4.1: Missing mass and momentum of
K+K− .
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ing mass of K+.
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4.1.2 K+K− detection mode from deuterons
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Figure 4.3: Missing mass and missing momen-
tum of K+K− .
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Figure 4.4: Invariant mass of K+K− and miss-
ing mass of K+.

4.1.3 K+p detection mode from protons
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4.1.4 K−p detection mode from protons
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Figure 4.7: Missing mass and missing momen-
tum of pK−.
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Figure 4.8: Invariant mass of pK−and missing
mass of proton.

4.1.5 K−p detection mode from deuterons
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Figure 4.9: Missing mass and momentum of
pK−.
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Figure 4.10: Invariant mass of pK−and miss-
ing mass of proton.
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4.1.6 Mass spectra
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Figure 4.11: (a) and (b) show spectra of K+ missing mass from the hydrogen data in the
K+K− and K+p detection modes, respectively. (c) and (d) show K−p invariant mass spectra
in the K−p detection mode from hydrogen and deuterium data, respectively. Background
estimates based on Monte Carlo simulations are overlaid, while typical side-band selections
are indicated by hatched area. The background spectra in (c) and (d) are dominated by
non-resonant KK̄p photoproduction.

4.2 Monte Carlo fitting

In K−p detection mode, not only the invariant mass of pK− and missing mass of proton, but
the plot of missing mass of deuteron will also be shown. On the other hand, the missing mass
of K+ and invariant mass of K+K− will be shown in K+K− detection mode. In the following
plots of Monte Carlo fitting from Fig. 4.12 to 4.14, black histogram shows the spectrum of
real data, different production components are shown as overlapped histograms with different
colors. Then, the red histogram is the sum of estimated components.



4.2. MONTE CARLO FITTING 45

4.2.1 K+K− detection mode from protons
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Figure 4.12: The Monte Carlo fitting plots of missing mass of K+ and invariant mass of
K+K− from hydrogen data.

4.2.2 K−p detection mode from protons
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Figure 4.13: The Monte Carlo fitting plots of invariant mass of pK− and missing mass of proton
from hydrogen data.
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4.2.3 K−p detection mode from deuterons
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Figure 4.14: The Monte Carlo fitting plots of invariant mass of pK− , missing mass of proton
from deuterium data and missing mass of deuteron from deuterium data.

In cases of K+K− and K−p detection modes from hydrogen data, the simulated components
including the Λ(1520) , φ(1020) meson and non-resonant KKP events fit well with the real
data. As shown in bottom plot of Fig. 4.14 for the K−p detection mode from deuterium
data, however, the claimed Θ+ photoproduction and the unknown 1.6-GeV bump show in the
spectrum of missing mass of deuteron which go beyond our understanding can not be simulated
well. Therefore, an additional cut condition “MMd(γ,K−p) < 1.51 GeV/c2” was implemented
in K−p detection mode of deuterium target to avoid those contamination. A validity check of
cut condition “MMd(γ,K−p)” will be shown later.
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4.3 The measurement of differential cross section

4.3.1 Luminosity

According to the number-of-photon tables provides by Sumihama and Kato, the luminosity
can be evaluated as the followings.

(a) Number of Target

Ntarget (LH2) = 6.76574 × 1023 / cm2

Ntarget (LD2) = 8.08427 × 1023 / cm2

(b) Probability of Ntag=1

Pntag=1 (LH2 K
−p mode) = 0.8241

Pntag=1 (LD2 K
−p mode) = 0.8108

Pntag=1 (LH2 K
+K− mode) = 0.8437

Pntag=1 (LD2 K
+K− mode) = 0.8302

(c) Branching Ratio = 0.225

(d) Transmission : Ptrans = 0.526

Target Mode Eγ (GeV) Nγ Luminosity (1/pb)

Luminosity = Nγ × Ntarget × Pntag=1 × Ptrans

LH2 K+K− 1.75−1.90 3.72410E+11 0.111822

LH2 K+K− 1.90−2.05 4.34670E+11 0.130517

LH2 K+K− 2.05−2.20 5.00660E+11 0.150331

LH2 K+K− 2.20−2.40 7.66750E+11 0.230229

LH2 K−p 1.75−1.90 3.72410E+11 0.109224

LH2 K−p 1.90−2.05 4.34670E+11 0.127484

LH2 K−p 2.05−2.20 5.00660E+11 0.146839

LH2 K−p 2.20−2.40 7.66750E+11 0.224880

LD2 K−p 1.75−1.90 5.40230E+11 0.186260

LD2 K−p 1.90−2.05 7.04340E+11 0.242841

LD2 K−p 2.05−2.20 8.09750E+11 0.279184

LD2 K−p 2.20−2.40 1.21205E+12 0.417889

4.3.2 Differential cross section

Due to the limitation of statistics in K+K− detection mode from protons, no finer energy
dependence of differential cross section was examined as we measured in K+p or K−p detection
modes. Therefore, the measurement in K+K− detection mode from protons was confined in
photon energy of 1.9-2.4 GeV in K+ polar angle of 0-60 degrees. Acceptance factors were
estimated in Monte Carlo simulation taking into account the measured decay asymmetry of
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Λ(1520) . We confirmed that the ratio of luminosities estimated for the hydrogen and deuterium
runs was consistent with that of Λ(1520) signal counts in the two data sets with detection of
all three tracks in the K+K−p final state, which only arose from the interaction with protons.
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Figure 4.15: The measurement of differential cross sections in K+K−, K+p and K−p detection
mode from protons in photon energy of 1.9-2.4 GeV by Monte Carlo based and side-band
subtraction methods.

The left panel of Fig. 4.15 shows that the differential cross sections measured in K+ polar
angle of 0-60 degrees from K+K− and K+p detection modes were consistent with each other.
Cross sections at forward K+ angles are more than three times larger than those at back-
ward angles. This tendency does not contradict the existing theoretical picture [1, 14, 18, 16]
which considers the dominance of a contact-term contribution but no contribution from the
K∗ exchange. While we divided the 0-60 degrees into 0-30 and 30-60 degrees, a significant
discrepancy was observed in the range of K+ polar angle of 0-30 degree by comparing the
middle and right panel of Fig. 4.15. We have not resolved the discrepancy of results obtained
in the two detection modes, but this may be caused by an interference effect due to different
background compositions.
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Figure 4.16: The measurement of differential cross sections in K+K−, K+p and K−p detection
mode from protons and deuterons in photon energy of 1.9-2.4 GeV by Monte Carlo based and
side-band subtraction methods.

We show differential cross sections of K+K− detection mode from deuterons in Fig. 4.15 and
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Fig. 4.16 respectively. It can be seen that forward enhancement in K+ polar angle dependence
was confirmed in all the analysis methods even the statistics in K+K− detection mode were not
large. More information about the measurement of differential cross sections in K+K− detection
mode from protons are available in Fig. A.1-A.4.

4.3.2.1 K+p detection mode from protons

In the case of K+p detection mode from protons, the Fig. 4.17 shows the 2-step windows
dependence of differential cross sections in photon energy of 1.9-2.4 GeV in K+ polar an-
gle of 0-30 and 30-60 degrees, where Λ(1520) signal-window widths were examined under
the requirement |MMp(γ,K+p)−MK | < 20∼30 MeV/c2. It can be seen that the measure-
ment of dσ/d cos θK+ became relatively stable in K+ polar angle of both 0-30 and 30-60 de-
grees while the Λ(1520) signal-window width is greater than 20 MeV/c2. Here, we set the
“|MMp(γ,K+p)−MK | < 25 MeV/c2” and “|MMp(γ,K+)−MΛ(1520)| < 30 MeV/c2” as the stan-
dard 2-step windows requirements and as a reference measurement in K+p detection mode.
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Figure 4.17: 2-step windows dependence of differential cross sections in photon energy of 1.9-2.4
GeV in K+ polar angle of 0-30 and 30-60 degrees within the K+p detection mode from protons,
where the colored-bashed lines indicate the reference values under standard requirements.
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In addition to the case with full energy range, as shown in Fig. A.5-A.8, we measured the
window dependence of differential cross sections under the condition “|MMp(γ,K+p)−MK | <
25 MeV/c2” in photon energy of 1.75-1.9, 1.9-2.05, 2.05-2.2 and 2.2-2.4 GeV in K+ polar angle
of 0-30, 30-60, 60-90, 90-180, 0-60 and 19.4-43.2 degrees.

In order to make a comparison in differential cross sections between results of two-track
K+p detection mode and single K+ detection mode in forward region, Fig. A.9-A.12 demon-
strate the detail of 6×6 2-step side-band subtraction measurement in K+p detection mode
from protons. A summarized plot under standard requirement is shown in Fig. 4.18, 0∼20% of
enhancement was observed in photon energy of 1.9-2.2 GeV in comparison with that in photon
energy of 2.2-2.4 GeV. The tendency of a bump structure is consistent with the observation by
single K+ detection mode, but its strength is smaller than that of single K+ detection mode,
where 20∼40% enhancement was reported.
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Figure 4.18: The energy dependence of differential cross sections in K+p detection mode from
protons were examined under the condition of 0.6 < cos θK+ < 1.0.

4.3.2.2 K−p detection mode from protons and deuterons

Differential cross sections in backward K+ angles are smaller than 1/3 of those in 0◦ < θK+ <
60◦. This may contradict with the interpretation of s-channel N∗ resonance around W=2.11
GeV (Eγ=1.9-2.0 GeV) in Λ(1520) photoproduction using single K+ detection.

In order to investigate this possible contradiction further, we looked into the energy de-
pendence of differential cross sections in backward K+ angles with K−p detection mode. The
left column of Fig. 4.19 shows the energy dependence both from Monte Carlo based and side-
band subtraction methods in 4 regions of backward K+ angles. In 120◦ < θK+ < 150◦, the
differential cross section increases toward lower photon energy, and there is no bump struc-
ture. In 150◦ < θK+ < 180◦, an enhancement is observed around Eγ=2.1 GeV, but it does not
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correspond to the mass of claimed N∗ by single K+ detection. In case we combine these two
angle regions, 120◦ < θK+ < 150◦ and 150◦ < θK+ < 180◦, there is no obvious enhancement.
At least, no clear bump structure corresponding to W=2.11 GeV is observed in the backward
K+ angles with K−p detection mode. Same measurement from deuterons shows similar energy
dependence of differential cross sections in the K+ polar angle of 120-180 degrees.
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Figure 4.19: The energy dependence of differential cross sections in K−p detection mode from
protons and deuterons in backward K+ polar angles are shown in left and right columns
respectively. A validity check of cut condition “MMd(γ,K−p)| < 1.510 GeV/c2” is overlaid in
the right column.

An additional study about the validity of cut condition “MMd(γ,K−p)< 1.510 GeV/c2” is
overlaid in right column of Fig. 4.19. This cut condition was applied to remove the contam-
ination from Θ+ photoproduction and 1.6-GeV bump, as shown in the bottom-left panel of
Fig. 4.14. Therefore, we change to cut boundary to 1.56 GeV/c2 and without MMd cut, the
results are overlaid by red-solid and blue-solid squares in right column of Fig. 4.19 respectively.
It turns out to be of no bias with this cut condition. More information about the measurement
of differential cross sections in K−p detection mode from protons and deuterons are available
in Fig. A.13-A.20.
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4.3.2.3 Combination of K+p and K−p detection mode from protons

As we mentioned in Sec. 4.3.2.1, we did the similar studies as the left column of Fig. 4.19 in
K+p detection mode from protons, and show in Fig. A.5-A.8. Combining the measurement in
left column of Fig. 4.19 and those from Fig. A.5-A.8 with standard 2-step requirements, the
differential cross sections which cover whole K+ polar angle range in 4 photon energy slices are
shown in Fig. 4.20.
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Figure 4.20: By combining the measurement from K+p and K−p detection modes, differential
cross sections from protons which cover whole K+ polar angle range in 4 photon energy slices
are shown in 4 panels.

By summing up the measurement in Fig. 4.20, even though the error bar in K+ polar angle
of 60◦-90◦ of each panel is huge, where we selected the results in K−p detection mode from
side-band subtraction method, the total cross sections are shown in Fig. 4.21. The results of
present measurement and LAMP2 experiment are shown in Fig. 4.21, also the parametrization
function from SLAC group was overlaid for comparison. Our cross sections are lower than the
theoretical prediction.
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Figure 4.21: Total cross sections (solid squares) of Λ(1520) photoproduction in the photon
energy of 1.75-1.9, 1.9-2.05, 2.05-2.2 and 2.2-2.4 GeV of LEPS experiment overlaid with the
measurement from LAMP2 experiment [13] (open circles), where 3 dashed lines indicated the
parametrization function, σtot(Λ(1520)) = (5.4± 1.4)/k2μb, from SLAC group [29]. Numerical
values of LEPS results are listed in Tab. A.3.

4.3.2.4 Summarized results

As shown in Fig. 4.22, we studied the invariant mass of K−p in K+K−p detection mode from
protons and deuteriums. The total luminosity for hydrogen target is 0.608427 1/μb and for
deuterium target is 1.126174 1/μb, the luminosity ratio of deuterium target to hydrogen target
is 1.851. After applying the luminosity ratio on mass spectra of hydrogen, the mass spectra
of invariant mass of K−p from scaled protons and deuterons were overlaid in the same panel
with different cut conditions depicted above the panels. The counting range of Λ(1520) events
is from 1.50 to 1.54 GeV/c2. Numbers of Λ(1520) events with different cut conditions without
background subtraction were listed in the Table 4.1. After applying the luminosity ratio, the
raw counts between scaled protons and deuterons from (1,2) to (1,2,3,4) are almost identical
on both cases. The non-resonant KKp contaminates in condition (1), therefore the counts of
both are different in that.

Table 4.1: Number of Λ(1520) events in the range of invariant mass of K−p of 1.50-1.54 GeV/c2

with four kinds of cut conditions from protons, scaled protons and deuterons.

Cut conditions proton scaled proton deuteron

(1) 104 192.5 257
(1,2) 89 164.7 163
(1,2,3) 84 155.5 153
(1,2,3,4) 31 57.4 62
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Figure 4.22: Invariant mass spectra of K−p in the KKp detection mode from scaled protons
and deuterons were shown with four kinds of cut conditions, depicted above the panels.

Therefore, we confirmed that the ratio of luminosity estimated for hydrogen and deuterium
runs was consistent with that of the Λ(1520) signal counts in the two data sets with detection
of all three tracks in the K+K−p final state, which only arose from the interaction with protons.

From the Fig. 4.23 it can be seen that we studied the K+ polar angle dependence and
photon energy dependence of differential cross from protons in K+K−, K+p and K−p detection
modes, and made a comparison with the result of LAMP2 experiment.

Firstly, in Fig. 4.23(a), we studied the polar angle dependence of differential cross section
in photon energy of 1.9-2.4 GeV. As we mentioned in previous section, different detection
modes have complementary coverage. The behavior of differential cross section shown a non-
monotonic distribution, the increments happened in both most backward and forward ranges.
Again, this tendency does not contradict the existing theoretical predictions which considers
the dominance of a contact-term contribution but no contribution from K∗ exchange under a
rescaling by a cut-off mass of 650 MeV [1, 30].

Secondly, in order to make a comparison with the result of LAMP2 experiment, as shown
in Fig. 4.23(b), we studied the differential cross section within the same angular region as
LAMP2 experiment, where the evaluation of measurement of LAMP2 experiment is shown in
appendix A.5. Fig. A.3 shows the mass spectra and the corresponding values of non-linearity
and non-linearity factor. It appeared from Fig. A.3 that the events of Λ(1520) resonance
structure happened on the saddle point of the sum of background spectra. By checking the
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Figure 4.23: (a) Differential cross sections from the hydrogen data in a photon energy of 1.9-
2.4 GeV. Data points in forward and backward K6+ angles come from the K+K−/K+p and
K−p detection modes, respectively. Sideband-based (SB) and Monte Carlo-based (MC) estima-
tions are simultaneously plotted. A dashed (dotted) line indicates a theoretical prediction for
the photon energy of 1.85 (2.35) GeV with K exchange and a contact term [30]. (b) Differential
cross sections from this work and LAMP2 in c.m. K+ angles of 19-43 degrees.

background linearity in different photon energy slices and different K+ polar angle slices shown
in Fig. A.1, unfortunately, the worst background linearity behaved merely in this particular
angle range. An underestimated background contribution might take place in this study,
therefore, the non-linearity correction mentioned before is significant in this study. According
to Fig. A.4, the measurement of differential cross section with a widest side-band range, 30
MeV/c2, was chosen as the result shown in the plot of paper because of the smallest uncertainty.
In this measurement, theoretical calculations predict ∼1μb or more at Eγ ∼2 GeV with inputs
from the LAMP2 result [1, 14, 18, 16], and the present results are smaller than those predictions.
This measurement shall provide new information for theoretical models.
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Figure 4.24: Differential cross sections for backward K+/0 angles in the K−p detection mode
from the hydrogen and deuterium targets as a function of photon energy in two K+/0 angle
regions.

Let us now turn to the measurement of differential cross section in K−p detection mode.
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Here only the estimations using side-band subtractions are shown, and their deviations from
MC-based results are typically 7%. Fig. 4.24 shows energy dependence of differential cross
sections in K+ polar angle of 120-150 and 150-180 degrees in K−p detection mode from protons
and deuterons. To make a comparison between the results of protons and deuterons in the same
photon energy region and polar angle range, the differential cross section from two different
targets are close to each other.

Based on the measurement in Fig. 4.24, we calculated the combined differential cross sec-
tions in the photon energy of 1.75-2.4 GeV and K+ polar angle greater than 120 degrees from
protons and deuterons, and then evaluated the ratio of deuterons to protons. The calculations
were done by side-band subtraction method only, and show in Tab. 4.2, where differential cross
sections in K+ polar angle of 120◦-150◦ and 150◦-180◦ were combined by taking a weighted
average with d cos θK+ (0.36603 for 120◦-150◦ and 0.13397 for 150◦-180◦).

Table 4.2: Differential cross sections in backward K+ polar angles

dσ/d cos θK+ (nb)
K+ polar angle Photon Energy (GeV) LH2 LD2

120◦-150◦ 1.75-1.9 242.841±39.4075 263.675±43.0377
1.9-2.05 201.748±32.3878 267.224±41.8693
2.05-2.2 169.768±27.0854 149.947±37.6471
2.2-2.4 92.9783±20.3966 91.3669±30.8475
1.75-2.4 161.205±13.9880 172.309±18.7166

150◦-180◦ 1.75-1.9 191.428±48.7495 215.726±47.4598
1.9-2.05 248.351±39.0218 256.836±41.4339
2.05-2.2 259.095±40.3009 264.154±34.2209
2.2-2.4 159.842±25.2862 110.982±23.5714
1.75-2.4 208.012±18.0385 197.729±17.0269

120◦-180◦ 1.75-2.4 173.747±11.3233 179.120±14.4411

LD2

LH2

=
179.120 ± 14.4411

173.747 ± 11.3233
= 1.0309 ± 0.1069 (4.1)

According to Eq. 4.1, the ratio of differential cross sections of deuterons to protons is
1.0309±0.1069 in the side-band subtraction method. Accompanied with the study of Table 4.1,
the Λ(1520) photoproduction from neutrons was found to be strongly suppressed at backward
K0 angles. The observation of a large asymmetry between the productions from protons and
neutrons conflicts with the model considering a dominance of t-channel K∗ exchange [14], but
can be explained by the model where the contact term plays a major role [1]. Larger cross
sections were observed at lower energies as shown in Fig. 4.24, and this behavior is qualitatively
consistent with a theoretical calculation in Ref. [1]. In the backward K+ production from
protons, cross sections also show an increase toward θK+ = 180◦ as shown in Fig. 4.23(a). This
may indicate an additional contribution from u-channel diagrams, which are conventionally
considered to be small in the theoretical models [1, 14, 18, 16].
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4.4 K− decay asymmetry in Λ(1520) t-channel helicity

frame

Decay asymmetry was measured in Λ(1520) t-channel helicity frame, which was defined by
taking a quantization axis to the direction of a t-channel exchanged particle (or the anti-
direction of a target proton).

As we demonstrated the mass spectra of real data and estimated Monte Carlo background
and the angular dependence of “Non-Linearity” and “Non-Linearity Factor” in Fig. 3.3 and 3.4,
similar studies by signal-window width dependence in different photon energy ranges were
shown in appendix B. In this study, 5 kinds of photon energy slices were set to K−p detection
mode, 4 kinds for K+K− detection mode and 2 kinds for K+p detection mode. The photon
energy slices of K−p, K+K− and K+p detection modes are listed in Table 4.3.

Table 4.3: Energy slices of K−p, K+K− and K+p modes for K− decay asymmetry study.

Number of Slices K−p mode K+K− mode K+p mode

1 1.75 - 2.40 GeV 1.90 - 2.40 GeV 1.90 - 2.40 GeV
2 1.75 - 2.20 GeV 1.90 - 2.20 GeV

2.20 - 2.40 GeV 2.20 - 2.40 GeV
3 1.75 - 2.00 GeV 1.90 - 2.10 GeV 1.75 - 1.90 GeV

2.00 - 2.20 GeV 2.10 - 2.25 GeV 1.90 - 2.20 GeV
2.20 - 2.40 GeV 2.25 - 2.40 GeV 2.20 - 2.40 GeV

4 1.75 - 1.95 GeV 1.90 - 2.05 GeV
1.95 - 2.10 GeV 2.05 - 2.20 GeV
2.10 - 2.25 GeV 2.20 - 2.30 GeV
2.25 - 2.40 GeV 2.30 - 2.40 GeV

5 1.75 - 1.90 GeV
1.90 - 2.05 GeV
2.05 - 2.20 GeV
2.20 - 2.30 GeV
2.30 - 2.40 GeV

It can been seen from Fig. B.1, in the photon energy of 1.75-2.4 GeV, we studied the
background linearity of 8-bin K− polar angle in t-channel helicity frame in K−p detection
from protons. The left column shows the mass spectra of real data (black) and estimated
Monte Carlo background (red). The middle column shows the non-linearity of signal-window
width dependence, the top and bottom dash lines in each panel of middle column indicate
the 1-σ deviation away from “Zero”, the central dash line. The width of side-band region is
greater than or equivalent to the width of Λ(1520) , 15.6 MeV/c2, and also the non-linearity is
required to be stable with respect to the variation of width, whose typical value is about 15 or
20 MeV/c2. The non-linearity is checked to be smaller than 1σ. The right column shows the
non-linearity factor of signal-window width dependence. Similar studies with different photon
energy ranges in K−p detection mode is shown in Fig. B.2-B.15.

Following the study of background linearity, as shown in middle and bottom parts of
Fig. B.16, we studied the energy and width dependence of K− polar angle distribution in
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Λ(1520) t-channel helicity frame in K−p detection mode from protons. Results from side-band
subtraction and Monte Carlo based methods are compared simultaneously. In each part, the
first row demonstrates the “Counts”, “Acceptance” and “Counts/Acceptance” from side-band
method; the second one shows the corresponding plots from Monte Carlo method.

The last term of Eq. 1.7, γ cos θK−, introduces the asymmetry composition into K− polar
angle distribution. While we investigate the K− polar angle distribution in both K−p and
K+K− detection modes from protons, they behaved symmetry distribution. In the beginning,
therefore, we neglected the last term in Eq. 1.7 to fit the K− polar angle distribution, namely
the f ′ (θK−) shown in Eq. 4.2.

f ′(θK−) = α(
1

3
+ cos2 θK−) + β sin2 θK−, (4.2)

Instead of fitting “Counts/Acceptance” by Eq. 4.2, we used “f ′ (θK−) × Acceptance” to
fit the distribution of “Counts”. That helped us to minimize the fitting errors. And, the
corresponding distribution of f (θK−) accompanied with the fitting parameters from “f ′ (θK−)×
Acceptance” were overlaid on “Counts/Acceptance”.

The signal-window width dependence of “fraction of helicity-3/2” in 2 different photon
energy slices were shown top and middle panels of Fig. B.21. It can be seen from them, there
is no significant width dependence in both cases while we picked up a reasonable width greater
than 15 MeV/c2. K+K− detection mode from protons has parallel studies in appendix B.2.

Based on the reasonable selections of signal-window width, 15-MeV/c2 and 20-MeV/c2

signal window of K−p and K+K− modes were chosen in obtaining the results of side-band
method respectively to compare with the results of Monte Carlo method of 20-MeV/c2 signal
window. As shown in Fig. 4.25 (Fig. 4.26), we studied the energy dependence of t-channel
helicity component without including an interference term in 3 kinds of photon energy slices
from K−p (K+K−) detection mode of protons. No significant energy dependences were observed
in both K−p and K+K− detection modes. The results of K− decay asymmetry study with
various photon energy slices in K−p and K+K− detection modes from protons were shown in
Fig. B.48.
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Figure 4.25: K− polar angle distribution in photon energy of 1.75-2.4, 1.75-2.2 and 2.2-2.4 GeV
with fit of t-channel helicity component in K−p detection mode from protons.
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Figure 4.26: K− polar angle distribution in photon energy of 1.9-2.4, 1.9-2.2 and 2.2-2.4 GeV
with fit of t-channel helicity component in K+K− detection mode from protons.

In K+p detection mode, the proton tends to be produced in the forward direction, and
statistics of the analyzed sample was therefore enhanced in backward K− angles, which are
opposite directions to the sample in K+K− detection mode.
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Figure 4.27: Decay asymmetry in Λ(1520) t-channel helicity frame from K+p detection mode
of protons.

Fig. 4.27 shows the measured decay asymmetry distribution. Because of larger acceptance,
the whole cos(θK−) range was covered in contrast with the K+K− detection mode. It can be
seen from Fig. 4.27, it turns out that an interference effect is very strong in the photon energy
of 1.9-2.4 GeV and forward K+ angle region. The interference effect has been seen in both
LAMP2 and CLAS experiments but their interference were weaker than our result, as shown
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in Fig. 1.16 and 1.17.

f ′(θK−) = (1 − β)(
1

3
+ cos2 θK−) + β sin2 θK− + γ cos θK− (4.3)

Fitting the K− polar angle distribution in Fig. 4.27 by Eq. 4.3, replacing α by 1-β in Eq. 1.7,
the measured decay asymmetry is also shown in Fig. 4.27.

As shown in Fig. 4.27, the fraction of helicity-3/2 component was comparable with that
of helicity-1/2 component. (In the case of K+K− detection mode, due to the limitation of
acceptance, the fitting was limited to be in the range of “cos θK− > 0” only and without an
interference term. Therefore, we claimed that the decay asymmetry was strongly dominated
by helicity-3/2 component.) This implies a sizable contribution from K-exchange in t-channel
in additional to the contribution from K∗-exchange in t-channel. The result is clearly different
from that of both LAMP2 and CLAS experiments.

In order to compare the result of decay asymmetry between K+p and K+K− detection
modes, corrected number of Λ(1520) →K−p events divided by acceptance were implemented
in K+K− detection mode with the side-band subtraction method by requiring K+ polar angle in
c.m. system to be smaller that 60 degrees, so that the kinematical conditions became the same
as each other. Since the luminosity and solid angle is the same in K+p and K+K− detection
mode, a simple comparison can be seen by overlaying the “counts/acceptance” from 2 detection
modes, as shown in Fig. 4.28. Results from 2 detection modes are statistically consistent with
each other at individual cos θK− region.
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Figure 4.28: Decay asymmetry in Λ(1520) t-
channel helicity frame from K+p detection
mode of protons along with overlaying the re-
sult from K+K− detection mode.
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Figure 4.29: Decay asymmetry distribution,
which is composed by results from K+K− de-
tection mode (cos θK− >0.25) and K+p detec-
tion mode (cos θK− <0.25).

Fractions of helicity state must be the same in both K+p and K+K− detection modes, and
only strength of interference could differ depending on amount of backgrounds. However, this
strength looks also similar to each other in Fig. 4.28. Therefore, it is natural to test the decay
asymmetry parameters by combining the K+p and K+K− detection modes. In the forward K−

direction, the statistics of K+K− detection mode is better, and S/N ratio in K+p detection
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mode gets worse. So results from K+K− mode were plotted in cos θK− > 0.25 while results
from K+p mode were plotted in the other cos θK− region.

Two kinds of evaluations of decay asymmetry parameters as shown in Fig. 4.28 and Fig. 4.29
gave consistent results, and we choose parameter from Fig. 4.28 as a standard one by consid-
ering the possibilities of slight difference of interference amplitude and systematics in signal
counting.
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Figure 4.30: Fraction of helicity-3/2 component (left column) and relative strength of interfer-
ence term (right column) as functions of signal window sizes in MMP(γ,K+) [horizontal axis]
and MMp(γ,K+p) [four panels from top] distributions.

In Fig. 4.30, we showed the fractions of helicity-3/2 component and coefficients of interfer-
ence term as functions of signal window widths. The results are stable around the standard
window sizes. The effect of uncertainty in background estimations including non-linearity was
not large.
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After introducing an interference term in the fitting of decay asymmetry in K+p detection
mode, the fits in forward Λ(1520) photoproduction, K−p detection mode of protons, were also
updated accordingly. Fig. 4.31 shows new fits to K− decay angular distributions from side-band
subtraction method, whose data points are the same as that in Fig. 4.25. The interference term
was not strong as that of backward Λ(1520) photoproduction, and new fitting results were not
far from the previous results without including interference term.
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Figure 4.31: K− polar angle distribution in photon energy of 1.75-2.4, 1.75-2.2 and 2.2-2.4 GeV
with fit of t-channel helicity component including an interference term in K−p detection mode
from protons.

It can be seen from middle and right panels of Fig. 4.31, the increase of fraction may
be indicated in higher photon energy region. However, the error bar become larger than
the previous fits because of the increase of free parameters, and the deviation of helicity-3/2
fractions at the two photon energy is now 0.47σ in side-band subtraction method and 0.26σ
in Monte Carlo based method. So, we decided to show a single fitting result with full photon
energy range of 1.75-2.4 GeV only, as shown in right panel of Fig. 4.32.

In comparison with the result of LAMP2 experiment, the fraction of helicity-3/2 component
was measured to be 0.520±0.063 in photon energy of 1.9-2.4 GeV in K+p detection mode, and
clearly differ from 0.880±0.076 by LAMP2 [13]. The present result was closer to the value from
the low-energy electroproduction by CLAS[21], which obtained 0.446±0.069 in 0.9< Q2 <1.2
GeV2. One possible way to accommodate the observed ratio of the two spin projections
under the dominance of a contact-term contribution is to introduce a small contribution from
the K∗ exchange with a destructive interference between Sz = ±3

2
components, as shown in

Fig. 13 of Ref. [1]. The K∗NΛ(1520) coupling constant, which controls the strength of such
an interference, is experimentally undetermined, and the theoretical predictions of its absolute
value vary in the range of 0-15 [31]. The same fitting procedure was also performed for the K−

angular distribution at backward K+ angles in K−p detection mode. As shown in Fig. 4.32(b),
while the interference was found to be weak, the fraction of Sz = ±3

2
was measured to be

0.631±0.106 (0.545±0.076) in the side-band subtraction (MC-based) method for the photon
energy range of 1.75-2.4 GeV. These fractions were similar to the result in the forward K+

direction. Accompanying with the result of LAMP2 experiment, the energy dependence of
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Figure 4.32: K− polar angle distribution at the t-channel helicity frame of Λ(1520) , produced
from the hydrogen target. (a) shows a result in the K+K− detection mode. (b) and (c) show
results in the K−p mode from photon energy of 1.75-2.2 GeV and 2.2-2.4 GeV, respectively.
Solid lines indicates fit by a linear combinations of helicity-3/2 and 1/2 components.

“Fraction of helicity-3/2” in one photon energy slice in both K−p and K+p detection mode
from protons were shown in Fig. 4.33.
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Figure 4.33: Fractions of the helicity-3/2 component as a function of photon energy. Results
in the forward K+ angle (0-60 degree) are shown by circles along with the LAMP2 result (a
triangle). Results in the backward K+ angle (90-180 degree) are shown by squares. Sideband-
based (SB) and Monte Carlo-based (MC) estimations are simultaneously plotted.

4.5 Photon beam asymmetry

Photon beam asymmetry was measured in K+p detection mode from protons for the K+ polar
angles less than 60 degrees by dividing K+ azimuthal angle into 8 bins. The photon beam
asymmetry (Σ) was measured by the fit based on the Eq. 1.1. The beam polarization was
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calculated to be 0.87752 by taking weighted average of energy-dependence beam polarization
0.972 × (−1.9563 + 2.434Eγ − 0.51219E2

γ

)
with Λ(1520) production rates in K+ polar angle

less than 60 degrees and every 100 MeV photon energy Eγ interval. The normalization factor
of two polarization states was estimated to be

k =
Nhori

Nvert
=

1.29869 × 1012

1.50784 × 1012
= 0.86129, (4.4)

where the photon counts normalized by Nproton/Nphoton were used.
Because of the same acceptances and sneak-in factors for a certain azimuthal direction, the

obtained raw signal counts can be inputted directly into the right-hand side of Eq. 1.1, and we
obtained the photon beam asymmetry distribution as shown in Fig. 4.34.
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Figure 4.34: Photon beam asymmetry distri-
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In the beginning, “ΣPγ cos(2φ)” was fitted to the obtained photon beam asymmetry dis-
tribution, as shown in the red fitting of Fig. 4.34, the measured photon beam asymmetry was
-0.04878±0.07091 with χ2 = 0.20258. Although the error bars of photon beam asymmetry
distribution in Fig. 4.34 are large, the mean of 8 (kNV (φ)−NH(φ))/(kNV (φ)+NH(φ)) values
is shifted downwardly from zero. This is not likely due to systematic errors in 2-step side-band
subtraction method because this shift happens even without any side-band subtractions. The
reason has not been fully understood, but a systematic error of “k” may partly explain it
because this factor increases by 1.3-2.1% without the Nproton/Nphoton normalization and some
of correction factors. (Tagger dead time correction was retained.) Owing to such a systematic
error, its effect to the photon beam asymmetry Σ must show up as an offset parameter like
“ΣPγ cos(2φ)+ const.”. Therefore, this function form was fitted to the same photon beam
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asymmetry distribution and obtained Σ = −0.02935 ± 0.07353 with χ2 = 0.07149. In both
cases, the photon beam asymmetry was consistent with zero, and it was indicated that there
was no strong contribution only from K or K∗ exchanges, although the negative Σ means un-
natural parity exchange or K exchange. This small beam asymmetry is consistent with the
prediction of the theoretical model where the contact-term contribution is dominant [3], and
thus the contribution from the t-channel K∗ exchange is suggested to be small.

Other than the measured photon beam asymmetry under the standard 2-step side-band
subtraction condition shown in Fig. 4.34, according to Fig. C.1-C.4 in App. C.1.1, we studied
the window dependences of |MMp(γ,K+p)−MK | and |MMp(γ,K+)−MΛ(1520) | in the range of
15-30 MeV/c2. Some the measurement were summarized in Fig. 4.35. No obvious window
dependence was observed.

Photon beam asymmetry has been measured in photon energy greater than 1.9 GeV for K+

polar angle less than 60 degree with K+p detection. A further study included both 2002-2003
and 2006-2007 data were examined with finer photon energy slices, as shown in Fig. C.5, a
few selections of photon energy were performed to measure the photon beam asymmetry in 6
panels. It can be seen from Fig. 4.36, basically the photon beam asymmetries were consistent
with zero and no clear structure can be identified. The photon beam asymmetry in photon
energy of 1.9-2.0 and 2.3-2.4 GeV may tend to deviate from zero, but it is not conclusive based
on a large statistical error.
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Figure 4.36: The energy dependence of photon beam asymmetry in K+p detection mode from
protons.

Raw beam asymmetry for Λ(1520) side-band regions (N2+N8), K− side-band regions (N4+N6)
and “Λ(1520) & K−” signal region (N5) were measured, shown in following lists, where the
N1∼9 has same definitions as shown in Fig. 3.7. In this method, possible systematic errors can
be checked in an unbiased way by comparing the raw beam asymmetry of neighboring regions.
All combined asymmetries are very close to zero, and there is no jump between the signal and
side-band region.

� raw beam asymmetry : Λ(1520) side-band region (N2+N8)
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2002-2003 -0.008305±0.050950

2006-2007 0.023194±0.051656

combined 0.007127±0.036231

� raw beam asymmetry : K− side-band region (N4+N6)

2002-2003 0.076765±0.048357

2006-2007 -0.003519±0.047108

combined 0.036621±0.033854

� raw beam asymmetry : Λ(1520) & K− signal region (N5)

2002-2003 0.017473±0.027906

2006-2007 0.028406±0.028512

combined 0.020123±0.019800

In addition, as shown in Fig. 4.37, we checked the raw counts and measured raw beam
asymmetry based on the definition of N1∼9 in Fig. 3.7. Other than the results of N1 and N9,
most of regions shown the result of photon beam asymmetry around zero.
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Figure 4.37: Raw counts and raw beam asymmetry measurement based on the definition in
Fig. 3.7.
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4.6 Possible interference from φ meson events

It can be seen from Fig. 4.38, K+K− invariant mass distributions were examined in K+p de-
tection mode by plotting proton missing mass distributions as a function of K− polar angle
in Λ(1520) t-channel helicity frame in order to check possible interferences. Simultaneously
phase space MC simulation of Λ(1520) photoproduction was compared with hydrogen data,
and ratios of the real spectra and the MC spectra were plotted as shown in bottom 2×2 pan-
els. These results may not be conclusive because of background contamination in the real data
sample and the phase space assumption of the MC simulation, but the calculated ratios were
not flat as a function of the K+K− mass.

LH2  (K
+p)

0
20
40
60
80

100
120
140

1 1.2 1.4

C
ou

nt
s

All θK−

0
2.5

5
7.5
10

12.5
15

17.5
20

22.5

1 1.2 1.4

0o < θK− < 60o

0

10

20

30

40

50

60

1 1.2 1.4

60o < θK− < 120o

0
10
20
30
40
50
60
70
80

1 1.2 1.4

MMp(γ,p) (GeV/c2)

120o < θK− < 180o

LH2  (K
+p) Monte Carlo

0
2000
4000
6000
8000

10000
12000
14000

1 1.2 1.4

C
ou

nt
s

All θK−

0
250
500
750

1000
1250
1500
1750
2000
2250

1 1.2 1.4

0o < θK− < 60o

0

1000

2000

3000

4000

5000

6000

1 1.2 1.4

60o < θK− < 120o

0
1000
2000
3000
4000
5000
6000
7000

1 1.2 1.4

MMp(γ,p) (GeV/c2)

120o < θK− < 180o

LH2  (K
+p)  RD/MC

0

0.005

0.01

0.015

0.02

0.025

1 1.1 1.2 1.3 1.4 1.5

C
ou

nt
s

All θK−

0

0.005

0.01

0.015

0.02

0.025

1 1.1 1.2 1.3 1.4 1.5

0o < θK− < 60o

0

0.005

0.01

0.015

0.02

0.025

1 1.1 1.2 1.3 1.4 1.5

60o < θK− < 120o

0

0.005

0.01

0.015

0.02

0.025

1 1.1 1.2 1.3 1.4 1.5

MMp(γ,p) (GeV/c2)

120o < θK− < 180o

Figure 4.38: K+K− invariant mass distributions as a function of K− polar angle in Λ(1520) t-
channel helicity frame from K+p detection mode of protons and phase space Monte Carlo
simulation were shown in left and right 2×2 panels. The ratios of real spectra and Monte
Carlo spectra were shown in bottom 2×2 panels.
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4.7 Effect of AC veto for γn→K0
SΛ(1520)

In K−p detection mode of deuterons, Λ(1520) photoproduction from both protons and neutrons
can be examined. Although the target isospin asymmetry, which suppresses the production
from neutrons, has been indicated in Sec. 4.3.2.4, it should be confirmed how aerogel Čerenkov
(AC) veto can affect (or reduce) the differential cross sections of “γn→K0

SΛ(1520) ”, where
K0

S decays to π+π− with BR=0.6861. Therefore, this reaction channel was generated by a
Monte Carlo simulation with a constant matrix element, and a probability to be vetoed by
AC was measured by using the variable ’vetofac’, which was calculated based on Poisson
statistics of photoelectrons. We generated 50,000,000 events and applied the same event se-
lections as analysis of deuterons data. The probability that π+ or π− pass through the AC
radiator was 12.90±0.07% with the detection of K− and proton at the forward spectrometer
and MMd(γ,K−p)<1.51 GeV/c2. As shown in Fig. 4.39, momenta of those pions were rela-
tively low. Therefore, the AC veto rate for “γn→K0

SΛ(1520) ” reaction was measured to be
0.012±0.002%, after separating out the acceptance effect. (This rate was 1.151±0.013% even
without the requirement of MMd(γ,K−p)<1.51 GeV/c2.) It was confirmed that the effect of
AC veto was negligibly small within our analysis conditions.
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Figure 4.39:

4.8 Ratio of Λ(1520) events between K+p and single K+

detection modes

We checked the K+p/single K+ ratio of raw counts in “|MMp(γ,K+)-MΛ(1520) | < 0.030 GeV/c2”
as a function of azimuthal angle, separately for vertical and horizontal polarizations with
requirements of “|MMp(γ,K+p)-MK | <0.025 GeV/c2” and a φ exclusion cut for K+p mode. In
addition, We also repeated the same measurement in side-band regions (0.030< |MMp(γ,K+)-
MΛ(1520) | <0.060 GeV/c2). As shown in Fig. 4.40, the results were measured in photon energy
of 2.1-2.4 GeV and K+ polar angle less than 60 degrees. In Fig. 4.40, the upper (lower) panels
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correspond to vertical (horizontal) polarization and left (right) panels correspond to the signal
(side-band) region. Generally it looks that there is no big difference between vertical and
horizontal samples. A general tendency of slight increase in 180 degrees may be caused by
proton acceptance because zero degree is defined to horizontal plane here.
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Figure 4.40: Ratio of Λ(1520) events between K+p and single K+ detection modes, where
vertical (horizontal) polarization from signal (side-band) region was examined respectively.

4.9 Comparison of acceptance between K+p and single

K+ detection modes

An additional check of acceptance with 2-track
and single K+ detections is shown in Fig. 4.41.
The energy dependences are not so strong for
both detection modes. Slight increase of sin-
gle K+ acceptance with photon energy could
result in a slightly higher value of beam asym-
metry if the asymmetry goes up in higher en-
ergy. But this effect would be small because a
difference of acceptances between 1.9 and 2.4
GeV is merely 10%. 0
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Figure 4.41: Energy dependence of acceptance
from K−p and single K+ detection modes.



Chapter 5

Summary

Several theoretical calculations, based on the high-energy Λ(1520) photoproduction from LAMP2
experiments, predicted possible dominated processes including t-channel K∗exchange , t-channel
pseudoscalar K exchange or contact term together with the t-channel K exchange under gauge
invariance. In order to realize the real process, SPring-8/LEPS performed theΛ(1520) photo-
production near the production threshold from 2002 to 2003.

Almost 100% linearly polarized Argon laser system with λ=351nm was used as the light
source in the initial stage. GeV photon beams at SPring-8/LEPS is produced by backward-
Compton scattering of laser photon from 8 GeV electrons with maximum photon energy 2.4
GeV. The energy resolution measuring the tagging system located inside the storage ring is
about 15 MeV and the flux of tagged photon is about 5×105 photons/sec. High-energy photons
were transported through the beam pipe to the experimental hutch where the detectors located.
LEPS detectors setup from upstream consists of a time projection chamber (TPC) inside a
solenoid superconducting magnet, a plastic scintillator, an Aerogel Cerenkov counter (AC), a
silicon strip detector (SSD), three drift chambers (DCs), a dipole magnet and a time-of-flight
wall (TOF). The time of flight determined by RF signals of accelerator and TOF wall has the
resolution about 110 ps. The momentum measured by DCs and the dipole magnet give the
resolution around 5 MeV/c roughly.

Following with the Λ(1116) photoproduction from protons merely, we studied Λ(1520) pho-
toproduction with liquid hydrogen and deuterium targets at Eγ =1.75 ∼ 2.4 GeV. We measured
the K−p detection mode in the backward K+/0 direction from protons and deuterons; and the
K+K− and K−p detection modes in the forward K+ direction from protons. Except for the
study of K+p detection mode from protons, we performed the standard side-band subtraction
method and Monte Carlo simulation method with the estimation of background non-linearity
on both K−p and K+K− detection modes. Owing to the complicated and indistinguishable
background contamination in K+p detection mode from protons, a two-step side-band sub-
traction was used to minimize the background contamination. By studying the invariant mass
and missing mass spectra of Λ(1520) and all the other resonant/non-resonant backgrounds, we
measured the differential cross sections, K− decay asymmetries in t-channel helicity frame and
photon beam asymmetries.

At backward K+/0 angles, we compared the cross sections from protons and deuterons. A
strong suppression of the production from neutrons was observed as suggested in the theory
advocating the importance of the contact term.

Similar to the measurement from Λ(1116) production, a peaking behavior of differential
cross sections in forward K+ angle was observed from the hydrogen data in addition to dom-
inance of the helicity-3/2 component in the decay asymmetry. This suggested a dominant
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contribution either from K∗ exchange in the t-channel or contact-term channel, but not K
exchange in the t-channel, differed from the dominance of t-channel K exchange in the Λ(1116)
production. The measured cross sections were smaller than existing theoretical calculations
based on the LAMP2 result, and our measurement will provide a new constraint. In the
backward K+ production from protons, slight increase of differential cross sections and weaker
strength of the helicity-3/2 component were observed as new information, possibly indicating
a u-channel contribution. There also existed energy dependences of the cross sections and the
helicity-3/2 fractions in this angular region.

By the decay asymmetry in the production from protons, the contribution from the Sz = ±3
2

component was determined to be nearly 50%. This fact may be explained by the weak K∗

exchange along with postulating a destructive interference between the Sz = ±3
2

components.
In the measurement of photon beam asymmetry, the Σ ∼ 0 which is dominated by the

contact-term channel is different from the positive behavior measured in the Λ(1116) produc-
tion suggested by the dominance of Gent isobar model accompanied with the mixing model of
the Feynman diagram and the Regge model.

The forward enhancement of the differential cross section and the small value of the photon
beam asymmetry are also compatible with the interpretation adopting the contact term. Future
precision measurements of the decay asymmetry and the photon beam asymmetry shall provide
more accurate constraints on the value of K∗NΛ(1520) coupling constant as well as details of
reaction dynamics. Further theoretical studies will be also desired at a more quantitative level
to explain the two asymmetry measurements.

This work is closely related to the possible production of Θ+. Firstly, the LEPS experiment
has reported the possibility of coherent photoproduction of γd → Λ(1520) Θ+ [32], where for-
ward Λ(1520) production plays an important role to induce the reaction of K+n → Θ+. The
present measurement of elementary cross sections is essential to advance theoretical calcula-
tions of this reaction. Secondly, a comparison of the results in the LEPS [33] and CLAS [34]
experiments might hints that Θ+ photoproduction from protons is suppressed relative to that
from neutrons. Such a target-isospin asymmetry may originate from the contact term [11] as
suggested by the forward Λ(1520) photoproduction in the present work.

We don’t report the backward photoproduction results from LEPS TPC experiment in this
thesis. By Flash ADC module, we can get the pulses information corresponding to each pad
due to induced charges produced by electron avalanches. Search the time-overlapped pulses on
neighboring and sequential pads to form clusters. In each cluster, looking for pulses on three
individually neighboring pads to set hit location. Combining with the drift time, 3-dimension
trajectory of the particle can be clearly reconstructed. The momentum of charged particle
can be determined from curvature of trajectory. Finally, with the correlation between energy
loss and momentum, particle identification can be done, unlike the particle identification of
forward spectrometer determined by time-of-flight and momentum measurement.
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Appendix A

Differential cross section

In this appendix, the background linearity in the dimension of K+ polar angle and the value of
dσ/d cos θK+ from different photon energy ranges, targets and detection modes will be shown.
K+K− and K−p detection modes from protons and deuterons and K+p detection mode from
protons will be presented in Sec. A.1, A.3 and A.2 individually.

In Sec. A.1.1, Fig. A.1 shows the background linearity study of 0-30, 30-60, 60-90 and 90-180
degrees in the photon energy of 1.9-2.4 GeV and 0-60 degrees in the photon energy of 1.9-2.2,
2.2-2.4, 1.9-2.06 and 2.06-2.4 GeV from K+K− detection mode of LH2 data. As shown in
Fig. A.1, we studied the mass spectra of real data overlaid by estimated backgrounds, φ(1020)
photoproduction, non-resonant KK̄N photoproduction and the sum of individual productions.
In the middle and right column of Fig. A.1, the signal-window width dependence of non-
linearity and non-linearity factor were studied respectively. A corresponding measurement of
the differential cross section were shown in top 2 columns of Fig. A.2. The top-left column of
Fig. A.2 shows the signal-window width dependence of differential cross sections, where red-
and blue- dash lines indicated values and the range of uncertainty of differential cross section
measured by Monte Carlo method. The top-right column of Fig. A.2 listed details of the
measurement of differential cross section, number of yield of Λ(1520) , detector acceptance by
Monte Carlo simulation and the differential cross section.

In order to make a comparison with the result of LAMP2 experiment, similar studies were
performed in K+ polar angle of 19-43 degree within the photon energy of 1.9-2.4 GeV, as shown
in Sec. A.1.3. The last part of this appendix demonstrated the calculation of differential cross
section on LAMP2 experiment.

In the case of K+K− (K+p) detection mode of deuteron (proton) target, no background lin-
earity study was executed. Therefore, the intrinsic side-band subtraction method was applied
in it. The signal-window width dependence of results are shown in bottom 2 panel of Fig. A.2
(Fig. A.5-A.12). For K+K− detection mode of deuteron target, same angular bins and photon
energy as that of proton target are shown. For K+p detection of proton target, we measured
the differential cross sections in K+ polar angle of 0-30, 30-60, 60-90, 90-180, 0-60 and 19.4-43.2
degrees in photon energy of 1.75-1.9, 1.9-2.05, 2.05-2.2 and 2.2-2.4 GeV under the requirement
“|MMp(γ,K+p)-MK | <0.025 GeV/c2”, as shown in Fig. A.5-A.8. On the other hand, a cross
check for bump structure of differential cross sections was measured in 0.6 < cos θK+ < 0.7,
0.7 < cos θK+ < 0.8, 0.8 < cos θK+ < 0.9 and 0.9 < cos θK+ < 1.0 in the photon energy
of 1.75-1.9, 1.9-2.2 and 2.2-2.4 GeV. 2-dimension signal-window width variations, including 6
kinds of widths for |MMp(γ,K+)−MΛ(1520)| and |MMp(γ,K+p)−MK | individually, were shown
as 6×6 panels in one figure simultaneously from Fig.A.9 to A.12.

In the case of the K−p detection mode of proton and deuteron target, similar studies with
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same photon energy slices as that of K+p detection mode were measured in K+ polar angle
of 90-120, 120-150, 150-180 and 120-180 degrees. Background non-linearity studies for proton
(deuteron) were shown in Fig. A.13 and Fig. A.14 (Fig.A.17 and Fig. A.18). The measurement
of differential cross sections were presented in Fig. A.15 and Fig. A.16 (Fig. A.19 and Fig. A.20)
for proton (deuteron) target.
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A.1 K+K− detection mode from protons and deuterons

A.1.1 Background non-linearity
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Figure A.1: Background non-linearity studies in different K+ polar angles within photon energy
of 1.9-2.4 GeV from K+K− detection mode of LH2 data are shown in 3 columns respectively,
including mass spectra of real data overlaid by that of Monte Carlo simulations, background
non-linearities and non-linearity correction factors.
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A.1.2 Differential cross section
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LH2  (K
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K+ polar angle : 0−30 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  60.900± 28.410 0.00165964±0.00005829 3022.980±1114.090
10  61.176± 14.771 0.00308627±0.00007955 1152.250± 312.367
15  70.692± 13.190 0.00407960±0.00009150 1027.820± 211.334
20  87.656± 13.361 0.00457422±0.00009691 1127.020± 191.382
25 103.674± 13.752 0.00494212±0.00010075 1202.160± 182.698
30 105.725± 14.122 0.00512198±0.00010258 1069.400± 180.929

K+ polar angle : 30−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  20.017± 41.417 0.00089102±0.00002578  564.493±1104.550
10  63.839± 17.955 0.00176267±0.00003627  834.951± 242.675
15  57.593± 16.633 0.00231695±0.00004159  538.233± 170.904
20  62.943± 16.683 0.00266859±0.00004465  455.755± 148.831
25  76.906± 17.239 0.00289805±0.00004653  461.488± 141.702
30  95.726± 17.909 0.00305152±0.00004775  473.330± 139.930

K+ polar angle : 60−90 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5   0.000±  8.795 0.00010387±0.00000754    0.000±   0.000
10   6.184±  6.738 0.00017495±0.00000978  617.582± 670.789
15  10.846±  6.661 0.00023508±0.00001134  751.236± 494.305
20  14.571±  7.286 0.00026023±0.00001193  918.095± 488.978
25  12.606±  7.203 0.00028319±0.00001244  769.999± 443.658
30  13.957±  7.469 0.00029850±0.00001278  826.235± 436.595

K+ polar angle : 0−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5   0.000±  0.000 0.00000000±0.00000000 1223.370± 861.899
10   0.000±  0.000 0.00000000±0.00000000  919.987± 196.376
15   0.000±  0.000 0.00000000±0.00000000  669.442± 137.325
20   0.000±  0.000 0.00000000±0.00000000  635.654± 120.414
25   0.000±  0.000 0.00000000±0.00000000  659.988± 114.702
30   0.000±  0.000 0.00000000±0.00000000  633.077± 113.326
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LD2  (K
+K−)  1.90 < Eγ < 2.40 GeV

K+ polar angle : 0−30 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  52.108± 40.850 0.00108202±0.00004931 1699.400±1334.500
10  57.366± 23.360 0.00198445±0.00006681 1020.090± 416.801
15  86.246± 20.293 0.00274770±0.00007865 1107.630± 262.531
20  99.346± 20.061 0.00318320±0.00008467 1101.320± 224.315
25 124.481± 20.301 0.00353788±0.00008928 1241.610± 204.898
30 144.294± 20.311 0.00384318±0.00009306 1324.900± 189.237

K+ polar angle : 30−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  83.652± 68.931 0.00056892±0.00002160 1899.630±1567.000
10  44.618± 29.152 0.00113621±0.00003054  507.338± 331.759
15  55.612± 25.962 0.00152314±0.00003536  471.709± 220.489
20  72.193± 25.358 0.00185269±0.00003901  503.429± 177.153
25 103.269± 25.840 0.00208387±0.00004137  640.247± 160.709
30 147.024± 26.987 0.00221175±0.00004263  858.816± 158.509

K+ polar angle : 60−90 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5   7.000± 29.283 0.00005838±0.00000590 1133.910±4744.850
10  17.914± 11.875 0.00011676±0.00000834 1450.920± 967.388
15  27.708± 10.292 0.00015847±0.00000972 1653.610± 622.513
20  21.955±  9.572 0.00019421±0.00001076 1069.110± 469.862
25  17.674±  9.940 0.00021208±0.00001124  788.106± 445.217
30  15.325± 10.277 0.00023949±0.00001195  605.192± 406.964

K+ polar angle : 0−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5   0.000±  0.000 0.00000000±0.00000000 1845.970±1201.510
10   0.000±  0.000 0.00000000±0.00000000  644.756± 267.306
15   0.000±  0.000 0.00000000±0.00000000  642.136± 176.067
20   0.000±  0.000 0.00000000±0.00000000  663.664± 142.933
25   0.000±  0.000 0.00000000±0.00000000  801.412± 129.824
30   0.000±  0.000 0.00000000±0.00000000  983.727± 126.628

Figure A.2: Measured from K+K− detection mode of LH2 and LD2 data, the left column shows
the signal-window width dependence of differential cross sections in different K+ polar angles
within photon energy of 1.9-2.4 GeV; the right column shows the corresponding numerical
tables including number of yields, acceptance and differential cross section dσ/d cos θK+ . In
the bottom of right-column tables, the signal-window dependence of differential cross sections
in K+ polar angle of 0-60 degrees were evaluated by simply summing up the results of K+ polar
angle of 0-30 and 30-60 degrees, instead of a practical measurement.
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A.1.3 Background non-linearity and dσ/d cos θK+ for 19o < θK+ < 43o
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Figure A.3: Background non-linearity studies in K+ polar angle of 19-43 degrees within pho-
ton energy of 1.9-2.4 GeV from K+K− detection mode of LH2 data are shown in 3 columns
respectively, including mass spectra of real data overlaid by that of Monte Carlo simulations,
background non-linearities and non-linearity correction factors.
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LH2  (K
+K−)  1.90 < Eγ < 2.40 GeV

K+ polar angle : 19 − 43 degree

Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5 100.150± 37.207 0.00141399±0.00004247 3071.980±1072.490

10 101.900± 17.789 0.00268531±0.00005857 1523.270± 271.221

15  92.039± 15.764 0.00356173±0.00006748  980.037± 180.898

20  97.903± 15.754 0.00406618±0.00007212  855.975± 158.357

25 110.386± 16.125 0.00440758±0.00007510  857.577± 149.632

30 111.877± 16.471 0.00460120±0.00007674  723.184± 146.360

Figure A.4: Measured from K+K− detection mode of LH2 data, the left column shows the
signal-window width dependence of differential cross sections in K+ polar angle of 19-43 degrees
within photon energy of 1.9-2.4 GeV, where hollow- and solid- square indicated the before and
after non-linearity correction respectively; the right column shows the corresponding numerical
tables including number of yields, acceptance and differential cross section dσ/d cos θK+ .
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A.2 K+p detection mode from protons

A.2.1 Differential cross section I
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2nd step : Λ* Signal-Window Width (MeV/c2)

LH2(K
+p)   1.75 < Eγ < 1.9 GeV

First Side-band Subtraction: |MMp(γ,K+p)−MK| < 0.025 GeV/c2

K+ polar angle : 0−30 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  36.343± 33.038 0.03320880±0.00034909  324.601± 295.101

10 109.885± 21.840 0.05950590±0.00047321  547.725± 108.947
15 131.915± 20.173 0.07710120±0.00054310  507.479±  77.688

20 149.740± 19.876 0.08743680±0.00058113  507.959±  67.510
25 143.358± 19.886 0.09364520±0.00060312  454.068±  63.055

30 136.607± 20.473 0.09731060±0.00061584  416.387±  62.459

K+ polar angle : 30−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  82.786± 38.799 0.01828040±0.00015513  491.790± 230.525

10  60.739± 23.228 0.03300560±0.00020995  199.842±  76.436
15 108.808± 21.583 0.04282060±0.00024027  275.942±  54.758

20 126.108± 21.676 0.04848570±0.00025636  282.448±  48.572
25 115.654± 21.807 0.05198930±0.00026591  241.577±  45.568

30 101.462± 22.160 0.05436540±0.00027222  202.671±  44.277

K+ polar angle : 60−90 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  12.123± 13.803 0.00349725±0.00005775  275.561± 313.773

10  25.223± 10.053 0.00612018±0.00007650  327.612± 130.642
15  20.309±  9.284 0.00782509±0.00008657  206.306±  94.340

20  21.152±  9.511 0.00891798±0.00009247  188.545±  84.797
25  23.762±  9.568 0.00961173±0.00009603  196.514±  79.152

30  29.201±  9.685 0.01013630±0.00009864  229.000±  75.985

K+ polar angle : 90−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  -1.660±  6.845 0.00028336±0.00001159 -232.846±-960.089

10   3.459±  5.043 0.00050513±0.00001548  272.204± 396.890
15   4.175±  4.509 0.00067476±0.00001789  245.917± 265.701

20   0.660±  4.526 0.00077048±0.00001911   34.053± 233.453
25   2.484±  4.479 0.00085672±0.00002016  115.254± 207.795

30   3.593±  4.715 0.00091548±0.00002084  155.980± 204.728

K+ polar angle : 0−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 118.784± 51.001 0.02226420±0.00014687  424.103± 182.112

10 170.993± 31.903 0.04007740±0.00019877  339.156±  63.301
15 241.210± 29.571 0.05196870±0.00022763  368.955±  45.261

20 276.460± 29.437 0.05888020±0.00024309  373.236±  39.772
25 259.628± 29.540 0.06310550±0.00025216  327.043±  37.233

30 238.552± 30.193 0.06582580±0.00025787  288.076±  36.479

K+ polar angle : 19.4−43.2 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  81.393± 40.090 0.02988130±0.00026091  505.763± 249.152

10 104.128± 24.751 0.05402430±0.00035491  357.882±  85.101
15 160.977± 22.670 0.07003560±0.00040716  426.781±  60.154

20 193.771± 22.582 0.07948570±0.00043567  452.648±  52.810
25 177.720± 22.775 0.08493640±0.00045149  388.511±  49.831

30 166.192± 23.356 0.08853330±0.00046172  348.549±  49.017

Figure A.5: Measured from K+p detection mode of LH2 data and under the requirement
“|MMp(γ,K+p)-MK | <0.025 GeV/c2”, the left column shows the signal-window width depen-
dence of differential cross sections in different K+ polar angles within photon energy of 1.75-1.9
GeV; the right column shows the corresponding numerical tables including number of yields,
acceptance and differential cross section dσ/d cos θK+.
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2nd step : Λ* Signal-Window Width (MeV/c2)

LH2(K
+p)   1.9 < Eγ < 2.05 GeV

First Side-band Subtraction: |MMp(γ,K+p)−MK| < 0.025 GeV/c2

K+ polar angle : 0−30 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  65.449± 51.603 0.03632980±0.00034690  457.809± 360.986

10 240.725± 32.261 0.06558290±0.00047263  932.775± 125.188
15 275.417± 29.731 0.08536840±0.00054421  819.860±  88.656

20 290.779± 29.348 0.09709260±0.00058350  761.066±  76.949
25 297.568± 29.659 0.10450800±0.00060742  723.572±  72.241

30 300.387± 30.183 0.10909200±0.00062188  699.735±  70.424

K+ polar angle : 30−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  39.939± 55.869 0.01633670±0.00013934  227.458± 318.188

10 203.512± 34.917 0.02950900±0.00018849  641.660± 110.169
15 265.448± 31.911 0.03839650±0.00021593  643.217±  77.410

20 299.695± 31.871 0.04389040±0.00023147  635.301±  67.644
25 319.934± 32.316 0.04725600±0.00024057  629.902±  63.706

30 318.206± 32.934 0.04939830±0.00024621  599.330±  62.102

K+ polar angle : 60−90 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  12.619± 18.928 0.00171703±0.00003843  500.519± 750.867

10  22.571± 11.465 0.00309924±0.00005166  495.998± 252.083
15  31.593± 10.653 0.00402128±0.00005887  535.072± 180.597

20  40.649± 10.699 0.00454670±0.00006262  608.883± 160.485
25  44.123± 10.864 0.00491586±0.00006512  611.281± 150.726

30  50.608± 11.204 0.00516483±0.00006676  667.337± 147.997

K+ polar angle : 90−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5   0.000±  0.000 0.00000171±0.00000086    0.000±   0.000

10   0.000±  0.000 0.00000171±0.00000086    0.000±   0.000
15   0.415± -0.415 0.00000171±0.00000086 8251.020±9224.920

20   0.366± -0.273 0.00000171±0.00000086 7280.310±6534.250
25   0.152± -0.186 0.00000257±0.00000105 2012.440±2598.070

30   0.266± -0.210 0.00000428±0.00000135 2115.640±1801.400

K+ polar angle : 0−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 105.402± 76.055 0.02169200±0.00013775  330.925± 238.795

10 444.567± 47.544 0.03917170±0.00018668  772.940±  82.744
15 541.200± 43.622 0.05097840±0.00021418  723.025±  58.357

20 590.695± 43.329 0.05814110±0.00022951  691.929±  50.828
25 617.714± 43.868 0.06259150±0.00023863  672.129±  47.801

30 618.895± 44.680 0.06538780±0.00024422  644.615±  46.599

K+ polar angle : 19.4−43.2 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  42.608± 60.745 0.02824550±0.00024134  239.972± 342.128

10 262.641± 36.877 0.05152940±0.00032965  810.828± 113.966
15 348.215± 34.115 0.06684740±0.00037819  828.674±  81.322

20 372.341± 33.972 0.07629740±0.00040582  776.341±  70.953
25 383.207± 34.151 0.08226570±0.00042256  741.029±  66.150

30 389.311± 34.697 0.08596390±0.00043269  720.446±  64.312

Figure A.6: Measured from K+p detection mode of LH2 data and under the requirement
“|MMp(γ,K+p)-MK | <0.025 GeV/c2”, the left column shows the signal-window width depen-
dence of differential cross sections in different K+ polar angles within photon energy of 1.9-2.05
GeV; the right column shows the corresponding numerical tables including number of yields,
acceptance and differential cross section dσ/d cos θK+.
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2nd step : Λ* Signal-Window Width (MeV/c2)

LH2(K
+p)   2.05 < Eγ < 2.2 GeV

First Side-band Subtraction: |MMp(γ,K+p)−MK| < 0.025 GeV/c2

K+ polar angle : 0−30 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 142.136± 57.175 0.03541870±0.00032120  885.392± 356.242

10 235.036± 33.941 0.06468200±0.00044015  801.707± 115.900
15 270.837± 30.898 0.08477420±0.00050863  704.868±  80.524

20 249.857± 30.705 0.09742810±0.00054845  565.812±  69.606
25 260.735± 31.098 0.10464100±0.00057025  549.745±  65.637

30 268.211± 31.592 0.10956400±0.00058481  540.097±  63.682

K+ polar angle : 30−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 204.690± 58.527 0.01508720±0.00012553 1095.910± 313.487

10 288.687± 35.784 0.02751140±0.00017055  847.626± 105.198
15 312.762± 33.065 0.03588540±0.00019558  704.019±  74.527

20 332.952± 33.296 0.04107570±0.00020977  654.763±  65.564
25 358.014± 34.130 0.04405570±0.00021755  656.426±  62.662

30 356.844± 34.847 0.04596550±0.00022242  627.096±  61.314

K+ polar angle : 60−90 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  11.691± 12.740 0.00097168±0.00002707  711.438± 775.527

10  19.778±  8.630 0.00169479±0.00003576  690.027± 301.444
15  24.411±  7.999 0.00221603±0.00004090  651.345± 213.775

20  19.889±  8.056 0.00250980±0.00004353  468.571± 189.967
25  18.904±  8.428 0.00269057±0.00004508  415.451± 185.345

30  13.746±  9.005 0.00283218±0.00004625  286.986± 188.053

K+ polar angle : 90−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000

10   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000
15   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000

20   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000
25   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000

30   0.526±  0.526 0.00000000±0.00000000 -1000.000±   0.000

K+ polar angle : 0−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 347.266± 81.773 0.02053220±0.00012565 1000.060± 235.569

10 523.848± 49.312 0.03746620±0.00017113  826.733±  77.916
15 583.597± 45.254 0.04897840±0.00019675  704.543±  54.706

20 582.783± 45.292 0.05616760±0.00021141  613.508±  47.736
25 618.630± 46.171 0.06028130±0.00021944  606.803±  45.342

30 624.875± 47.031 0.06299810±0.00022462  586.495±  44.192

K+ polar angle : 19.4−43.2 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 247.742± 64.632 0.02657170±0.00021908 1287.720± 336.112

10 323.552± 37.734 0.04873760±0.00029989  916.894± 107.080
15 323.868± 34.286 0.06404150±0.00034626  698.467±  74.039

20 307.952± 34.409 0.07353570±0.00037269  578.395±  64.694
25 333.015± 34.917 0.07905340±0.00038741  581.812±  61.070

30 334.207± 35.513 0.08255120±0.00039653  559.154±  59.477

Figure A.7: Measured from K+p detection mode of LH2 data and under the requirement
“|MMp(γ,K+p)-MK | <0.025 GeV/c2”, the left column shows the signal-window width depen-
dence of differential cross sections in different K+ polar angles within photon energy of 2.05-2.2
GeV; the right column shows the corresponding numerical tables including number of yields,
acceptance and differential cross section dσ/d cos θK+.
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2nd step : Λ* Signal-Window Width (MeV/c2)

LH2(K
+p)   2.2 < Eγ < 2.4 GeV

First Side-band Subtraction: |MMp(γ,K+p)−MK| < 0.025 GeV/c2

K+ polar angle : 0−30 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 160.193± 64.225 0.03452480±0.00025130  668.444± 268.039

10 306.430± 38.993 0.06252170±0.00034272  706.079±  89.933
15 343.234± 35.174 0.08274930±0.00039802  597.556±  61.304

20 339.301± 34.644 0.09540210±0.00042986  512.366±  52.365
25 342.002± 35.319 0.10250700±0.00044702  480.649±  49.682

30 358.133± 36.115 0.10717100±0.00045804  481.416±  48.591

K+ polar angle : 30−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 202.851± 70.707 0.01407770±0.00009605  760.015± 264.968

10 245.832± 40.949 0.02588570±0.00013100  500.905±  83.475
15 355.594± 38.076 0.03396240±0.00015064  552.244±  59.183

20 401.045± 37.785 0.03914400±0.00016213  540.388±  50.962
25 402.892± 38.315 0.04207660±0.00016833  505.038±  48.071

30 436.836± 39.231 0.04396750±0.00017223  524.038±  47.107

K+ polar angle : 60−90 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5  17.753± 16.058 0.00067408±0.00001788 1016.800± 920.131

10  24.199± 10.579 0.00121733±0.00002404  767.506± 335.866
15  28.757± 10.120 0.00157380±0.00002734  705.466± 248.574

20  23.667± 10.043 0.00179565±0.00002920  508.869± 216.086
25  23.599± 10.215 0.00193218±0.00003029  471.561± 204.258

30  21.397± 10.363 0.00203172±0.00003107  406.617± 197.031

K+ polar angle : 90−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000

10   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000
15   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000

20   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000
25   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000

30   0.000±  0.000 0.00000000±0.00000000 -1000.000±   0.000

K+ polar angle : 0−60 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 362.743± 95.478 0.01955060±0.00009713  716.353± 188.586

10 551.688± 56.541 0.03569180±0.00013227  596.778±  61.202
15 698.819± 51.837 0.04702080±0.00015264  573.802±  42.604

20 740.338± 51.262 0.05420210±0.00016445  527.351±  36.550
25 744.884± 52.110 0.05825140±0.00017081  493.708±  34.569

30 794.927± 53.322 0.06088460±0.00017484  504.089±  33.844

K+ polar angle : 19.4−43.2 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
 5 194.158± 69.222 0.02562940±0.00017033  683.196± 243.617

10 293.777± 41.825 0.04650600±0.00023177  569.688±  81.156
15 403.916± 38.497 0.06129870±0.00026797  594.248±  56.697

20 421.300± 38.165 0.07068070±0.00028901  537.550±  48.745
25 403.350± 38.906 0.07597210±0.00030038  478.802±  46.223

30 415.901± 39.933 0.07935190±0.00030747  472.673±  45.421

Figure A.8: Measured from K+p detection mode of LH2 data and under the requirement
“|MMp(γ,K+p)-MK | <0.025 GeV/c2”, the left column shows the signal-window width depen-
dence of differential cross sections in different K+ polar angles within photon energy of 2.2-2.4
GeV; the right column shows the corresponding numerical tables including number of yields,
acceptance and differential cross section dσ/d cos θK+.
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A.2.2 Differential cross section II
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Figure A.9: Measured from K+p detection mode of LH2 data, the photon energy dependence of
differential cross sections in 0.6 < cos θK+ < 0.7 are shown in 6×6 2-step side-band subtraction
conditions.
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Figure A.10: Measured from K+p detection mode of LH2 data, the photon energy dependence of
differential cross sections in 0.7 < cos θK+ < 0.8 are shown in 6×6 2-step side-band subtraction
conditions.
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Figure A.11: Measured from K+p detection mode of LH2 data, the photon energy dependence of
differential cross sections in 0.8 < cos θK+ < 0.9 are shown in 6×6 2-step side-band subtraction
conditions.
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Figure A.12: Measured from K+p detection mode of LH2 data, the photon energy dependence of
differential cross sections in 0.9 < cos θK+ < 1.0 are shown in 6×6 2-step side-band subtraction
conditions.
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A.3 K−p detection mode from protons

A.3.1 Background non-linearity
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Figure A.13: Background non-linearity studies in different K+ polar angles within photon
energy of 1.75-1.9 GeV and 1.9-2.05 from K−p detection mode of LH2 data are shown in 3
columns respectively, including mass spectra of real data overlaid by that of Monte Carlo
simulations, background non-linearities and non-linearity correction factors.



88 APPENDIX A. DIFFERENTIAL CROSS SECTION

LH2 (K
−p)  2.05 < Eγ < 2.2 GeV

0

2

4

6

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

C
ou

nt
s

90o < θK  < 120o
+

Real Data
Sum of BGs

KKP
φ (1020)

0

5

10

15

20

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

120o < θK  < 150o
+

0

10

20

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

150o < θK  < 180o
+

0

10

20

30

40

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

Mass (GeV/c2)

120o < θK  < 180o
+

LH2 (K
−p)  2.05 < Eγ < 2.2 GeV

-4

-2

0

2

4

5 10 15 20 25 30

N
on

-L
in

ea
rit

y 
(σ

N
si

gn
al
)

90o < θK  < 120o
+

-4

-2

0

2

4

5 10 15 20 25 30

120o < θK  < 150o
+

-4

-2

0

2

4

5 10 15 20 25 30

150o < θK  < 180o
+

-4

-2

0

2

4

5 10 15 20 25 30

Width of Signal Window (MeV/c2)

120o < θK  < 180o
+

LH2 (K
−p)  2.05 < Eγ < 2.2 GeV

0

0.5

1

1.5

2

2.5

5 10 15 20 25 30

N
on

-L
in

ea
rit

y 
F

ac
to

r

90o < θK  < 120o
+

0

0.5

1

1.5

2

2.5

5 10 15 20 25 30

120o < θK  < 150o
+

0

0.5

1

1.5

2

2.5

5 10 15 20 25 30

150o < θK  < 180o
+

0

0.5

1

1.5

2

2.5

5 10 15 20 25 30

Width of Signal Window (MeV/c2)

120o < θK  < 180o
+

LH2 (K
−p)  2.2 < Eγ < 2.4 GeV

0

2.5

5

7.5

10

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

C
ou

nt
s

90o < θK  < 120o
+

Real Data
Sum of BGs

KKP
φ (1020)

0

10

20

30

40

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

120o < θK  < 150o
+

0

10

20

30

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

150o < θK  < 180o
+

0

20

40

60

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

Mass (GeV/c2)

120o < θK  < 180o
+

LH2 (K
−p)  2.2 < Eγ < 2.4 GeV

-4

-2

0

2

4

5 10 15 20 25 30

N
on

-L
in

ea
rit

y 
(σ

N
si

gn
al
)

90o < θK  < 120o
+

-4

-2

0

2

4

5 10 15 20 25 30

120o < θK  < 150o
+

-4

-2

0

2

4

5 10 15 20 25 30

150o < θK  < 180o
+

-4

-2

0

2

4

5 10 15 20 25 30

Width of Signal Window (MeV/c2)

120o < θK  < 180o
+

LH2 (K
−p)  2.2 < Eγ < 2.4 GeV

0

0.5

1

1.5

2

2.5

5 10 15 20 25 30

N
on

-L
in

ea
rit

y 
F

ac
to

r
90o < θK  < 120o

+

0

0.5

1

1.5

2

2.5

5 10 15 20 25 30

120o < θK  < 150o
+

0

0.5

1

1.5

2

2.5

5 10 15 20 25 30

150o < θK  < 180o
+

0

0.5

1

1.5

2

2.5

5 10 15 20 25 30

Width of Signal Window (MeV/c2)

120o < θK  < 180o
+

Figure A.14: Background non-linearity studies in different K+ polar angles within photon
energy of 2.05-2.2 GeV and 2.2-2.4 from K−p detection mode of LH2 data are shown in 3
columns respectively, including mass spectra of real data overlaid by that of Monte Carlo
simulations, background non-linearities and non-linearity correction factors.
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A.3.2 Differential cross section
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15  12.125±  7.811 0.01388270±0.00004491   39.011±  45.787
20  19.184±  8.295 0.01525750±0.00004711   55.438±  44.244
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K+ polar angle : 150−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  13.625±  9.129 0.02219170±0.00011019  182.022± 124.927
10  16.666±  7.309 0.03627450±0.00014185  135.126±  61.184
15  26.804±  7.544 0.04377200±0.00015639  196.510±  52.343
20  27.090±  7.701 0.04797090±0.00016405  191.428±  48.749
25  30.517±  7.979 0.05056070±0.00016862  213.356±  47.928
30  32.563±  8.156 0.05223300±0.00017153  219.624±  47.421

K+ polar angle : 120−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
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10  65.972± 13.017 0.02693120±0.00006298  196.492±  39.337
15  95.343± 13.131 0.03245680±0.00006932  239.254±  32.929
20  95.548± 13.408 0.03552880±0.00007264  221.383±  30.716
25  94.342± 13.734 0.03748800±0.00007468  204.978±  29.817
30 102.489± 14.005 0.03874700±0.00007597  211.458±  29.417
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 5  21.912±  8.784 0.00457810±0.00002442  328.282± 133.788
10  10.368±  7.501 0.00743950±0.00003118   80.371±  70.304
15   8.211±  7.692 0.00892896±0.00003418   64.097±  60.066
20  18.518±  8.529 0.00982803±0.00003588  135.555±  60.510
25  22.416±  8.900 0.01043840±0.00003699  155.124±  59.453
30  28.004±  9.359 0.01083760±0.00003769  176.935±  60.215

K+ polar angle : 120−150 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  43.215± 14.212 0.01630660±0.00005415  253.121±  83.021
10  58.488± 11.869 0.02653870±0.00006942  211.708±  42.603
15  63.438± 11.706 0.03193990±0.00007636  188.233±  34.913
20  73.600± 11.933 0.03509850±0.00008017  201.748±  32.388
25  83.983± 12.419 0.03705940±0.00008246  216.949±  31.924
30  87.960± 12.717 0.03832550±0.00008391  213.957±  31.611

K+ polar angle : 150−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  36.870± 12.501 0.02983160±0.00012192  317.636± 109.032
10  54.738±  9.830 0.04870540±0.00015721  292.029±  52.516
15  59.888±  9.636 0.05874860±0.00017348  267.092±  42.680
20  60.377±  9.664 0.06444280±0.00018218  248.351±  39.022
25  56.102±  9.838 0.06804670±0.00018753  223.431±  37.617
30  45.155±  9.935 0.07048340±0.00019107  172.753±  36.673

K+ polar angle : 120−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  80.036± 18.921 0.01992770±0.00005131  278.963±  66.206
10 113.208± 15.411 0.03247350±0.00006591  244.023±  33.093
15 123.342± 15.162 0.03911750±0.00007257  221.205±  27.028
20 133.981± 15.355 0.04295500±0.00007618  221.074±  24.928
25 140.084± 15.843 0.04535580±0.00007837  219.621±  24.358
30 133.089± 16.137 0.04693530±0.00007979  196.549±  23.974

Figure A.15: Measured from K−p detection mode of LH2 data, the left column shows the signal-
window width dependence of differential cross sections in different K+ polar angles within pho-
ton energy of 1.75-1.9 and 1.9-2.05 GeV; the right column shows the corresponding numerical
tables including number of yields, acceptance and differential cross section dσ/d cos θK+ .
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10  35.642± 11.647 0.02871370±0.00006782  120.162±  33.544
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25  85.885± 12.972 0.04039380±0.00008090  178.339±  26.560
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15  76.988± 12.669 0.07101400±0.00017982  259.095±  40.301
20  89.218± 13.009 0.07816760±0.00018929  277.534±  37.598
25 103.533± 13.582 0.08253560±0.00019490  303.429±  37.175
30 112.417± 13.773 0.08547340±0.00019861  309.516±  36.404

K+ polar angle : 120−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ
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10  94.435± 17.259 0.03681800±0.00006596  167.710±  28.378
15 137.171± 17.450 0.04446630±0.00007276  198.424±  23.758
20 164.684± 18.059 0.04894640±0.00007650  215.641±  22.336
25 189.432± 18.782 0.05169180±0.00007872  231.618±  21.998
30 200.661± 19.171 0.05353210±0.00008018  228.585±  21.681

LH2  (K
−p)  2.2 < Eγ < 2.4 GeV

-100

0

100

200

300

0 5 10 15 20 25 30 35

90o < θK  < 120o
+

dσ
/d

co
sθ

K
  (

nb
)

+

0

100

200

300

400

0 5 10 15 20 25 30 35

120o < θK  < 150o
+

0

100

200

300

400

0 5 10 15 20 25 30 35

150o < θK  < 180o
+

0

100

200

300

400

0 5 10 15 20 25 30 35

120o < θK  < 180o
+

Width of Signal Window (MeV/c2)

LH2  (K
−p)  2.2 < Eγ < 2.4 GeV

K+ polar angle : 90−120 degree
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 5  16.828±  9.443 0.00328861±0.00001551  200.354± 113.504
10  31.835±  7.769 0.00540054±0.00001990  233.112±  56.871
15  30.786±  7.551 0.00654367±0.00002192  189.101±  45.618
20  23.839±  8.015 0.00719459±0.00002299  144.067±  44.035
25  17.859±  8.225 0.00760656±0.00002364  117.787±  42.744
30  16.001±  8.467 0.00788928±0.00002408  106.773±  42.423

K+ polar angle : 120−150 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  45.590± 18.276 0.02020820±0.00004532  117.702±  48.838
10  80.334± 15.576 0.03288860±0.00005818  131.188±  25.574
15  90.254± 16.033 0.03979170±0.00006421  121.847±  21.759
20  70.560± 16.519 0.04373460±0.00006744   92.978±  20.397
25  82.692± 17.366 0.04619100±0.00006939  103.338±  20.302
30 101.417± 18.068 0.04790070±0.00007072  111.586±  20.369

K+ polar angle : 150−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  32.004± 17.376 0.04533680±0.00011360   87.977±  56.527
10  72.483± 14.814 0.07375600±0.00014686  143.426±  29.625
15  94.209± 15.303 0.08926240±0.00016272  159.842±  25.286
20  89.783± 16.068 0.09805390±0.00017123  149.067±  24.171
25  85.850± 16.797 0.10360600±0.00017646  142.626±  23.913
30  81.875± 17.367 0.10730100±0.00017988  123.283±  23.873

K+ polar angle : 120−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  77.594± 25.218 0.02693980±0.00004492  105.114±  37.002
10 152.821± 21.496 0.04383640±0.00005778  136.727±  19.384
15 184.474± 22.164 0.05304420±0.00006383  139.246±  16.517
20 160.357± 23.046 0.05828590±0.00006708  118.750±  15.629
25 168.550± 24.161 0.06157180±0.00006905  121.438±  15.511
30 183.292± 25.061 0.06381310±0.00007037  116.857±  15.524

Figure A.16: Measured from K−p detection mode of LH2 data, the left column shows the
signal-window width dependence of differential cross sections in different K+ polar angles within
photon energy of 2.05-2.2 and 2.2-2.4 GeV; the right column shows the corresponding numerical
tables including number of yields, acceptance and differential cross section dσ/d cos θK+ .
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A.4 K−p detection mode from deuterons

A.4.1 Background non-linearity
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Figure A.17: Background non-linearity studies in different K+ polar angles within photon
energy of 1.75-1.9 GeV and 1.9-2.05 from K−p detection mode of LD2 data are shown in 3
columns respectively, including mass spectra of real data overlaid by that of Monte Carlo
simulations, background non-linearities and non-linearity correction factors.
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Figure A.18: Background non-linearity studies in different K+ polar angles within photon
energy of 2.05-2.2 GeV and 2.2-2.4 from K−p detection mode of LD2 data are shown in 3
columns respectively, including mass spectra of real data overlaid by that of Monte Carlo
simulations, background non-linearities and non-linearity correction factors.
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A.4.2 Differential cross section
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K+ polar angle : 90−120 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5   6.797±  6.218 0.00031277±0.00001103 1120.840± 949.387
10   8.933±  5.338 0.00050884±0.00001407  956.789± 501.206
15   9.203±  5.334 0.00061620±0.00001549  873.597± 413.476
20  17.173±  5.889 0.00066678±0.00001611 1388.630± 422.524
25  18.427±  5.986 0.00070334±0.00001655 1390.180± 407.237
30  20.231±  6.070 0.00072902±0.00001685 1397.030± 398.538

K+ polar angle : 120−150 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  21.345± 14.714 0.00916564±0.00007021  126.990± 104.667
10  59.444± 12.671 0.01488840±0.00008974  269.896±  55.509
15  72.108± 12.658 0.01804990±0.00009896  261.726±  45.741
20  75.701± 13.022 0.01973610±0.00010357  263.675±  43.038
25  75.851± 13.655 0.02071250±0.00010615  256.542±  42.997
30  77.671± 14.181 0.02137230±0.00010786  254.958±  43.274

K+ polar angle : 150−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  24.080± 11.757 0.01884660±0.00016700  233.097± 111.104
10  38.374±  9.908 0.03063740±0.00021415  232.845±  57.609
15  40.948±  9.851 0.03697280±0.00023598  215.726±  47.460
20  36.729± 10.305 0.04052250±0.00024747  189.178±  45.295
25  28.329± 10.904 0.04269530±0.00025428  182.164±  45.482
30  26.848± 11.406 0.04400830±0.00025832  196.269±  46.155

K+ polar angle : 120−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  45.457± 18.829 0.01176440±0.00006812  180.277±  76.388
10  97.820± 16.085 0.01911600±0.00008715  254.111±  40.173
15 113.068± 16.041 0.02312950±0.00009605  242.846±  33.111
20 112.418± 16.606 0.02531600±0.00010060  231.586±  31.315
25 104.113± 17.471 0.02661350±0.00010321  224.748±  31.338
30 104.466± 18.196 0.02744870±0.00010486  231.082±  31.644

LD2  (K
−p)  1.9 < Eγ < 2.05 GeV

-100

0

100

200

300

0 5 10 15 20 25 30 35

90o < θK  < 120o
+

dσ
/d

co
sθ

K
  (

nb
)

+

0

100

200

300

400

0 5 10 15 20 25 30 35

120o < θK  < 150o
+

0

100

200

300

400

0 5 10 15 20 25 30 35

150o < θK  < 180o
+

0

100

200

300

400

0 5 10 15 20 25 30 35

120o < θK  < 180o
+

Width of Signal Window (MeV/c2)

LD2  (K
−p)  1.9 < Eγ < 2.05 GeV

K+ polar angle : 90−120 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5   5.400±  4.708 0.00001890±0.00000257 24466.300±9230.110
10   5.833±  3.997 0.00002799±0.00000313 7748.450±5295.060
15   6.512±  3.684 0.00003919±0.00000370 5968.550±3488.150
20   3.214±  3.910 0.00004409±0.00000393 3143.330±3255.200
25   1.197±  4.058 0.00004899±0.00000414 3116.490±3032.980
30  -0.600±  4.200 0.00005039±0.00000420 -398.636±-3051.330

K+ polar angle : 120−150 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  39.383± 18.099 0.00898474±0.00006547  237.976± 100.741
10  78.042± 15.690 0.01456040±0.00008358  291.832±  53.905
15 108.263± 15.908 0.01760070±0.00009203  311.801±  45.224
20 106.584± 16.242 0.01940880±0.00009672  267.224±  41.869
25 118.530± 16.850 0.02055680±0.00009960  261.877±  41.013
30 134.330± 17.639 0.02129250±0.00010140  267.873±  41.452

K+ polar angle : 150−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  27.723± 17.074 0.02492990±0.00018094  137.182±  93.550
10  60.387± 14.956 0.04038550±0.00023203  198.077±  50.594
15  86.030± 15.389 0.04871170±0.00025585  244.335±  43.169
20  97.898± 16.197 0.05341430±0.00026851  256.836±  41.434
25 110.178± 16.874 0.05633830±0.00027614  272.589±  40.928
30 119.264± 17.475 0.05829110±0.00028115  258.726±  40.967

K+ polar angle : 120−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  67.077± 24.877 0.01328270±0.00006818  188.485±  68.562
10 138.310± 21.668 0.02152140±0.00008714  245.613±  36.866
15 194.179± 22.129 0.02598650±0.00009596  277.231±  31.187
20 204.459± 22.937 0.02857480±0.00010075  261.657±  29.397
25 228.693± 23.846 0.03020160±0.00010366  267.522±  28.917
30 253.569± 24.829 0.03126530±0.00010553  263.336±  29.085

Figure A.19: Measured from K−p detection mode of LD2 data, the left column shows the signal-
window width dependence of differential cross sections in different K+ polar angles within pho-
ton energy of 1.75-1.9 and 1.9-2.05 GeV; the right column shows the corresponding numerical
tables including number of yields, acceptance and differential cross section dσ/d cos θK+ .
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Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5   0.000±  0.000 0.00000123±0.00000062    0.000±   0.000
10   0.000±  0.000 0.00000246±0.00000087    0.000±   0.000
15  -0.583±  0.583 0.00000431±0.00000115 -1145.660±-4463.770
20  -0.500±  0.500 0.00000554±0.00000131 -1052.010±-2953.720
25  -0.529±  0.529 0.00000554±0.00000131 -861.825±-3127.470
30  -1.125±  0.795 0.00000554±0.00000131 -1993.370±-4821.450

K+ polar angle : 120−150 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  41.300± 16.608 0.00845874±0.00005961  207.014±  85.412
10  57.114± 14.772 0.01369030±0.00007603  195.607±  46.942
15  57.402± 14.997 0.01656930±0.00008376  170.671±  39.375
20  56.205± 15.798 0.01825540±0.00008799  149.947±  37.647
25  72.954± 16.741 0.01928670±0.00009049  170.235±  37.763
30  83.927± 17.752 0.01997730±0.00009213  153.843±  38.659

K+ polar angle : 150−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  51.444± 21.021 0.03122370±0.00019024  208.826±  79.990
10 105.262± 17.936 0.05056250±0.00024434  260.303±  42.160
15 115.930± 18.663 0.06150320±0.00027089  246.327±  36.063
20 137.861± 19.458 0.06757930±0.00028476  264.154±  34.221
25 116.633± 20.288 0.07134230±0.00029310  218.193±  33.794
30 124.684± 20.799 0.07387130±0.00029860  200.371±  33.459

K+ polar angle : 120−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  92.767± 26.779 0.01461400±0.00006713  205.678±  58.351
10 162.364± 23.236 0.02365990±0.00008579  232.000±  31.278
15 173.414± 23.945 0.02871870±0.00009475  213.603±  26.554
20 194.149± 25.066 0.03159180±0.00009952  215.441±  25.269
25 189.605± 26.305 0.03336170±0.00010236  197.346±  25.110
30 208.625± 27.345 0.03454930±0.00010422  180.872±  25.206
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LD2  (K
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K+ polar angle : 90−120 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5   0.000±  0.000 0.00000039±0.00000028    0.000±   0.000
10   0.000±  0.000 0.00000039±0.00000028    0.000±   0.000
15   0.000±  0.000 0.00000079±0.00000039    0.000±   0.000
20  -0.667±  0.667 0.00000079±0.00000039    0.000±-20126.700
25  -1.000±  1.000 0.00000079±0.00000039    0.000±-30190.000
30  -1.000±  1.000 0.00000079±0.00000039    0.000±-30190.000

K+ polar angle : 120−150 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  53.434± 17.782 0.00727237±0.00004417  210.354±  71.064
10  47.195± 15.176 0.01184960±0.00005651  118.216±  37.219
15  63.070± 15.644 0.01433160±0.00006223  137.609±  31.725
20  38.086± 16.697 0.01572900±0.00006523   91.367±  30.848
25  44.178± 18.111 0.01658720±0.00006702   93.845±  31.729
30  58.286± 19.280 0.01722010±0.00006831  102.716±  32.538

K+ polar angle : 150−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5  58.269± 24.835 0.03820890±0.00016905  111.434±  51.592
10 111.783± 21.768 0.06243180±0.00021860  140.503±  27.678
15 124.086± 22.960 0.07528240±0.00024149  142.245±  24.210
20  96.678± 24.314 0.08270690±0.00025399  120.272±  23.334
25  83.914± 25.954 0.08739530±0.00026165  110.982±  23.571
30 106.284± 27.399 0.09067320±0.00026692  117.137±  23.985

K+ polar angle : 120−180 degree
Width(MeV/c2) Nyield Acceptance dσ/dcosθ

 5 111.697± 30.545 0.01562330±0.00005555  144.834±  41.590
10 158.981± 26.536 0.02550370±0.00007132  132.350±  22.135
15 187.155± 27.782 0.03078460±0.00007855  140.119±  19.199
20 134.757± 29.494 0.03380890±0.00008244  109.986±  18.558
25 128.091± 31.649 0.03570100±0.00008480  104.783±  18.857
30 164.565± 33.504 0.03704790±0.00008644  111.846±  19.237

Figure A.20: Measured from K−p detection mode of LD2 data, the left column shows the
signal-window width dependence of differential cross sections in different K+ polar angles within
photon energy of 2.05-2.2 and 2.2-2.4 GeV; the right column shows the corresponding numerical
tables including number of yields, acceptance and differential cross section dσ/d cos θK+ .
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A.5 The result of LAMP2 experiment

Table A.1: The data point of LAMP2 experiment

−t (GeV/c)2 dt dσ
dt

μb/ (GeV/c)2 dσ (μb)

0.25 0.1 0.76 ± 0.14 0.076 ± 0.014
0.35 0.1 0.69 ± 0.14 0.069 ± 0.014
0.45 0.1 0.45 ± 0.12 0.045 ± 0.012
0.55 0.1 0.29 ± 0.12 0.029 ± 0.012
0.65 0.1 0.12 ± 0.05 0.012 ± 0.005

Eγ = 3.8 (A.1)

Mp = 0.93827231 (A.2)

MK+ = 0.493677 (A.3)

MΛ = 1.5195 (A.4)

s ≡ (k1 + k2)
2 = (k3 + k4)

2 = m2
1 + 2E1E2 − 2P1P2 + m2

2 = 2EγMp + M2
p (A.5)

= 8.01122 (A.6)

E1CMS
=

s + m2
1 − m2

2

2
√

s
=

s − M2
p

2
√

s
= 1.25969 (A.7)

E3CMS
=

s + m2
3 − m2

4

2
√

s
=

s + M2
K+ − M2

Λ

2
√

s
= 1.05039 (A.8)

P1CMS
=

√
E2

1CMS
− m2

1 = E1CMS
= 1.25969 (A.9)

P3CMS
=

√
E2

3CMS
− m2

3 =
√

E2
3CMS

− m2
K+ = 0.927146 (A.10)

t ≡ (k1 − k3)
2 = (k2 − k4)

2 = m2
1 + 2E1E3 + 2P1P3 + m2

3 (A.11)

= (E1CMS
− E3CMS

)2 − (P1CMS
− P3CMS

)2 − 4P1CMS
P3CMS

sin2

(
θCMS

2

)
(A.12)

= M2
K+ − 2E1CMS

E3CMS
+ 2P1CMS

P3CMS
cos θCMS (A.13)

cos θCMS =
t − M2

K+ + 2E1CMS
E3CMS

2P1CMS
P3CMS

(A.14)
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Table A.2: The exchange between −t and cos θCMS

−t (GeV/c)2 cos θCMS θCMS (degrees)

0.2 0.942966 19.4442
0.3 0.900155 25.8216
0.4 0.857343 30.9804
0.5 0.814532 35.4589
0.6 0.771720 39.4914
0.7 0.728909 43.2050

From Table A.1 and A.2, the dσ = 0.231±0.0265518, the d cos θ = 0.214057. So, we obtain
the result dσ

d cos θ
= 1.07915 ± 0.124041.

A.6 Total cross sections of LEPS results

Table A.3: Total cross sections of LEPS results.

Eγ(GeV) σ(nb)

1.825±0.075 378.51±50.51
1.925±0.075 821.68±84.64
2.125±0.075 602.89±101.48
2.300±0.100 587.10±102.94



Appendix B

K− decay asymmetry in
Λ(1520) t-channel helicity frame

Relied on the same analysis basis as appendix A, we did the studies of K− decay asymmetry in
Λ(1520) t-channel helicity frame. The K−p, K+K− and K+p detection modes of protons will
be presented in Sec. B.1, B.2 and B.3 respectively. Comparisons of photon energy dependence
of K− decay asymmetry were shown in the first part of appendix B.4, where the corresponding
energy slices had been listed in Table 4.3.

Similar studies were performed in K−p and K+K− detection modes of protons. It appeared
from Fig. B.1 (B.26) that, we studied the cos θK− slices of mass spectra, non-linearity and
non-linearity factor in the photon energy of 1.75-2.4 (1.9-2.4) GeV. The left column of Fig. B.1
(B.26) shows the mass spectra of real data (black) overlaid by the sum of estimated Monte
Carlo backgrounds (red). The middle and right columns of Fig. B.1 (B.26) demonstrated the
signal-window width dependence of non-linearity and non-linearity factor respectively. The cor-
responding “Counts”, “Acceptance” and “Counts/Acceptance” of K− polar angle distribution
in Λ(1520) t-channel helicity frame by side-band and Monte Carlo methods were shown from
Fig. B.16 (B.36). In the end, the signal-window width dependence of fraction of helicity-3/2
in photon energy of 1.75-2.4 (1.9-2.4) GeV was shown from Fig. B.21 (B.40) for K−p (K+K−)
detection mode of protons. Same analyses with different photon energy were represent in
Fig. B.2-B.15 (B.27-B.35) for background linearity, in Fig. B.17-B.20 (B.37-B.39) for K− polar
angle distribution and in Fig. B.22-B.25 (B.41-B.43) for the signal-window width dependence
of fraction of helicity-3/2.

In the case of K+p detection mode of protons, the window dependence of “Counts”, “Ac-
ceptance” and “Counts/Acceptance” of K− polar angle distribution by 2-step side-band sub-
traction method in photon energy of 1.9-2.4 GeV were shown in Fig. B.44-B.46. The energy
dependence of “Counts/Acceptance” of K− polar angle distribution with standard 2-step signal
windows in photon energy of 1.75-1.9, 1.9-2.2, 2.2-2.4 and 1.9-2.0 were shown in Fig. B.47.

The photon energy dependence of fraction of helicity-3/2 with 15- and 20- MeV/c2 signal
window from K−p and K+K− detection mode of protons were shown in left and right columns
of Fig. B.48 respectively.
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B.1 K−p detection mode from protons

B.1.1 Background non-linearity
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Figure B.1: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.75-2.4 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.2: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.75-2.2 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.3: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.2-2.4 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.4: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.75-2.0 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.5: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.0-2.2 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.6: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.2-2.4 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.7: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.75-1.95 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.8: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.95-2.1 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.9: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.1-2.25 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.10: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.25-2.4 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.11: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.75-1.9 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.12: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.9-2.05 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.13: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.05-2.2 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.14: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.2-2.3 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.15: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.3-2.4 GeV from K−p detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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B.1.2 K− polar angle distribution in Λ(1520) t-channel helicity

frame
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Figure B.16: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K−p detection mode were shown in photon energy of 1.75-2.4, 1.75-2.2 and 2.2-2.4 GeV with
15-MeV/c2 signal-window width by side-band subtraction and Monte Carlo methods.
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Figure B.17: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K−p detection mode were shown in photon energy of 1.75-2.0, 2.0-2.2 and 2.2-2.4 GeV with
15-MeV/c2 signal-window width by side-band subtraction and Monte Carlo methods.
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Figure B.18: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K−p detection mode were shown in photon energy of 1.75-1.95, 1.95-2.1 and 2.1-2.25 GeV with
15-MeV/c2 signal-window width by side-band subtraction and Monte Carlo methods.
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Figure B.19: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K−p detection mode were shown in photon energy of 2.25-2.4, 1.75-1.9 and 1.9-2.05 GeV with
15-MeV/c2 signal-window width by side-band subtraction and Monte Carlo methods.
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LH2 (K
−p)  2.3 < Eγ < 2.4 GeV    Width 15 MeV/c2
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Figure B.20: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K−p detection mode were shown in photon energy of 2.05-2.2, 2.2-2.3 and 2.3-2.4 GeV with
15-MeV/c2 signal-window width by side-band subtraction and Monte Carlo methods.
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B.1.3 Signal-window width dependence of fraction of helicity-3/2
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Figure B.21: Signal-window width dependence of fraction of helicity-3/2 from protons in
K−p detection mode in photon energy of 1.75-2.4, 1.75-2.2, 2.2-2.4 GeV were shown from
side-band subtraction and Monte Carlo methods respectively.
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Figure B.22: Signal-window width dependence of fraction of helicity-3/2 from protons in
K−p detection mode in photon energy of 1.75-2.0, 2.0-2.2, 2.2-2.4 GeV were shown from side-
band subtraction and Monte Carlo methods respectively.
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Figure B.23: Signal-window width dependence of fraction of helicity-3/2 from protons in
K−p detection mode in photon energy of 1.75-1.95, 1.95-2.1, 2.1-2.25 GeV were shown from
side-band subtraction and Monte Carlo methods respectively.
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Figure B.24: Signal-window width dependence of fraction of helicity-3/2 from protons in
K−p detection mode in photon energy of 2.25-2.4, 1.75-1.9, 1.9-2.05 GeV were shown from
side-band subtraction and Monte Carlo methods respectively.
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Figure B.25: Signal-window width dependence of fraction of helicity-3/2 from protons in
K−p detection mode in photon energy of 2.05-2.2, 2.2-2.3, 2.3-2.4 GeV were shown from side-
band subtraction and Monte Carlo methods respectively.
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B.2 K+K− detection mode from protons

B.2.1 Background non-linearity
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Figure B.26: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.9-2.4 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.27: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.9-2.2 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.28: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.2-2.4 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.29: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.9-2.1 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.30: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.1-2.25 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.31: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.25-2.4 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.32: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 1.9-2.05 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.33: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.05-2.2 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.34: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.2-2.3 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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Figure B.35: Background non-linearity studies in different K− polar angle of Λ(1520) helicity
frame within photon energy of 2.3-2.4 GeV from K+K− detection mode of protons are shown
in 3 columns respectively, including mass spectra of real data overlaid by sum of Monte Carlo
simulated background components, background non-linearities and non-linearity correction
factors.
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B.2.2 K− polar angle distribution in Λ(1520) t-channel helicity

frame
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Figure B.36: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K+K− detection mode were shown in photon energy of 1.9-2.4, 1.9-2.2 and 2.2-2.4 GeV with
20-MeV/c2 signal-window width by side-band subtraction and Monte Carlo methods.
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Figure B.37: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K+K− detection mode were shown in photon energy of 1.9-2.1, 2.1-2.25 and 2.25-2.4 GeV with
20-MeV/c2 signal-window width by side-band subtraction and Monte Carlo methods.
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Figure B.38: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K+K− detection mode were shown in photon energy of 1.9-2.05, 2.05-2.2 and 2.2-2.3 GeV with
20-MeV/c2 signal-window width by side-band subtraction and Monte Carlo methods.
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LH2 (K
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Figure B.39: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K+K− detection mode were shown in photon energy of 2.3-2.4 GeV with 20-MeV/c2 signal-
window width by side-band subtraction and Monte Carlo methods.

B.2.3 Signal-window width dependence of fraction of helicity-3/2
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Figure B.40: Signal-window width dependence of fraction of helicity-3/2 from protons in
K+K− detection mode in photon energy of 1.9-2.4 GeV were shown from side-band subtraction
and Monte Carlo methods respectively.
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Figure B.41: Signal-window width dependence of fraction of helicity-3/2 from protons in
K+K− detection mode in photon energy of 1.9-2.2, 2.2-2.4 and 1.9-2.1 GeV were shown from
side-band subtraction and Monte Carlo methods respectively.
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Figure B.42: Signal-window width dependence of fraction of helicity-3/2 from protons in
K+K− detection mode in photon energy of 2.1-2.25, 2.25-2.4 and 1.9-2.05 GeV were shown
from side-band subtraction and Monte Carlo methods respectively.
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Figure B.43: Signal-window width dependence of fraction of helicity-3/2 from protons in
K+K− detection mode in photon energy of 2.05-2.2, 2.2-2.3 and 2.3-2.4 GeV were shown from
side-band subtraction and Monte Carlo methods respectively.
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B.3 K+p detection mode from protons

B.3.1 Window dependence of K− polar angle distribution
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Figure B.44: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons
in K+p detection mode were shown in photon energy of 1.9-2.4 GeV under the requirement
|MMp(γ,K+p)−MK | < 20 MeV/c2 and different Λ(1520) signal-window widths by side-band
subtraction method.
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Figure B.45: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons
in K+p detection mode were shown in photon energy of 1.9-2.4 GeV under the requirement
|MMp(γ,K+p)−MK | < 25 MeV/c2 and different Λ(1520) signal-window widths by side-band
subtraction method.
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Figure B.46: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons
in K+p detection mode were shown in photon energy of 1.9-2.4 GeV under the requirement
|MMp(γ,K+p)−MK | < 30 MeV/c2 and different Λ(1520) signal-window widths by side-band
subtraction method.
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B.3.2 Energy dependence of K− polar angle distribution
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Figure B.47: K− polar angle distribution in Λ(1520) t-channel helicity frame from protons in
K+p detection mode were shown in photon energy of 1.75-1.9, 1.9-2.2, 2.2-2.4 and 1.9-2.0 GeV
under the requirements |MMp(γ,K+p)−MK | < 20 MeV/c2 and and |MMp(γ,K+)−1.520| <
0.030 GeV/c2 by side-band subtraction method. In the cases of photon energy of 1.75-1.9 and
1.9-2.0 GeV, negative values happen in the positive region of K− polar angle. Therefore, two
fits with full region (8 bins) and negative region (4 bins, -1.0∼0.0) of K− polar angle were
shown in left and right panels of top and bottom rows respectively.
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B.4 Energy dependence of fraction of helicity-3/2
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Figure B.48: The comparison of fraction of helicity-3/2 contribution by energy dependence
between LH2(K

−p) and LH2(K
+K−) modes at the signal-window widths of the 15 MeV/c2 and

20 MeV/c2 respectively.



Appendix C

Photon beam asymmetry

Depending on the 2-step side-band subtraction method, we studied the photon beam asym-
metry. In the first part of this appendix C.1, the photon beam asymmetry was measured in
K+p detection mode from protons. In section C.1.1, we studied the width dependence of photon
beam asymmetry in photon energy of 1.9-2.4 GeV. As shown in Fig.C.1-C.4, |MMp(γ,K+p)−MK |
and |MMp(γ,K+)−MΛ(1520)| are required to be the range of 15-30 MeV/c2. In section C.1.2, un-
der the standard 2-step side-band subtraction requirement, |MMp(γ,K+p)−MK | < 25 MeV/c2

and |MMp(γ,K+p)−MΛ(1520)| < 30 MeV/c2, we measured the energy dependence of photon
beam asymmetry, as shown in Fig. C.5.

Following with the possible bias in beam asymmetry measurement from Monte Carlo simu-
lated ntuples in C.2. Here, we studied the possible bias from different correlations in K+p and
single K+ detection mode. In the first step, as shown in Fig. C.6, we filtered phase space Monte
Carlo ntuples by correlations of “photon polarization and detected K+” in photon energy of
1.75-2.4, 1.75-1.9, 1.9-2.2 and 2.2-2.4 GeV from protons. For example, in the case of photon
energy of 1.75-2.4 GeV, as shown in top-left 3×3 panels of Fig. C.6, the first row shows the
distribution of azimuthal angle φ for number of vertical events, number of horizontal events and
the (Nv−Nh)/(Nv+Nh) from events generator with filtering. After that, events which require
the K+p detected and single K+ detected are shown in second the three rows respectively.
Similar studies with different energy ranges are shown in same figure.

Then, to filter ntuples obtained from first step by the correlations of “photon polarization
and detected proton”, “detected K+ and detected proton” and “reversed phase of photon
polarization and detected proton”, corresponding measurement were shown in Fig. C.7, C.8
and C.9 respectively.
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C.1 K+p detection mode from protons

C.1.1 Width dependence in photon energy of 1.9-2.4 GeV
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Figure C.1: Photon beam asymmetry were measured in photon energy of 1.9-2.4 GeV under the
requirement |MMp(γ,K+p)−MK | < 15 MeV/c2 and different Λ(1520) signal-window widths by
side-band subtraction method from protons in K+p detection mode. Two fits were performed
with (blue) and without (red) a vertical offset, P2.
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Figure C.2: Photon beam asymmetry were measured in photon energy of 1.9-2.4 GeV under the
requirement |MMp(γ,K+p)−MK | < 20 MeV/c2 and different Λ(1520) signal-window widths by
side-band subtraction method from protons in K+p detection mode. Two fits were performed
with (blue) and without (red) a vertical offset, P2.
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Figure C.3: Photon beam asymmetry were measured in photon energy of 1.9-2.4 GeV under the
requirement |MMp(γ,K+p)−MK | < 25 MeV/c2 and different Λ(1520) signal-window widths by
side-band subtraction method from protons in K+p detection mode. Two fits were performed
with (blue) and without (red) a vertical offset, P2.
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Figure C.4: Photon beam asymmetry were measured in photon energy of 1.9-2.4 GeV under the
requirement |MMp(γ,K+p)−MK | < 30 MeV/c2 and different Λ(1520) signal-window widths by
side-band subtraction method from protons in K+p detection mode. Two fits were performed
with (blue) and without (red) a vertical offset, P2.
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C.1.2 Energy dependence in standard 2-step side-band widths
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Figure C.5: Photon beam asymmetry were measured in photon energy of 1.75-1.9, 1.9-2.0, 2.0-
2.1, 2.1-2.2, 2.2-2.3 and 2.3-2.4 GeV under the requirements |MMp(γ,K+p)−MK | < 15 MeV/c2

and |MMp(γ,K+)−1.520| < 0.030 GeV/c2 by side-band subtraction method from protons in
K+p detection mode. Two fits were performed with (blue) and without (red) a vertical offset,
P2.
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C.2 Possible bias in beam asymmetry measurement

C.2.1 Filtering between photon polarization and detected K+
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Figure C.6: Distributions of events with vertical and horizontal polarization and the fitted
value from (Nv-Nh)/(Nv+Nh) for three event samples which include event generator, single K+

detected and K+p detected in photon energy of 1.75-2.4, 1.75-1.9, 1.9-2.2 and 2.2-2.4 GeV.
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C.2.2 Filtering between photon polarization and detected proton

LH2     Eγ > 1.75 GeV
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Figure C.7: Distributions of events with vertical and horizontal polarization and the fitted
value from (Nv-Nh)/(Nv+Nh) for three event samples which include event generator, single K+

detected and K+p detected in photon energy of 1.75-2.4, 1.75-1.9, 1.9-2.2 and 2.2-2.4 GeV.
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C.2.3 Filtering between detected K+ and detected proton
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Figure C.8: Distributions of events with vertical and horizontal polarization and the fitted
value from (Nv-Nh)/(Nv+Nh) for three event samples which include event generator, single K+

detected and K+p detected in photon energy of 1.75-2.4, 1.75-1.9, 1.9-2.2 and 2.2-2.4 GeV.
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C.2.4 Reversed filtering between photon polarization and detected
proton
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Figure C.9: Distributions of events with vertical and horizontal polarization and the fitted
value from (Nv-Nh)/(Nv+Nh) for three event samples which include event generator, single K+

detected and K+p detected in photon energy of 1.75-2.4, 1.75-1.9, 1.9-2.2 and 2.2-2.4 GeV.
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