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Abstract

The existence of the kaon bound nuclear system has been expected due to the strong attractive
force of the KN interaction in isospin (/) equal to zero channel (I = 0). The kaonic nuclear
bound state has been studying for long time both experimental and theoretical side, especially
in the simplest system of the K~ pp bound state. Theoretical calculations predicted the
existance of the KNN bound state with small binding energy, i.e. ~ 40 - 60 MeV respect to
the KNN threshold. However, no experimental signal has been reported around the region of
interest to data. on the other hand, a few experimental groups were claimed the observation
of so call K~ pp-like structure, however the reported binding energy were much deeper than
any theoretical predictions, namely ~ 100 MeV. Therefore, more experimental study of the
K~ pp bound state is strongly desired.

The Ap invariant-mass spectrum in the >He (K~, Ap)n reaction was analyzed to study for
a kaon bound nuclear system at J-PARC K1.8BR beam-line. In the analysis, peak structure
around the K~ pp mass-threshold in the Ap invariant-mass spectrum have been observed.
The peak structure was concentrated with the neutron emission angle cos8™ of more than
0.7. To investigate the nature of the peak structure seen around K~ pp threshold, background
contribution was subtracted which evaluated by selection neutron emitted toward backward
direction, namely cos 9”CM from 0.0 to 0.7.

The peak structure was evaluated with Gaussian and/or Breit-Wigner distribution. In
the case of fitting with single distribution either Gaussian or Breit-Wigner distribution, the
x% /nd f were found to be large, i.e. ~ 3.22, and significant residual events were seen around
invariant-mass of around 2.35 and 2.45 GeV/c?. Therefore, the structure can not be explained
as a single distribution. Thus, the structure was evaluated with three cases of two distributions,
two Gaussian, two Breit-Wigner and combination of Gaussian and Breit-Wigner. The best
value of the y?/nd f was found with combination of Gaussian and Breit-Wigner, where the
lower and higher peak structure seems Breit-Wigner and Gaussian distribution, respectively.
The observed peak structures were located below and above the K~ pp mass-threshold. By
studying the fine cosOSM sliced invariant-mass spectra, it was observed that the mass position
of the higher peak was moved with varying the cos@™. In contrast, the mass position and

width were not changed in each cos8M region. With this analysis, the peak structure located
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above K —pp threshold was concluded as the events created by quasi-elastic K~ scattering
following by K~ absorption via two nucleons. On the other hand, the structure below the
threshold could not be explained by such processes. Therefore, the peak structure could be
the K~ pp bound state. The peak position and width of the observed peak structure were
found to be 2.326 +0.004(star.) 70007 (sys.) GeV/c? and 0.064 £ 0.008(stat.) 0057 (sys.)
GeV/c?, respectively.
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Chapter 1

Introduction

1.1 Kaonic nuclear bound system

Strong interaction between meson and baryon is important to understand the hadron. Mesonic
atoms, in which a meson is bound in nucleus by the Coulomb interaction, have been studied
by measuring the X-ray from mesonic atoms to studying for the interaction between meson
and baryon. However, these experiment only have informations of the interaction above the
threshold. One of the way to obtain more information about meson-nucleus interaction is
direct measuring of the meson-baryon bound systems. In 2004, there was a observation of the
low-lying pion-atomic states in the (d, *He) reaction at GSI[1-4]. The deduced reduction of
the isovector parameter of the s-wave pion-nucleon potential at the normal nuclear density
was considered to be an evidence for the partial restoration of chiral symmetry. On the other
hand, there are theoretical calculations which predict the reduction of the effective K~ mass
in a nuclear medium(S5, 6]. Consequence of a strong attractive interaction between anti-kaon
and nucleon in isospin / equal to zero channel, the existence of kaonic nuclear bound state
has been predicted theoretically. However, kaonic nuclear bound states have not established

yet in both theory and experiment.

1.1.1 KN interaction

The KN interaction has been investigated by low energy scattering experiments[7] and X -ray
measurements of anti-kaonic hydrogen. The data from the two methods were not consistently
understood until revising the X-ray data by a new measurement at KEK [8]. After these
experimental results, the KN interaction in I = 0 channel is established as strong attractive
interaction. Recently, the X-ray data at KEK was confirmed by the DEAR experiment[9] and
the SIDDHARTA experiment[10] at DA®NE in Italy.



2 Introduction

However the KN interaction, especially below the threshold, is still not understood well.
A(1405), the mass of which is located just below the KN threshold, is a hyperon resonance,
whose spin-parity J” and isospin are equal to (1/2)~, and I = 0,respectively. The mass
of A(1405) is too light to be described as a 3-quark state in a constituent quark model.
Therefore, it can be interpreted as a quasi-bound state of KN with a binding energy of 27
MeV[11]. On the other hand, a theoretical calculation based on a chiral unitary model claims
that A(1405) is dynamically generated by the meson-baryon interactions and consists of
two poles coupled to the 7X and KN states[12]. According to the model calculation, the
pole position in the S-wave KN scattering amplitude is located at 1426-16i MeV. Thus, the
KN interaction is expected to be weaker than that predicted by other phenomenological
model calculations. Experimental study of the structure of A(1405) is now being performed.
New data of 7Y mass spectra below the KN mass threshold are reported in different charge
states produced by y-induced reaction at CLAS[13, 14] and LEPS[15] spectrometers, and pp
collisions at COSY[16] and with HADES spectrometer at GSI[17]. These data support the
structure of the A(1405) resonance as two poles state. Further experiment with a kaon beam
at J-PARC[ 18] will come, and be helpful for further understanding of the nature of A(1405)
and the KN interaction.

1.1.2 K-nucleus interaction

K-nucleus interaction has been studied by the systematic measurement of X-rays from
excited kaonic atoms. Intensive measurements of X-rays from X-ray were performed in
1970’s and 1980’s. A global fit of those data with a density-dependent potential resulted in a
deep potential in the real part -160~-200 MeV[19]. On the other hand, chirally motivated
calculations reproducing the X-ray data suggest a relatively shallow potential -40~-60
MeV[20]. Moreover, experimental observation of kaonic nuclear states is expected to

provide more important information on the K-nucleus interaction.

1.1.3 Prediction of kaonic nuclear bound state

The idea of kaon nuclear bound state was proposed by Nogami in 1963 for the first time[21]
soon after the discovery of A(1405)[22]. A hypothesis of the possible existence of deeply-
bound K states was advocated by Wycech in 1986 based on the kaonic atom data[23].
However, we had to wait for the establishment of the attractive KN interaction by the new
kaonic hydrogen X-ray data[8] to motivate further study on this topic. Recent extensive
studies on the kaonic nuclei were triggered by Akaishi and Yamazaki, who carried out a

pioneering work on the light kaonic nuclear systems[11][24]. Their calculation was based
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on a phenomenological KN interaction, where A(1405) was assumed to be a K~ p bound
state with /=0. They predicted a narrow (~20 MeV) state below the X7 emission threshold
in the case of K~ in *He nuclei. They also pointed out a unique feature of the kaonic nuclear
system that the central density of such system becomes 5-10 times higher than the normal
nuclear density[25].

1.2 Experimental researches of kaonic nuclear bound state

Many experiments to search for the kaonic nuclear bound states were performed. A some of

experimental researches are reviewed below.

1.2.1 Stopped K experiment at KEK

A series of experiments with the 4(1{;0 oped ™V ) reaction were performed in KEK ( KEK
PS E471[26],E549[27][28]). These experiments reported that a branching fraction to form
a deeply bound KNNN state with a narrow width of 20 or 40 MeV/c? (claimed once as a
tribaryon state) was less than 1% of stopped kaon events. The inclusive proton spectrum
is shown in Fig. 1.1. Although the statistics and the experimental resolution were high,
they suffered from rather large background contributions in the region of interest which
come from the hyperon decays and multi-nucleon absorptions. An exclusive analysis in
the 4He(Kgop, nm™) reaction based on these data shows that even “He is too complicated to

obtain the conclusive evidence of the formation of kaonic nuclear states[29]

1.2.2 In-flight K~ experiment

Experiments via the Ki;—ﬂighUN reaction on '?C was proposed[30] and performed at
BNL[31] and at KEK[32]. The semi-inclusive spectra of the (K~ ,n) and (K—,p) reac-
tions measured at KEK are shown in Fig.1.2. The measured spectra were compared to
calculated spectra by a Green’s function method. They reported that the (K—,n) and (K—, p)
spectra were reproduced for kaon nucleus optical potentials of (—190 — i40) MeV and
(—160 —i50) MeV, respectively. However, there is a claim from theoretical calculation that
the spectrum shape can be reproduced by a moderate potential depth of -60 MeV[33].

In the in-flight reaction, non-mesonic two nucleon absorption processes are suppressed.
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Fig. 1.2 Missing mass spectra of the '>C(K~,n) reaction (upper) and '>C(K~, p) reaction
(lower) in the KEK E548 experiment. The solid curves represent the calculated best fit spectra
for potentials with Re(V)=-190 MeV and Im(V)=-40 MeV (upper) and Re(V)=-160 MeV
Im(V)=-50 MeV (lower). The dotted curves represent the calculated spectra for Re(V)=-60
MeV and Im(V)=-60 MeV. The dot-dashed curves represent a background process. Taken
from Ref. [32].

1.2.3 Results of the K~ pp bound system searching

The lightest kaonic nucleus is expected to be KNN bound state. It is more generally expressed
as [K ® {NN};=1];—1 /2, where the maximum combinations of the strongly attractive /=0
channel is realized among the three-body systems. The configurations of the lightest KNN
bound state are K~ pp and K°pn system, so-called K~ pp bound state.

FINUDA experiment

The FINUDA collaboration at DA®NE reported a possible evidence of a deeply-bound
K™ pp state in the invariant mass spectrum of back-to-back Ap pairs from the stopped K™
absorption on Li, "Li and '>C[34]. The observed spectrum is shown in Fig. 1.3. They
reported that a binding energy and width of the observed peak were 115f2(stat.)fi(sys.)
MeV and 67J_rﬁ(stat.)4_“§(sys.) MeV, respectively. However, quasi-free two-nucleon reaction
followed by secondary processes would contribute to the region around the observed bump
structure[35, 36]. They are now finalizing an analysis of the data obtained in the second data
taking during 2006 and 2007, where such processes are considered in the global fit of the Ap

distributions[37]. Another criticism sometimes quoted to the result is that the acceptance of
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Fig. 1.3 Invariant mass of a A and a proton in back-to-back correlation (cos 024 < —0.8)
from light targets before the acceptance correction in the FINUDA experiment. The inset
shows the result after the acceptance correction. Taken from Ref.[34]

the given spectrum is too narrow for the clear determination of the background below the

suggested peak structure.

DISTO experiment

A large formation probability of the K~ pp bound state in pp collision was predicted by
Yamazaki, et al.[38]. They calculated the process A*and p form to K~ pp following the
elementary process, p+ p — p+ A*+ K. They insisted the A*p sticking become dominant
due to the matching of the small impact parameter (large momentum transfer) with the
compact bound state.

The DISTO collaboration at SATURNE re-analyzed their data on the exclusive p+ p —
p+A+K™ events at T,,= 2.85 GeV[39], assuming K~ pp decaying into Ap. The K™ missing
mass spectrum obtained as the deviation to the uniform phase space distribution of the ApK ™
final state is shown in Fig. 1.4(left). A broad peak structure was observed at a mass of
2265.2 MeV/c? and a width of 118.8 MeV/c?, and they associated it to the dibaryon state
with strangeness -1 as X(2265). They also analyzed the data at 7,,= 2.5 GeV and found no
corresponding peak observed at 7,= 2.85 GeV[40].

If X (2265) follows the excitation function in a semi-empirical universal form of Sibirtsev[41],
the peak should be observed also at 7,=2.5 GeV as shown in Fig. 1.4(right). Furthermore,
they ignored N* resonances, whose contributions in the pp collision were pointed out by the
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Fig. 1.4 (left)K™ missing mass spectrum of p+ p — A+ K + p channel observed in
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relative to that at 2.85 GeV is shown by a green star. Taken from Ref. [40].

COSY-TOF experiment[42]. In the N* production, the final state products are ApK™, via
pp — pN*,N* — K*A as is the case of K~ pp production. These N* resonances could be
sources of non-uniform background distribution and make the observed broad spectrum.

Y-induced production at LEPS

The yd — K+~ X reaction at Ey=1.5—-2.4 GeV was carried out at LEPS/SPring-8[43].
They found that there is no structure in the mass region of 2.22 to 2.36 GeV/c? in the missing
mass spectrum of d(y, K™~ )X. The upper limits of the cross sections for the K~ pp bound
state with were obtained to be from 0.1 to 0.7 ub at the 95% C.L.

HADES experiment

The HADES experiment at GSI searched for K~ pp by the same reaction used in the DISTO
experiment, pp-collision. However, with a higher kinetic energy of 7,,=3.5 GeV, they reported
no peak observation as DISTO observed[44].
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in the J-PARC E27 experiment. The X°p-decay mode is selected in the analysis. Taken from
Ref.[46]

J-PARC E27 experiment

The J-PARC E27 collaboration searched for K~ pp in the d(n",K™) reaction[45]. In this
reaction, A(1405) is produced on a neutron in a deuteron and the A* is considered to merges
with a proton in the deuteron to form K~ pp[38]. They constructed a range array counter
to tag fast protons from K~ pp decay, while the scattered K+ were analyzed with the SKS
spectrometer system. The reported d(77,K™)”X” missing-mass spectrum is shown in
Fig.1.5. In the analysis, Z°p-decay mode is selected. They reported that the binding energy
of K~ pp-like structure is 95715 (star.) ¥39 (syst.) MeV and its width is 162787 (star.) *53 MeV.
These values are consistent with that in DISTO experiment.

3He (K~ ,n) reaction at J-PARC E15

A searching for the K~ pp bound state is being performed by the J-PARC E15 collaboration,
by using the *He (K~ ,n) reaction. A semi-inclusive spectrum of the *He(K~,n) reaction
was measured at a forward angle of a neutron scattering angle, as shown in Fig.1.6. One
finds no peak structure in a mass region around 100 MeV below the K~ pp threshold, where
some experiments claimed a peak structure.

The E15 collaboration reported the Ap invariant-mass spectrum in the *He(K~,Ap)n
reaction, obtained in the first physics run carried out in 2013, as shown in Fig.1.7. A peak
structure near the K~ pp threshold was observed. A peak position and width, assuming a Breit-

Wigner peak with an S-wave Gaussian form factor, were obtained to be 23558 (star.) +
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Table 1.1 Calculated K~ pp binding energies B & widths I' (in MeV). Taken from Ref. [49]

chiral, energy dependent non-chiral, static calculations
var. [50] wvar. [51] Fad. [52] | var. [24] Fad. [53, 54] Fad. [55,56] var. [57]
B 16 17-23 9-16 48 50-70 60-95 40-80
r 41 40-70 34-46 61 90-110 45-80 40-85

12(sys.) MeV /c* and 100717 (stat.) +27 MeV /c?, respectively. The observed peak was

different from those reported in the previous experiments.

1.3 Theoretical situation on K pp

Many theoretical calculations of the K~ pp system have been reported. Their results for
binding energies and widths of the K~ pp state are summarized in Table 1.1. All calculations
agree on the existence of the K~ pp bound state. However the binding energy and the width
are widely disributed.

The large difference of the binding energy between these theoretical calculations comes
from the treatment of the KN interaction in the energy below the threshold. The KN interac-
tion predicted by chiral SU(3) based calculations is smaller than that by phenomenological
potential based calculations. This difference of interaction is directly related to the binding
energy of the predicted K~ pp bound state.

None of the few-body calculations predicted the binding energy over 100 MeV despite
the experimental observations of DISTO and FINUDA. Furthermore, the main decay channel
of KNN — XN is not opened at the binding energy around 100 MeV. Thus a deeply binding
state is naturally expected to have narrow width as the originally-predicted K~ ppn bound
state by Akaishi and Yamazaki.

1.4 J-PARC E15 experiment

Although there is many studies on the K~ pp bound state from both theoretical and experi-
mental side, the K~ pp bound state has not been understood even its existence. Event though
there are experimental studies about the K~ pp candidates, the situation is still not clear since
the observed peak position is much larger than that predicted by theoretical calculations.
Furthermore, different interpretations other than the K~ pp assumption are discussed for the
FINUDA and DISTO observation.
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Fig. 1.8 Total cross section of the elementally K~ N reactions. Taken from Particle Data
Group.

The previous experiments also told us that an exclusive measurement is essential for the
clear identification of the observed structure. Moreover, an in-flight reaction suppresses or
kinematically separates the background processes such as multi-nucleon absorptions and
hyperon decays in the K~ pp measurement.

These ideas are supported in our experiment, J-PARC E15[58]. We performed an
experiment with an in-flight (K™, n) reaction at incident kaon momentum of 1 GeV/c. The
beam-kaon momentum was chosen so that the cross-section of the elementary K~ N reaction
is a maximum as shown in Fig. 1.8. In E15 experiment, the K~ pp bound state is investigated
by measuring the Ap invariant-mass spectrum which is one of the expected decay mode of
the K~ pp bound state. An high intensity kaon beam at J-PARC makes such a measurement

possible. The details of the experimental method are described in the next chapter.

1.5 Thesis overview

This thesis is dedicated to an analysis of Ap invariant-mass in the *He (K—, Ap)n reaction
with data in the second physics run of the J-PARC E15 experiment. The details of the
experiment and detector setup are described in chapter 2. In chapter 3, the basic analysis
procedure and evaluated detector performances are shown. The stream of analysis for the
exclusive 3He (K, Ap)n reaction is described in chapter 4. The results are shown in chapter
5, with discussing the structure of the Ap invariant-mass spectrum in the 3He (K~,Ap)n

reaction. Finally, a conclusion is given in chapter 6.



Chapter 2

Experimental apparatus

2.1 Experimental facility at J-PARC

Japan Proton Accelerator Research Complex (J-PARC), built in Tokai village, Ibaraki,
Japan, is the facility that provides a intensive kaon beam. J-PARC consists of three proton
accelerators, an H™ linac (LINAC), 3 GeV Rapid Cycling Synchrotron (RCS), and 30 GeV
Main Ring (MR). MR provides a fast extracted (FX) beam to produce neutrino beam to
Kamioka (T2K experiment) and a slow extracted (SX) beam to the hadron experimental
facility, where experiments of particle and nuclear physics are performed by using primary
proton and secondary pion, kaon and anti-proton beams. In the SX operation, the beam in
the MR is slowly extracted by gradually shaving bunched beam while the remaining beam is
kept circulating in the MR. The spill length was about two seconds with a 5.5 sec. repetition
cycle. The intensity of the SX beam in the present experiment was about 42 kW during the
experiment.

A typical operation condition of the SX beam in December, 2015 is summarized in
Table 2.1.

2.2 KI1.8BR beam-line in the hadron experimental facility

The primary proton beam is transported to a production target, called T1, in the hadron
experimental facility. In the experiment, gold was used as the T1 target, and the secondary
particle beam is generated.

The E15 experiment is performed at the K1.8BR beam line located at the north side of
the hadron experimental hall. The K1.8BR beam line is branched from the K1.8 beam line
and has shorter beam line length of 31.3 m from the T1 target to the final focus point(FF).
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Table 2.1 Typical operational condition of the SX beam as of Dec., 2015.

Primary beam momentum 30 GeV/c

Primary beam power 39-42 kW
Protons per spill 4.4-4.8 x1013
Repetition cycle 5.5 sec

Spill Length 2.0 sec

Spill duty factor 40%

Spill extraction efficiency  99.5%
Frequency of transverse RF 47 MHz

Table 2.2 Parameters of K1.8BR beam line as of December, 2015.

Production target Au (50% loss)
Extraction Angle 6°

Momentum range 1.2 GeV/c max.
Acceptance 2.0 msr - %
Momentum bite +3%

Beam Length (T1-FF) 31.3m

The beam momentum capability of the beam-line is upto 1.2 GeV/c. The configuration of
the K1.8BR beam line is shown in Fig.2.1, and its parameters are listed in Table 2.2.

A good mass separation is realized with two vertical slits, an electrostatic separator (ES1),
and a pair of correction magnets(CM1 and CM2). We also have two horizontal slits, an IF-H
at the internal focus point and a MOM just downstream of the MS1, where the optics is
designed to be dispersive.

After the D3 magnet, an SQDQD system is employed to focus the beam on the experi-
mental target at FF of the K1.8BR beam line. The most downstream magnet D5 is required
to change the beam direction to keep a flight-length of scattered neutron as long as 15 m.
The D5 magnet is also used as a beam momentum analyzer.

The first-order beam envelope calculated by the TRANSPORT code[59] is shown in Fig.
2.2.

2.2.1 Kaon beam tuning

Kaon beam tune was performed to maximize the number of kaons on the experimental target

while keeping a pion contamination to the acceptable level.
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Fig. 2.1 Schematic drawing of K1.8BR beam line in the J-PARC hadron experimental facility.
Taken from Ref.[60].

After the establishment of online particle identification triggers, we optimized the combi-
nation of ES1, CM1 and CM2 setting to maximize the kaon yield. Then the center of the
vertical beam position was measured by changing two vertical slit positions. The horizontal
position of beam was optimized by D3,D4 and D5 with a narrowed setting for the momentum
slit. Currents of quadruple magnets were also scanned to increase the kaon yield and for
better focus at FF. Finally, opening widths of two vertical slits and two horizontal slits were
optimized in terms of a K /7 ratio and a total beam intensity.

A typical kaon intensity during the experimental period was 1.9 x 103 per spill with the
K~ /m~ ratio of ~0.50. The optimized magnet settings and slit settings are summarized in
Table 2.3 and Table 2.4, respectively.

2.3 KI1.8BR spectrometer system

Fig. 2.3 shows the K1.8BR spectrometer system which we have constructed in the K1.8BR
experimental area. The spectrometer consists of a beam-line detectors, a cylindrical detector
system (CDS) which surrounds the liquid 3He target system to detect the decay particles

from the target region, and a neutron and a proton time-of-flight counters located ~15 m
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Table 2.3 Parameters of the beam-line magnets. D5 field is a typical monitored value. Other
field values are interpolations of measured points.

Element J-PARC Gap or Effective Bend  Current Field at pole

designation  bore/2 (cm) length (cm) (deg) (A) kG)
D1 5C216SMIC 8 90.05 10 -363  -6.5808~-6.7444
Ql NQ312MIC 8 67.84 -357 -3.075
Q2 Q416MIC 10 87.04 -668 3.872
D2 8D218SMIC 15 99.65 15 -698 -8.7673
IF-H Movable horizontal slit for acceptance control
IF-V Movable vertical slit, (y|¢)=0
Q3 Q410 10 54.72 -679 -4.108
Ol 0503 12.5 15 -15 -0.29
Q4 Q410 10 54.72 =776 4.692
S1 SX504 12.5 27.6 -42 -0.29
CM1 4D604V 10 20 (0.856) 335 1.943
ESI Separator 10 600 E=+200 kV
CM2 4D604V 10 20 (0.856) 360 1.940
S2 SX504 12.5 27.6 -136 1.02
Q5 NQ510 12.5 56 -498 4.218
Q6 NQ610 15 57.2 -535 -4.316
MOM Movable horizontal slit for momentum acceptance control
MSI1 Movable vertical slit for K-z separation

([9)=0, (y[y)=0.844, (y|0¢)=(y|¢ 5)=0
D3 6D330S 15 165.1 20 210 -7.064
S3 SX404 10 20 -34 -1.062
Q7 Q306 7.5 30.34 -464 4.026
D4 8D440S 20 198.9 60 -1938 -17.8907
Q8 NQ408 10 46.5 -110 0.671
D5 8D240S 20 195.9 55 -1663 -16.413

Table 2.4 Optimized slit settings. All unit in mm.

IF-H
IF-V

Mass

110
3.8
3.30

-1.40

Mom L 160.0 R-100.0
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Fig. 2.3 Schematic view of the K1.8BR spectrometer. Taken from Ref.[60].

downstream from the target position with a beam weeping magnet. In the successive 4

sections, details of these components are described.

2.4 Beam-line detectors

It is composed of beam line magnets, trigger counters, beam-line drift chambers, and a kaon
identification counter. The beam trigger is generated by a coincidence signal of two trigger
counters, a beam hodoscope detector (BHD) and a time zero counter (T0). The flight length
between the BHD and TO is ~7.7 m. We additionally installed a beam definition counter
(DEF) just upstream of the target to remove beam outside of the target cell from triggered
event. The kaon beam with momentum around 1.0 GeV/c is identified by using an aerogel
Cherenkov counter (AC) with a refractive index of 1.05. The kaon beam is tracked with
two beam-line drift chambers, a beam line chamber 1 (BLC1) and a beam line chamber 2
(BLC2). The momentum of the kaon is analyzed with this tracking information together with
the beam optics of the D5 beam line magnet. Finally, beam trajectory just upstream of the
experimental target is detected by a drift chamber (BPC) to determine the reaction vertex.
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2.4.1 Trigger counters

BHD

The BHD is segmented plastic scintillation counters located downstream of the D3 magnet.

The BHD has an effective area of 400 mm (horizontal) x 160 mm (vertical) segmented
into 20 units horizontally, and TO is 160 mm (horizontal) x 160 mm (vertical) segmented
into 5 units horizontally. The BHD scintillator is made of Saint-Gobain BC412 with a unit
size of 160 mm (height) x 20 mm (width) x 5 mm (thickness). The scintillation light is
detected by a pair of 3/4 inch Hamamatsu H6612B photomultipliers that are attached to the

top and bottom ends.

TO

The TO is also segmented plastic scintillation counters located downstream of the DS magnet.
To avoid over-concentration of the beam on one segment, TO is rotated by 45 degrees in
the xy plane. The unit size of TO made of the Saint-Gobain BC420 scintillator is 160 mm
(height) x 32 mm (width) x 10 mm (thickness). The scintillation light is detected by a pair
of 3/4 inch Hamamatsu H6612B photomultipliers that are attached to the top and bottom
ends. Since the coincidence rate of the top and bottom photomultipliers is too high, the high
voltage boosters of all the photomultipliers are modified to supply adequate current to the
last three dynodes.

DEF

The DEF is installed just upstream of the target vacuum vessel to improve data quality and
an efficiency of data acquisition. Under the current magnetic spectrometer setup, only half of
the kaon beam hits the liquid >He target due to the large beam spot size. So the DEF is used
for selecting the central region of the beam at the trigger level by adding the DEF signal to
the beam trigger made by the coincidence signal of the BHD and TO.

For the DEF, thin scintillation counter array is adopted. The scintillation light is detected
by a wavelength-shifting (WLS) fiber, Kuraray Y-11(200)M with 1 mm diameter. The light
from the fiber is read from both ends with multi-pixel photon counters (MPPCs) made by
Hamamatsu (5S10362-11-100C). The WLS fiber is embedded in a 3 mm thick scintillator
(ELJEN EJ-202) with 1.1mm depth, and fixed by optical cement ELJEN EJ-510 as illustrated
in Fig. 2.4. MPPCs are coupled to the fiber by using GOMI connectors developed by the
T2K experiment[62].
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Fig. 2.4 Schematic drawing of the DEF counter.

2.4.2 Kaon identification counter; AC

The AC, shown in Fig.2.5, located downstream of TO is used to identify the kaon at the
trigger level. In the experiment, an aerogel radiator with a refraction index of 1.05 is used as
a threshold-type Cherenkov counter to reject pions with momenta around 1.0 GeV/c. The
AC has an effective area of 180 mm (width) x 100 mm (height) x 100 mm (thickness)
which covers the whole distribution of the kaon beam. Cherenkov photons radiated in the
beam direction are diffused in the aerogel and reflected by the thin mirror foils sorrounding
it, and reached at four photomultipliers on the top and bottom. Three-inch fine-mesh type
photomultipliers (Hamamatsu R5543) are used to keep working with fringing fields of the
D5 magnet and the CDS magnet. A typical pion detection efficiency is more than 99%. The

miss identification ratio of a kaon as a pion is about 1%.

2.4.3 Beam momentum measurement

Two drift chambers, BLC1 and BLC2, are installed in the entrance and the exit of the beam
spectrometer magnet, called D5 magnet. Their tracks are combined by a second-order
transport matrix to reconstruct the kaon beam momentum. A typical resolution of 200 um of
BLC1 and BLC2 achieves the momentum resolution of about 0.1%. The magnetic field of
D5 is monitored during the experiment with a high-precision Hall probe, Lakeshore 475 (
~ 107 T resolution). The fluctuation of the magnetic field was ~ 2 x 10~* corresponding
to 0.2 MeV/c for the 1 GeV/c beam. We also install a helium bag into the D5 magnet to
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Fig. 2.5 Schematic drawing of the aerogel Cherenkov counter.

suppress the scattering effects in the air. The helium bag was refilled every day during the

experiment.

BLC1

BLCI1 consists of two sets of drift chamber with the same design, BLC1a and BLC1b, which
have 8 layers (UU'VV'UU’VV' configuration). In the U and V layers the wires are tilted by
=+ 45 degrees. Each layer contains 32 sense wires with a drift length of 4 mm corresponding
to an effective area of 256 mm x 256 mm. The number of readout channels is 256 for both
BLCla and BLC1b, which are installed 300 mm apart upstream of the D5 magnet.

BLC2

BLC2 is similar to BLC1; BLC2 consists of two sets of the same drift chamber, BLC2a and
BLC2b. Each chamber has a UU'VV'UU’VV’ configuration and 32 sense wires per layer, i.e,
the number of readout channels is 256 for both BLC2a and BLC2b. In the U and V layers
the wires are tilted by £ 45 degrees. The drift length of 2.5 mm corresponds to an effective
area of 160 mm x 160 mm. BLC2a and BLC2b are installed 275 mm apart downstream of
the D5 magnet.

Both BLC1 and BLC2 use 12.5 um diameter gold-plated tungsten wires with 3% rhenium
and 75 pum diameter copper-beryllium wires for the sense and potential wires, respectively.
The cathode planes are made of 12.5 um aluminized Kapton. The readout electronics of

both chambers consist of a preamplifier card with amplifier-shaper-discriminator ICs (ASD,
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Fig. 2.6 Design of the BPC (all dimensions in mm). Taken from Ref.[60].

SONY-CXA3653Q, T = 16 ns) mounted on the chambers, an LVDS-ECL converter, and a
TDC. The output signal of the ASD board is sent to the LVDS-ECL converter board via
7 m long twisted-pair cables. From the LVDS-ECL converter, the signal is transferred to the
counting house with 50 m long twisted-pair cables. The chamber gas is an argon-isobutane
mixture passed through a methylal (dimethoxy-methane) bubbler at a refrigerator temperature
of 4 °C with a ratio of 76% (Ar), 20% (isobutane) and 4% (methylal). The operating voltages
of BLC1 and BLC?2 are set at -1.25 kV on both the potential wires and the cathode planes.

244 BPC

A backward proton chamber (BPC) is installed just upstream the target cell to determine the
reaction vertex point precisely.

The BPC is a compact circular planar drift chamber whose size is 168 mm in diameter
and 89.7 mm in height. Fig. 2.6 shows the design of the BPC, which consists of 8 layers
(XX'YY'X'XY'Y), where the wires of the Y layer are tilted by 90 degrees. Each layer con-
tains 15 sense wires with a drift length of 3.6 mm corresponding to an effective area with
a 111.6 mm diameter. The number of readout channels is 120. The cathode planes are
made of 9 um carbon aramid foil, and the sense and potential wires, readout electronics,
and gas mixture of the BPC are the same as those for the beam line chambers. The opera-
tional voltage of the BPC is set at -1.50 kV on both the potential wires and the cathode planes.

Fig. 2.7 shows the cell geometries of the beam-drift chambers. The parameters of the

beam line chambers are summarized in Table 2.5.
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Fig. 2.7 Cell geometries of (a)BLC1/2, (b)BPC, and (c)FDC.
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2.5 Liquid *He target system

To gain larger luminosity, a liquid target was employed and a cryogenic target system was
developed for the current experiment based on the liquid “He target[63]. A schematic drawing
of the liquid He cryostat is shown in Fig.2.8 and the details can be found in Ref. [64].

The experimental requirements for the target system are stable heat transport to the target
cell located at the center of the cylindrical detector system and thin and low-Z materials
around the target to suppress the energy loss effect. The former was achieved by an L-shape
cryostat and a siphon method with two pipes connecting between cooling part and the target
cell. For the latter requirement, a target cell made by beryllium and a vacuum chamber made

by carbon fiber reinforced plastic (CFRP) were employed.

2.5.1 Cooling mechanism

The major cryogenic component is divided into three sections: a *He separator, a “*He
evaporator, and a heat exchanger between He and “He. The target cell is connected to
the bottom of the heat exchanger with two 1 m long pipes. To reduce the radiation from
room temperature components, all low-temperature parts are covered with a radiation shield
anchored to the liquid nitrogen tank (LN, tank).

A cooling power is generated by an evacuation of “He in the evaporator with a rotary
pump. The rotary pump has a pumping speed of 120 m3/h, resulting in a heat-removal
capability of 2.5 W at 2 K. The cooling power was used to liquify *He gas at the heat
exchanger. The scarce *He gas is controlled by a gas-tight handling system (leak rate
less than 107!9 Pa-m3/sec). An effective heat transport to the 1 m apart target cell was
accomplished by the application of the siphon method as described in Ref. [64], which uses
convection of the liquid *He. The liquid *He warmed by the heat load inside the target cell
returns to the heat exchanger through an upper pipe while *He is cooled again in the heat

exchanger and fed to the target cell through the lower pipe.

2.5.2 Target cell

Fig.2.9 shows the target cell. The side wall of the target cell is made of pure beryllium (more
than 99.4% purity) of 0.3 mm thick. The caps of both ends are made by AlBeMet, which
is an alloy of aluminum and beryllium.The volume of the target cell is 0.48 ¢ in which the
volume of 269 ¢ gaseous He at room temperature is necessary to fill up with liquid at 1.3 K.
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Fig. 2.8 Schematic drawing of the liquid *He cryostat. Taken form Ref. [64].
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Fig. 2.9 Schematic drawing of the target cell. Taken form Ref. [64].
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Table 2.6 Operational results of the liquid *He target system.

Vacuum level [mbar] < 107°
Leak rate of the He system [Pa-m3/sec] < 10710
Temperature in the target cell K] 1.4
Vapor pressure in the target [mbar] 33
Heat load to low-temperature part [W] 0.21
Liquid “He consumption (¢/day) 50
Liquid N, consumption (¢/day) 50

2.5.3 Operation and performance

After a pre-cooling of the cryogenic system to the liquid nitrogen temperature, it took about 6
hours to liquify the *He gas in the heat exchanger and achieve thermal equilibrium at around
1.4 K.

Fig. 2.10 shows the stability of the density of the liquid *He target during the experiment.
The spike-like structures are the periods when we refilled the liquid “He to the evaporator. We
need to refill the *He once per about 24 hours and it takes about 1 hour including a recovery
time to thermal equilibrium. Liquid “He at 4.2 K is transported to the evaporator through
the separator, which is closed off during the normal operation. In the data taking period, the
temperature was in the range between 1.37 and 1.44 K, which corresponds to the density
fluctuation of ~ 0.2% as the density equation of *He[65]. Since the equilibrium temperature
of ~1.4 K was ~ 0.1 K higher than that of the test operation in Ref. [64]. The temperature
differences between the evaporator, the heat exchanger, and the target cell were less than
0.01 K. This means that the heat transfer by the siphon method was working well. From the
reduction rate of the liquid “He in the evaporator, the heat load of the low-temperature region
was estimated to be 0.21 W. The operational results of the cryostat are tabulated in Table 2.6.

2.6 Cylindrical detector system

A schematic view of the cylindrical detector system (CDS) with the target system is shown in
Fig. 2.11. Charged particles generated by the reaction at the target are tracked by a cylindrical
drift chamber (CDC), which operates in a magnetic field of 0.7 T provided by a solenoid
magnet. A cylindrical detector hodoscope (CDH) is used for particle identification via TOF
measurement and as a charged particle trigger. An inner hodoscope (IH) is installed to
enlarge the acceptance for the tracks out of CDH acceptance.
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Fig. 2.10 Stability of the density during the experiment.

2.6.1 Solenoid magnet

The spectrometer magnet of the CDS is of a solenoidal type, whose bore diameter is 1.18 m
and whose length is 1.17 m with an overall weight of 23 tons. The design of the solenoid
magnet is shown in Fig. 2.12. It is located on the final focus point of the K1.8BR beam line.
The magnet provides a uniform field strength inside the tracking volume (|z| < 420 mm). In
the experiment, to evaluate the systematic difference between negative and position magnetic
field, it is operated at +0.7 T and -0.7T with a half experimental time.

2.6.2 Cylindrical drift chamber

The CDC is a cylindrical wire drift chamber that contains 15 layers of anode wires whose
structure is shown in Fig. 2.13. The outer radius is 530 mm and the inner radius is 150 mm,
with a total length of 950 mm. The wire length of axial layers is 833.8 mm, thus the angular
coverage is 49° < 0 < 1317 in the polar angle region corresponding to a solid angle coverage
of 66% of 4. The CDC consists of two aluminum end-plates of 20 mm thickness, a 1 mm
thick CFRP cylinder as the inner wall of the CDC, and six aluminum posts that are placed
outside the tracking volume. The CDC uses gold-plated tungsten of 30 um ¢ for the sense
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Fig. 2.11 Schematic drawing of the CDS with the target system.
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Fig. 2.12 Design of the solenoid magnet (all dimensions in mm). Taken from Ref.[60].

wires, and gold-plated aluminum of 100 um ¢ for the field and guard wires. These wires are
supported by feedthroughs with a bushing inserted at the end. Bushes with an 80 and 200
um ¢ hole are used for the sense and field/guard wires, respectively.

The CDC has small hexagonal cells with a typical drift length of 9 mm, which are grouped
into 7 super-layers as shown in Fig. 2.14. Table 2.7 gives the detailed parameters of the wire
configuration. The layers are in the radial region from 190.5 mm (layer #1) to 484.5 mm
(layer #15). The 8 stereo layers tilted by about 3.5° are used to obtain longitudinal position
information. The number of readout channels is 1816.

The drift gas is 1 atm of mixed argon (50%)-ethane (50%). A high voltage is applied
to the field and guard wires, and the sense wires are kept at ground potential. For the first
super-layer (A1) and the second one (U1), a high voltage of -2.8 kV is applied to the potential
wires, and -2.7 kV to the potential wires of the other super-layers. In addition, -1.5 kV,
-1.8 kV, and -0.6 kV are applied to the innermost, the outermost, and the other guard wires,
respectively. The readout electronics of the CDC consists of a preamp card with ASDs
(SONY-CXA3653Q, 7 =16 ns), an LVDS-ECL converter, and a TDC which is the same as
those for the beam line chambers.
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Fig. 2.13 Design of the CDC (all dimensions in mm). The CDC consists of two aluminum
end-plates, a 1 mm thick CFRP cylinder as an inner wall, and six aluminum posts that are
placed outside the tracking volume. Taken from Ref.[60].
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Fig. 2.14 Cell structure of the CDC. Taken from Ref.[60].
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Table 2.7 Wire configuration of the CDC.

Super- or Wire Radius Cell width Stereo angle  Signal
layer direction (mm) (degree) (mm) (degree)  channels
1 X 190.5 16.7 0 72
Al 2 X' 204 5.00 17.8 0 72
3 X 217.5 19 0 72
4 U 248.5 17.3 -3.55 90
ul 5 U’ 262 4.00 18.3 -3.74 90
6 Vv 293 18.4 3.77 100
vi 7 v/ 306.5 3.60 19.3 3.94 100
8 X 337.5 17.7 0 120
A2 9 X/ 351 3.00 18.4 0 120
10 U 382 16 -3.28 150
V2o u os9ss 2 66 339 150
12 Vv 426.5 16.7 343 160
V23 v 440 2P 1713 354 160
14 X 471 16.4 0 180
AS s x agas 20 69 0 180

2.6.3 Cylindrical detector hodoscope

The CDH is a segmented plastic scintillation counter used for the charged particle trigger and
particle identification with TOF measurement. The CDH is located at a radius of 544 mm
from the beam axis covering a polar angle range from 54 to 126 degrees corresponding to a
solid angle coverage of 59% of 4.

The CDH consists of 36 segments, individually mounted on the inner wall of the solenoid
magnet. The scintillators are made of Eljen EJ-200, with dimensions of 790 mm in length,
99 mm in width, and 30 mm in thickness. The scintillation light is detected by a pair of

Hamamatsu R7761 fine-mesh 19-dynode photomultipliers 1.5 inches in diameter.

2.6.4 Inner Hodoscope

An inner hodoscope (IH) is a segmented plastic scintillation counter mounted on the inner
wall of the CFRP cylinder of the CDC at a radius of 140 mm from the beam axis. The ITH
covers a polar angle range from 27 to 153 degrees corresponding to a solid angle coverage of
89% of 4.

The IH consists of 24 ELJEN EJ-200 scintillators with dimensions of 600 mm in length,

37 mm in width, and 3 mm in thickness. Each segment is overlapped by 1 mm. Due to
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the strong magnetic field and a limited space, multi-pixel photon counters (MPPCs) with a
3 mm X 3 mm sensitive area were used (Hamamatsu S10362-33-100C). The scintillation
light is detected by 4 wavelength-shifting fibers embedded in the scintillator and connected
to an MPPC with a specially designed connector. The MPPC signal is read out by using a
preamplifier (HOSHIN). In this thesis, IH is not used to analyze the decayed particles.

2.6.5 Backward proton detector

A backward proton detector (BPD) is installed at the most upstream of the CDS to enlarge
the acceptance for backward-going charged particles. In particular, it aims to detect a proton
from the A(1405) — X729 X% — Ay, A — pr~ decay chain in another experiment with the
d(K~,n) reaction (J-PARC E31).

The BPD is a plastic scintillator hodoscope array with the size of 350 mm (horizontal) x
340 mm (vertical). It is segmented into 70 units of 5 mm x 5 mm X 340 mm scintillation
counter made of Eljen EJ-230. Two MPPCs with a 3 mm x 3 mm sensitive area (Hamamatsu
S10362-33-050C) were directly put on both sides of each slab. Signals from the MPPCs are
read out by fast timing amps (ORTEC FTA820). The BPD is not used in the present analysis
except for an energy loss calculation for the kaon beam.

2.7 Forward particle detector system

A forward TOF counters at 0 degrees with respect to the beam direction, which is installed
to detect kicked-out neutrons and protons in the *He(K~, N) reactions. Flight lengths are
kept more than 14 m for both neutrons and protons to achieve enough momentum resolution,
while keeping acceptance as much as ~20 msr with a large volume of scintillator arrays.
The forward TOF counter system is composed of a neutron counter array (NC), a proton
counter array (PC) and a charged veto counter array (CVC) as illustrated in Fig. 2.15.
The CVC located front of the NC vetoes charged particles injected on the NC, not only
detects fast protons. Trajectories of protons are reconstructed with a forward drift chamber
(FDC) installed just downstream the target system, and bended by a dipole magnet called as
Ushiwaka towards the PC. Kaon beams without any reaction are swept out by Ushiwaka to
suppress background events in the neutron spectrum. A beam veto counter (BVC) which is
placed just downstream of the target system is used to remove the events which has forward

charged particle form the neutral trigger.
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Fig. 2.15 Schematic view of the forward detectors; the beam veto counter(BVC), forward
drift chamber 1 (FDC), the beam sweeping magnet, the neutron counter (NC), the charge
veto counter (CVC), and the proton counter (PC). The NC is located 14.7 m away from the
final focus position. Taken from Ref.[60].

2.7.1 Neutron time-of-flight counter

A neutron TOF counter (NC), located 14.7 m away from the final focus point, consists of
an array of scintillation counters and has an effective volume of 3.2 m (horizontal) x 1.5 m
(vertical) x 0.35 m (depth) segmented into 16-column (horizontal) x 7-layer (depth) units.
The acceptance of the neutron counter is ~ 20 msr ; & 6.2° in the horizontal direction and +
2.9° in the vertical. Each scintillation counter has dimensions of 20 cm (width) x 150 cm
(height) x 5 cm (thickness) with two 2 inch Hamamatsu H6410 photomultipliers attached
to both long sides of the scintillator through a Lucite light guide. The scintillators for the
first three layers are made of Saint-Gobain BC408, and the other four layers are made of
Saint-Gobain BC412. The average time resolution of the neutron counter, measured with

cosmic rays, is 92 & 10 ps (o). The error represents the variation among the segments.

2.7.2 Charge veto counter

The charge veto counter (CVC) is located upstream of the neutron counter, 14.0 m away
from the final focus point and has an effective area of 3.4 m (horizontal) x 1.5 m (vertical)

segmented into 34 units. Each scintillation counter has dimensions of 10 cm (width) X
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150 cm (height) x 3 cm (thickness), and is equipped with two 2 inch Hamamatsu H6410
photomultipliers attached to both long sides of the scintillator through a Lucite light guide.
The scintillators are of Eljen EJ-200 type. The average time resolution measured with cosmic
rays is 78 £ 7 ps (o). The error represents the variation among the segments.

2.7.3 Proton time-of-flight counter

The proton TOF counter is installed as the extended wall of the charge veto counter. It
has an effective area of 2.7 m (horizontal) x 1.5 m (vertical) segmented into 27 units. The
configuration of each scintillation counter is same with that of the charge veto counter except
that a Saint-Gobain BC408 scintillator is used. The average time resolution of the proton
counter, obtained from cosmic ray data, is 75 & 6 ps (o). The error represents the variation

among the segments.

2.7.4 Beam veto counter

The beam veto counter (BVC) is attached on the downstream flange of the target cryostat
as shown in Fig. 2.11. The coverage size of the beam veto counter is 320 mm (height)
x 320 mm (width) x 10 mm (thickness) made of Eljen EJ-200. The BVC covers the
acceptance of the neutron counter. The BVC is horizontally segmented into 8 units with
different sizes as shown in Fig. 2.16 to avoid the over-concentration of the beam on the
central segments. 1-inch fine-mesh Hamamatsu R5505 photomultipliers are attached on the
both ends of each scintillator segment through Lucite light guides. The signals are read out
with an amplification with HOSHIN preamplifier.

2.7.5 Forward drift chamber

The forward drift chamber (FDC) is a feedthrough type chamber which has 6 planes
(VV’XX’UU’). The tilt angles of U and V layers are +-15 degrees. Each layer has 64
sense wires with a drift length of 3 mm which corresponds to an effective area of 384 mm
(horizontal) x 264 mm (vertical). The cell geometry is shown in Fig 2.7(c) and the parame-
ters of the chamber are summarized in Table 2.5. The readout method is the same as those

for the beam line chambers.

2.7.6 Beam sweeping magnet

A dipole magnet called as Ushiwaka is located downstream of the CDS and the FDC is

attached on upstream of the magnet. The magnet has an aperture of 82 cm (horizontal) X
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Fig. 2.16 Schematic drawing of the beam veto counter.

40 cm (vertical) and a pole length of 70 cm, which accommodates whole acceptance of the
neutron counter. Ushiwaka is capable of providing a maximum field of 1.6 T and operated at

~1.0 T in the production run.

2.8 Materials in the spectrometer system

The materials in the spectrometer system cause the energy losses, the multiple scattering, and
the reaction with other than target for the particles. The net effects are expected to result in
systematic shifts of the measured momenta, event losses, and additional deteriorations of
the spectrometer resolutions. The momenta of the charged particles are corrected particle by
particle taking into account the materials on their trajectory. We developed the correction
routine for the kaon beam, the charged particles in the CDS and the forward-going charged
particles, where the materials summarized in Table 2.8, Table 2.9, and Table 2.10 were
considered, respectively. The wires, the cathode planes and the windows of the chambers,
the windows and the reflection sheet of the AC, and the wrapping of the scintillator bars
were not taken into account, since their contribution is negligible compared to the required

precision of a few MeV /c.
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Table 2.8 Summary of beam-line materials between the center of BLC2 (z=-130 cm) and
the FF. Typical momentum reductions of the kaon and the proton beams at 1 GeV/c are
calculated using the Bethe-Bloch formula.

Component Material Density  Thickness —0p MeV/c)
g/em® mm g/cm® 1GeV/ckaon proton
BLC2b Ar-isoC4H1p  0.0016 100 0.02 0.03 0.07
TO Scintillator 1.03 10 1.03 24 4.2
AC Aerogel 0.20 100  2.00 4 6.8
BPD Scintillator 1.03 5 0.52 1.2 2.1
DEF Scintillator 1.03 3 0.31 0.72 1.2
BPC Ar-isoC4Hp  0.0016 60  0.01 0.02 0.03
Target system
Chamber cap aluminum 2.7 0.6 0.16 0.3 0.51
Radiation shield | aluminum 2.7 0.3 0.08 0.15 0.26
Cell cap AlBeMet 2.07 0.6 0.12 0.23 0.51
Target helium-3 0.081 60 049 1.45 2.45
Air Air 0.0012 940 0.11 0.24 0.40
Total 5.02 10.7 18.5

Table 2.9 Summary of materials used in the energy loss correction of the CDC track.

Component Material Density  Thickness
g/lem® mm  g/em?
Target system 0
Target helium-3 0.081 34 0.28
Cell wall beryllium 1.85 0.3 0.06
Radiation shield | aluminum 2.70 0.3 0.08
CFRP CFRP 1.70 1 0.17
Air Air 0.0012 70 0.0084
IH Scintillator ~ 1.03 3 0.31
CDC
CFRP CFRP 1.70 1 0.17
Gas Ar-CoHg 0.0015 380 0.057
Total 1.13
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Table 2.10 Summary of materials between the FF and the forward counters. Typical momen-
tum reduction of the proton beam at 1 GeV/c is calculated using the Bethe-Bloch formula.

Component | Material Density Thickness —O6p (MeV/c)
g/cm? mm g/lem? 1 GeV/c proton
Target
Target helium-3 0.081 80 0.65 33
Cell cap AlBeMet 2.07 0.6 0.12 0.39
Rad. shield | aluminum 2.7 0.3 0.081 0.26
Frange SUS304 8.9 0.3 0.27 0.26
BVC Scintillator ~ 1.03 10 1.03 4.2
FDC Ar-C¢Hip  0.0016 100 0.016 0.053
to PC
Air Air 0.0012 1.3E+04 1.57 5.2
Total 3.71 13.6
to NC
Air Air 0.0012 1.4E+04 1.69
CVC Scintillator ~ 1.03 30 3.09
Total 6.92

2.9 Data acquisition

2.9.1 Data acquisition system

The on-line data acquisition system (DAQ) consists of the TKO[66, 67], VME, and PC Linux.
The signals from the detectors are fed into ADC and TDC modules slotted into 10 TKO
crates. They are read in parallel with 10 VME-SMPs (super memory partner[68]) via a TKO
SCH (super controller head). The data stored in a buffer memory of the SMP is transferred
to the DAQ-PC through SBS Bit3 VME-to-PCI bridges. Additionally, two DAQ systems
consist of VME and PC Linux are used. One is for spill by spill readout of scalers, and the
other one is for multi-hit TDC readout for beam-line counters. To secure event matching
in the offline analysis, an event and a spill numbers are distributed the three DAQ systems
by using a master trigger module and receiver modules and event matching is done offline.
The status of the detector system, such as temperature of the cryogenic target system and the
magnetic field of the D5 magnet was recorded by using LabVIEW based program.

Since current DAQ system has no buffer memory in TDC and ADC modules, the fast
clear scheme is adopted to efficiently accumulate the (K—,N) events. The 1% level trigger
is constructed by the beam line detectors and CDS, and then TDC common start/stop

signals and ADC timing gates are distributed to each module, followed by analog-to-digital
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conversion. Signals of the forward counters reach the DAQ system 100 ns or more after 1%
level decision. Then 2"? level trigger is generated by the forward-counter signals. If 274
level is not acceptable, the analog-to-digital conversion is suspended and the modules are
initialized for the next event (FastClear).

The dead time of conversion in ADC/TDC and data-transfer from TKO-SCH to VME-
SMP is ~ 120 us and ~ 230 us, respectively. The dead time caused by a data-transfer from
VME-SMP to the PC-Linux is negligible by using two buffers in the VME-SMP. In the case
of FastClear, it takes only ~3 us to be ready for the next event. During the main data taking
period, a typical DAQ rate was about 900 events per spill with the live rate of about ~70%.

2.9.2 Trigger scheme
Kaon beam trigger

The beam trigger is constructed by coincidence signals from the beam line counters, the
BHD, TO and the DEF. The kaon beam trigger (Kpeam) is selected from the beam trigger
by using the kaon identification counter, i.e., a veto signal of the AC (AC) defines the kaon
beam. It should be noted that antiprotons in the beam are removed upstream of the beam line
by using the ES1, CM1, and CM2. A logical expression of the kaon beam trigger is given as

(Kpeam) = (BHD) ® (T0) ® (DEF) ® (AC).
A pion beam trigger requires coincidence signal of AC. Then,

(Theam) = (BHD) ® (T0) ® (DEF) ® (AC).

Main trigger

A two-level trigger logic for the in-flight *He(K~, N) reaction is applied. To detect the A and
proton in the CDS, the main trigger for the E15 experiment is set to three or more CDH hits
(CDH?""). The E15 main trigger is given as

(Main) = (Kpeam) ® (CDH")

Triggers for normalization

For the evaluation of reaction cross sections, the total kaon flux on the target is crucial.
Therefore, elementary kaon beam data (Kp,q,,) is also recorded. Minimum-biased beam data
(BHD®TO) is also mixed to monitor the performance of the AC and the DEF.
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Kpeam@CDH triggers

Since the main trigger rate is few hundreds per spill, the DAQ has still room to take additional
data. Although primary purpose of the present experiment is the study with forward-going
nucleons, some physical output without forward counters are also expected. Among them,
the Ap events in the CDS are most interested in. Therefore, kaon beam triggers with the
coincidence of the CDH hit(s) are mixed as much as possible to keep DAQ live rate better
than 70%.

Cosmic trigger

A cosmic data triggered by two or more CDH hits were recorded to evaluate the CDS

performance between the spills.



Chapter 3

Data analysis and calibration

3.1 Basic data analysis

3.1.1 Conversion of the raw data

In the experiment, the detector informations are stored as TDC and QDC data, and these are
converted to time and deposit energy scale in the analysis.

To measure a hit time, TKO 32 channel Drift Chamber TDC (DR.T) and TKO 16/64
channel High Resolution TDC (HR-TDC) modules are used for drift chambers and scintil-
lation counters, respectively. TDC information is converted to time information by using
gain function, which is evaluated by calibration data with time calibrator (ORTEC 462) as
shown in Fig. 3.1 for every channel. A TDC channel (T') is converted to time scale (¢) by
using following equation

t=T-G (+T*-G,), 3.1)

where G| and G, are gain parameters for 1 and 2 order component, respectively. A correlation
between TDC and time is assumed to be linear for every HR-TDCs. In DR.T type TDC, due
to the time range is much wider than HR-TDC, the correlation has higher order component
so that the second order polynomial function is used for fitting. The TDC gain fluctuation,
which comes from temperature change or other difference of environmental conditions, is
checked during the experiment, and it is found to be negligible small.

For the scintillation counters, the charge integration of the analog signal is recorded to
evaluate a deposit energy of particles in the counter. The TKO 32 channel charge-integration
ADC is used for doing this, and the conversion from QDC (Q) to deposit energy (dE)is
performed using following equation

dE = (Q— Qo) - Gapc (3.2)
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Fig. 3.1 (left) Calibration data to evaluate TDC time gain. (right) TDC channel and time
correlation. The black plots correspond to peak positions indicated by red dotted-lines in left
figure, and red line shows linear fitting result of the plots.

where Qg and G4pc denote QDC value of pedestal peak and ADC gain parameter, respec-
tively. The Qg and G4pc are evaluated by fitting the pedestal peak with Gaussian distribution
and peak from minimum-ionizing particle with Landau distribution as shown in Fig. 3.2. An
energy deposit in one-cm-thick plastic scintillator is about 2 MeVee, so that an ADC gain
parameter, Gapc is calculated as Gapc = 2.0-z/ (Quip — Qo) , Where Quzp is peak position
for MIP. The parameters for QDC conversion would slightly vary during the experiment
due to temperature change. Accordingly, the gain parameters are evaluated for every several
hours data.

3.1.2 Analysis for hodoscope detectors

A segment of a hodoscope detector has two data sets of time and deposit energy, which come
from its two detection devices on both detector edges. In the analysis, these four informations
are used to decide the correct hit timing and deposit energy in a segment. The measured time
information of each edges has time walk effect, which is caused by pulse height effect for a
discriminator: a timing of signal outputting from discriminator slightly depends on the pulse
height or the charge of the inputted analog signal. This effect can be found in the time and

deposit energy correlation shown in Fig. 3.3. This effect is corrected in the analysis by using
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Fig. 3.2 Typical QDC spectrum of scintillation counter. The red histogram shows QDC
spectrum required that a coincidence hit in the corresponding TDC. The pedestal peak and
the MIP peak positions are evaluated by fitting the strong peak in the black spectrum and
broad peak in the red histogram, respectively. Each peak positions and fitting results are
indicated by black line, red line and blue dashed-lines.

following correlation function

te=1+po+-L1 +p,-dE, (3.3)
VdE

where ¢ denotes time information calculated by Eq. 3.1 and p; are correction parameters. In
this correction, pg is an time offset parameter, p; and p, are time-walk effect parameters.

These parameters are obtained by iterating correction and adjusted for every runs.
The hit timing and deposit energy of one of the detection devices in a segment depend
on distance between hit position and the detection device, /. This dependence can be
compensated with arithmetic mean for hit timing and geometrical mean for deposit energy as

following equations.
it

")
dE,, = \/dE, -dE,, (3.5)

where 1, 4 and dE, 4 are hit time and deposit energy of one of the edge detectors.

(3.4)

In contrast, this position dependence can be extracted by subtracting two edge hit timings,
thus the distance between hit position and one edge side (/) can be calculated as

2y

[ — (3.6)

where v denotes effective light velocity in the scintillator.
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Fig. 3.3 Typical time and energy deposit correlation (left) and that of after correction (right).

3.1.3 Analysis for drift chambers
Beam-line drift chambers

The time of the drift chambers are calculated from the TDC information. Fig.3.4-(top) shows
time distribution of a typical beam-line drift chamber. The drift time of each wires are
calibrated using differential distribution to the maximum point is set to be O ns, as shown in
the bottom figure in the Fig.3.4. The correlation function between drift time and drift length
is evaluated by using integral distribution, by assuming that the particles pass through a drift
chamber at right angle and are uniformly distributed in each cell.

A drift length can be calculated by using correlation function, but still the drift direction
is not well known. To track using the all hit informations, all combinations of the drift
directions are examined and the combination which gives minimum x?/nd f is selected. In
the three dimensional linear fitting, the x> /ndf is defined as

1 S (5= f(z)
2 _ i
xX°/ndf = N_4 : (—Gi ), (3.7)
f(z) =cosB(a+zb)+sinb(c+zd), (3.8)

where N is the number of the given hits, x’ is the positions perpendicular to the wire and the

particle direction, f(z) is the calculated position in a rotated plane with an angle of 6, and
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Fig. 3.4 (top) A typical drift time distribution of BLDC and calculated drift length shown by
led line. A function of the drift length is the integral of the drift time distribution. (bottom) A
differential distribution of drift time. The offset of the drift time is corrected by using a peak
position of the differential distribution.
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o is the assumed position resolution. The four parameters a, b, ¢, and d at the minimum
%% /nd f can be analytically calculated for the given set of the hits.

All beam-line drift chambers consist of pairs of staggered planes by a half of the cell size.
Thus, a sum of the drift lengths of the paired hits should be about the cell width. Fig.3.5
shows the relation between a differential and a mean of drift times in the paired planes. In
the Fig.3.5-(left) has correlation between a differential and a mean of drift times, so that
this correlation is corrected as shown in Fig.3.5-(right). The correction function is defined
by fitting this correlation, and it is evaluated for every paired planes. In this way, the hit
timing of the drift chambers can be calculated by using the corrected mean drift time. In this
analysis, when the paired-hits searching is failed, then those paired planes are excluded from
the timing analysis.
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Fig. 3.5 (left) A typical correlation between time difference and time mean of paired hits.
(right) Same figure after applying the correction.

In the beam-line drift chambers, there are BLC1, BLC2 and BPC. For tracking at the
BLC1 and BLC2, a candidate is required to have hits more than 5 planes out of 8 planes
in each U and V planes. In the case of BPC, due to a redundancy of the BPC is less than
BLC1 and BLC2, all 8 planes is required to have hits. First of all, the pre-fitting is performed
with MWPC mode, which is fitting without drift time consideration. Then a hit combination
with a minimum y2/ndf is selected as a first track. This procedure is iteratively done with
hits not included in reconstructed tracks, until remaining hits can not be used to reconstruct
an additional track. After these tracking procedure, the procedure is performed again for
BLC1 and BLC2 without a hit which has the largest distance between hit position and track
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position to distinguish a hit from accidental hits. Fig.3.6 shows comparison between >
distribution in first and second tracking procedure. Because the y?/nd f reduces in second
tracking procedure, accidental hits or other dummy hits is successfully removed from each
track candidate. This procedure is used for BLC1, BLC2 and cylindrical drift chamber which

have large redundancy layer. However, in BPC, this procedure could not be used due to lack
of number of layers.
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Fig. 3.6 xz /nd f distribution of BLC1(left) and BLC2(right) in Pre- and Re-tracking.

Cylindrical drift chamber

The calibration of the drift time in the CDC is the same as that in the beam-line drift chambers.
An evaluating the correlation function between drift time and drift length is performed by
fitting the residual distribution as a function of drift time. In this fitting, the fifth polynomial
function is used. The evaluation is done iteratively. Fig.3.7 shows drift time distribution and
relation between drift time and drift length after adjusting the relative time and correlation
between drift time and drift length.

The tracking for the CDC is performed by using a helix curve, which can be parametrized
as

x(¢) = dpcos@y + % (cosgo —cos(go +9)), (3.9)

¥() = dpsin¢o+})<sin¢o ~sin(o+9)), (3.10)
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Fig. 3.7 (left) The drift time distribution of a typical CDC layer. (right) The drift length
versus drift time correlation. The correlation function is evaluated by using 5th polynomial
function.

2(9) :dz—%tanl'(l), (3.11)

where d,, is the distance of the helix from pivotal point in the xy plane, ¢y is the azimuthal
angle to specify the pivotal point with respect to the helix center, p is the inverse of the signed
radius of the helix, d, is the distance of the helix from the pivotal point in the z direction, and
tanA is the dip angle. The momentum of a charged particles is calculated by using its helix
parameters as

p= %(—sin<¢o+¢>,cos(¢o+¢),tank), (3.12)

where c is the light velocity and B is the strength of the magnetic field in the z direction.

In the tracking of the CDC, track candidates are searched in x — y plane using only axial
layers at first. To determine the combination of hits in axial layers and to estimate helix
parameters dp, ¢9, and p, the circle fitting is performed. After that, associated hits in the
stereo layers are searched in z — @ plane to estimate d, and tanA. Finally, full helix fitting is
performed by using T Minuit to minimize the y?/nd f, which is defined as

1 X /&—dl\?
xz/ndsz_SZ( ) : (3.13)

i Gi

where N is the number of hits, &; is the shortest distance between the hit wire and the helix

track, dl; is the drift length, and o; is the spatial resolution. A track is required to have at



3.2 Beam line analysis 49

least one hit in each axial super layer. In addition, at least 5 hits in the stereo layers and at

least 10 hits in total are required.

3.2 Beam line analysis

Using basic informations of beam line counters and drift chambers, the beam particle is
analyzed to identify the particle and calculated its momentum. This analysis part can be
roughly separated into two part, which are identification part and momentum calculation part.
At the identification part, time of flight information is used to ensure that the beam particle
is kaon, even the beam particles have been already identified at on-line trigger level using
aerogel Chrenkov counter. In the second part, beam momentum calculation, a momentum
vector is analyzed by using three drift chambers. In these analysis, it is also important to
remove beam pile-up event to clearly select an kaon induced reaction. To do this, these
analysis are applied in stage with selecting pure single kaon beam event. Overview of the

beam line analysis is as follows,
1. TO single hit event selection
2. Kaon beam selection by using time of flight between BHD and TO
3. BLCI1 and BLC2 tracking, and single track request
4. Momentum analysis
5. BPC (vertex chamber) tracking and single track request
6. Track matching between BLC2 and BPC.

In this section, the beam line analysis is shown from the top to end. Used data set is
unbiased kaon trigger event which is produced by only beam line counters, namely there is

no bias from other downstream counters.

3.2.1 Particle identification of beam particle

To identify the beam particle, time of flight between BHD and TO counters is used. In the
analysis, TO counter is used as time zero counter, so that number of hits in TO counter is
always required to be 1 to ensure the correct timing of triggered event. On the other hand, hit
multiplicity in the BHD is much higher than that in TO because of the BHD is located at up
stream of the beam line. Therefore, this requirement is not applied for the BHD to avoid over

killing the event number.
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Fig. 3.8 Hit multiplicity of BHD (left) and TO (right). Because of BHD is located at the
most upstream of the beam-line, BHD has much higher number of fired segments than TO.
To ensure the correct timing of time-zero and single beam particle event, TO multiplicity is
required to be 1 which is indicated by gray filled region in right figure.

The time of flight between all fired BHD segments and TO is calculated as shown in
Fig. 3.9. In the wide range TOF distribution, the continuum structure is observed whose
repetition cycle is 47 MHz. This structure comes from the Transverse-RF in the MR
accelerator, and most of particles in this structure are not delivered to the experimental target,
basically these particles hit beam duct or other materials in the beam line. The peak structure
around the 27 ns corresponds to triggered particle which is certainly transport the beam line
system. The TOF resolution is evaluated to be about 250 ps by fitting the peak comes from
kaon, which is located at 29 ns. The region corresponding to 30 from the center of the
kaon peak is selected in this analysis.

3.2.2 BLDC tracking and momentum analysis

The particle momentum is calculated from the bending angle in the DS magnet which is
measured by two drift chambers, BLC1 and BLC2, located in and out of the magnet. Because
the time range of the TDC for the drift chambers is much wider than that for hodoscope
detectors, there are many multi track events in each drift chambers. In Fig. 3.10, a strong
peak located at zero-ns corresponds to track of triggered particle, and other small structure
comes from the transverse-RT which is the same as described in the previous subsection. To

avoid multi particle events, it is required that there is only single track in BLC1 and BLC2 in
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Fig. 3.9 (left) TOF distribution between BHD and TO. Broad structures below arrows come
from 47 MHz transverse RF in the MR accelerator. (right) A enlarged TOF distribution in the
range from 20 to 40 ns. 7 and K peaks are clearly observed around 26 and 29 ns, respectively.
Beam particles whose TOF is in gray filled region are identified as Kaon where the region is
corresponding to + 3.00 of the TOF resolution.

the time range from -30 to 100 ns. Additionally, to ensure the each single tracks is attributed
to the triggered particle, the track time is required in the triggered time region which is from
-10 to 10 ns. The tracks in the BLC1 and BLC2 is checked its x> which is shown in Fig. 3.11.
In this analysis, each track is required that x2 is less than 10.

To calculate the momentum, each tracks in the BLC1 and BLC2 is connected by using
second-order transfer matrix calculated by TRANSPORT code with an additional parameters
for the beam momentum. The definition of the y?/ndf is almost the same as Eq.3.7,
except for the additional degree of freedom of the beam momentum. The minimization
of the y?/ndf is performed with TMinuit. Fig.3.12 shows the reconstructed momentum
distribution. The center of the beam momentum was about 1.01 GeV/c. In this analysis,
events which have x2/ndf of less than 20 pass the next step of the analysis as shown in
Fig.3.13.

3.2.3 BPC tracking and define of the beam direction

For the tracking in the BPC is essentially the same as other beam-line drift chambers. Fig.3.14
shows the tracking time distribution of the BPC. To reduce the multi particle events, a gate of

tracking time from -30 to 100 ns is applied. Also, a track whose tracking time is from -10 to
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Fig. 3.10 Track time distribution of BLCI1 (up) and BLC2 (bottom). There are periodic
wave structure over the time range comes from pile-up events and strong peak around O ns
corresponds to triggered event. To avoid beam pile-up events, it is required that there is only
one track in a time window from -30 to 100 ns. Additionally, only a track corresponds to
triggered event is accepted by requiring that the track time is in time gate indicated by gray
color.
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Fig. 3.11 Chi-square distributions of BLC1 (up) and BLC2 (bottom). Chi-square less than 10

is required to decide tracks as a good track candidate.
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Fig. 3.12 The beam momentum distribution measured by beam spectrometer system.
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Fig. 3.13 The x? distribution of the matching two drift chambers to reconstruct the beam
momentum. The gray region shows accepted events where the x is less than 20.
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10 ns is selected as triggered particle. Then, tracking x? is selected less than 10, as shown in
Fig.3.15.
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Fig. 3.14 The track time distribution of the BPC. The procedure of the event selection is the
same as the BLCs.
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Fig. 3.15 The y? distribution of the BPC. The track whose y? is less than 20 as indicated by
gray filled region is accepted.
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Track matching of BLC2 and BPC

The track information of the BPC is used for define the beam direction. Before doing that,
the tracks of BLC2 and BPC are checked its matching to reduce events comes from multiple
scattering and to ensure the track comes from kaon. Track matching is checked for the
position difference and angle difference between the tracks of BLC2 and BPC. Fig.3.16
shows position difference between BLC2 and BPC. The difference is evaluated at z =75 cm
upstream from the final focus point, where is the center position of the BLC2 and BPC. In
this analysis, x and y difference are selected within the region from -0.75 to 0.75 cm. The
track angle difference is also checked as shown in Fig.3.17. The events that dx/dz and dy/dz
are in the region from -0.02 to 0.02 is pass through to next analysis.

Then, track of the BPC is determined as a beam track.
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10° 10* 10°
T IIIII|T| T IIIIIII| T

Y difference (cm)

| IIIIIL|J L LI |

0.0 05

X difference (cm)

Fig. 3.16 The position difference between tracks of BPC and BLC2 at 75 cm upstream form
the final focus point. The black bashed box in the 2D plot shows accepted region which x
and y are selected from -0.75 to 0.75 cm.
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Fig. 3.17 The angle difference between tracks of BPC and BLC2. To select the matching
events, each angle differences of dx/dz and dy/dz is required to be in the region between
-0.02 and 0.02 which is indicated by black dashed box in the 2D plot.



58 Data analysis and calibration

3.2.4 Fiducial selection

Fig.3.18 shows the beam image on the final focus points, which beam position is determined
by using the BPC track. In Fig.3.18-(left) shows the beam image with unbias-kaon trigger.
On the other hand, Fig.3.18-(right) shows that with CDH hit trigger, so that the target image
is observed in this case. To select the beam which passes through the target fiducial region,
black circle region in Fig.3.18 is selected. The analysis for the beam-line counters is the end
till this selection.

Y position (cm)
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Fig. 3.18 Beam image at the final focus point with requiring the unbias-kaon trigger (left)
and CDH 2 hits trigger (right). The target image is observed by selecting the CDH 2 hit
trigger. The black circles shows fiducial region of the experimental target.

3.2.5 Number of irradiated kaon on the target

Now, analysis for the beam-line counters has been finished, so that number of irradiated kaon
on the target can be evaluated. The number of kaon trigger is counted during the experiment
as shown in Fig.3.19. Essentially, the number of kaon during the run is almost same because
a run is separated by about 1 hour if there is no accident. However, the beam intensity was
once increased during the experiment, so that there is a step in Fig.3.19.

The survival ratio during the beam-line analysis is also checked as shown in Fig.3.20.

The ratio is flat during the experiment.
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The DAQ efficiency and density of the *He target is also check for each run, as shown in

Fig.3.21 and Fig.3.22. The DAQ efficiency and target density were almost steady around 70 -
80 % for the DAQ efficiency, and 81.2 mg for the target density.
By using these values, integrated luminosity can be evaluated which is described follows.
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Fig. 3.19 The scaler counts of the kaon trigger for each experimental data. The horizontal
axis shows data number where the one data is accumulated for about a hour.
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Fig. 3.21 The accept efficiency of the DAQ system evaluated by Nuccepr /Nreques:- The step
around the run number of 320 corresponds to increasing the beam intensity. The efficiency is
stable during the experiment.
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Table 3.1 Trigger efficiency and effective luminosity

Effective luminosity

Trigger Trigger Efficiency (%) Luminosity Error (%)
KCDH3 93.3 3.0nb~! 0.1
KCDH1/100 0.99 31 ub~! 0.02
KCDH?2/20 4.9 157 ub~! 0.1

Integrated luminosity

The integrated luminosity L is calculated as follows

Ny-d-1
L=N,-N, =N, -2~ (3.14)
M3He

where N, provides effective beam number which contains DAQ efficiency and survival ratio
in the beam-line analysis, N; is number of beam particle and target, d and / are density and
length along beam direction, N4 and M 3y, are Avogadro constant and molar mass of the
3He, respectively. The N, and d are evaluated for every run to cancel its fluctuation during
the experiment. In summary, the integrated luminosity in the experiment was evaluated to be
3.21nb~!. For the integrated luminosity, uncertainty comes from only statistical error in the

scaler count of the kaon, which is negligible small (Iess than 0.01%).

Trigger efficiency and effective luminosity

The integrated luminosity with containing the trigger efficiency is defined as effective
luminosity. The effective luminosity is summarized in Tab.3.1. For the main trigger of

KCDHS3 trigger, the effective luminosity was found to be 3.0 nb~!.

3.3 Analysis for the cylindrical detector system

The next step of the analysis is for the cylindrical detector system (CDS). In the CDS
analysis, the momentum is calculated by using track information of the CDC. Then, the
particle identification is performed by using reconstructed momentum and TOF information.

The CDS analysis procedure is as follows,
1. Tracking the CDC and momentum reconstruction
2. Re-tracking the CDC with fine correction

3. Particle identification
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4. Vertex decision

3.3.1 CDC tracking and momentum reconstruction

CDC tracking is performed as described in Sec.3.1.3. In this analysis, the track whose
x%/ndf is less than 30 is selected and pass the analysis. Then, the particle momentum can be
calculated by using Eq.3.12. From the track information, the flight length between starting
vertex point and detected point on the CDH can be calculated. Thus, the particle velocity can

be calculated as

B Lcpce,,—cpH (3.15)
Calc Calc ’ .
((TCDH —Tro) — (TT(?—Cvertex + Tve?tecxfCDCm>> ¢

where Lcpc,,—cpu 1s the track length between the entrance of the CDC volume and the
detected point on the CDH, T¢py and Trq are the measured time information of the CDH and
TO, respectively, and TTCg’in ortex and TviffgkCDCm are calculated flight times between TO and
the starting vertex point, and between starting vertex point and entrance of the CDC volume,
respectively. The starting vertex point is defined as shown in Fig.3.26. Then, the relation
between momentum and particle velocity can be observed as shown in Fig.3.24. There are

clearly stripe corresponding to each particle, electron, pion, kaon, proton, and other particles.
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Fig. 3.23 The y? distribution of the CDC tracks. Tracks whose x? is less than 30 is accepted
as shown by gray filled region.
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Fig. 3.24 Momentum and 1/8? correlation reconstructed by the CDS. Each belt where many
events are concentrating is coming from different particles.

CDC fine correction

In the CDC drift time, there are correlation between residual drift time and particle velocity
as shown in Fig.3.25-(left). This correlation is the same as a time-walk effect in the photon
sensors, which is collected by using the correlation of the integral charge or the pulse height
as described in Sec.3.1.2. For the CDC, we did not take a integral charge information in the
experiment, so that the particle velocity is used to correct this correlation. The correlation
function is evaluated by fitting the Fig.3.25-(left) with the fifth polynomial function for
each wires. By using the collection function, the correlation between residual drift time and
particle velocity is negated as shown in Fig.3.25. After corrected this correlation, tracking of
the CDC, momentum reconstruction, and calculation of the particle velocity are performed
again with corrected drift time.

3.3.2 Reaction vertex reconstruction

The starting vertex point of the particle detected by the CDS should be defined to calculate
the particle velocity and define the reaction vertex point. There are two method for defining
the starting vertex point in the CDS. One of the case is the definition of the vertex point with
one CDC track and a beam track. In this case, the vertex point is defined as the closest point
of the CDC track and the beam track as described in Fig.3.26-(left). The another case is
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Fig. 3.25 Calculated residual drift time versus 1/ distribution of the CDC. (left) The
correlation that is before the correction. The correlation between residual drift time and 1/82
is evaluated by using Sth polynomial function. (right) After applying the collection for every
wires.

that there are two CDC tracks and a beam track. In this case, firstly the closest point of two
CDC tracks is searched and its momentum vector is calculated as sum of the two momentum
vector. Then, the vertex point is defined as the closest point between the summed momentum
vector and the beam track, as shown in Fig.3.26-(right).

The reconstructed vertex images in the empty target data and the *He target data are
shown in Fig.3.27 and Fig.3.28, respectively. For the vertex image in the empty data, the
target cell is clearly observed. And in the 3He data, the number of events is really enhanced

in the target fiducial region which is indicated by blue line in Fig.3.28.

3.3.3 Particle identification by the CDS

For the particle identification of the detected particles in the CDS is performed by calculated

1— 2
M:p-,/ﬁ—f,(&m)

where p and 8 are reconstructed momentum and calculated particle velocity by the CDS in-

its mass as

formation. The momentum versus mass-square plot is shown in Fig.3.29. Clear localizations
corresponding to each particles are observed. To identify the particle, the 2 dimensional PID
function is applied, which is described as lines in Fig.3.29. The PID function was evaluated
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CDC tracks

Fig. 3.26 Schematic drawing of the vertex definition. (left) The vertex definition when there
is one CDC track. The vertex point is defined on the BPC track where the distance between
BPC and CDC track is the closest. (right) The vertex definition when there are two CDC
tracks. First of all, the closest point of two CDC tracks is found to determine the stating point
of the two CDC tracks, and the two CDC tracks is paired. Then, the vertex point is defined
as the closest point between BPC track and line of the paired tracks where the direction of
the line is determined as synthetic momentum of two CDC tracks.
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Fig. 3.27 Reconstructed vertex distribution when the target is empty. The target cell image is
clearly observed in each X-Y, Z-X and Z-Y plane. Each drawing require that the position on
the residual axis is around O cm. The blue line shows fiducial region of the target.
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Fig. 3.28 Reconstructed vertex distribution with filling the >He target. The blue line shows
fiducial region of the target.
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by fitting mass distributions sliced with each momenta of Fig.3.29 by using Gaussian distri-
bution, and £2.50 region is identified as each particles. In this analysis, overlap regions of

two PID functions are removed to reduce the background from wrong identification.
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Fig. 3.29 Momentum and mass-square distribution measured by the CDS. The pion, kaon,
proton and deuteron are clearly separated in this plot. Each lines show the boundary of the
particle identification. The overlap region of two different particle is ignored in this analysis
to remove the background comes from wrong-identification.

3.3.4 Absolute value of the solenoid magnetic field

Because of the momentum of the detected particle in the CDS is calculated by using magnetic
field strength of the solenoid magnet, the absolute value of the magnetic field strength must
be calibrated. For calibration of the magnetic field strength, the mass of the K? and A are
checked by changing the magnetic field strength. The mass of the K? and A are reconstructed
by the 7~ 7t and 7~ p -pairs, respectively. Fig.3.30 shows the results of the study for the
magnetic field strength. In this figure, difference between PDG value and reconstructed
masses of the K? and the A plotted as a function of the magnetic filed strength. In this
analysis, the absolute value of the magnetic filed is setted to 0.715 T, where the differences
of the K? and the A masses are the same value of about 0.5 MeV/c?.
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Fig. 3.30 Mass difference from PDG values of reconstructed K and shown by blue and
red line, respectively. The inserted figure is close-up view around magnetic field of 0.715 T.
The absolute value of the solenoid magnetic filed is set to 0.715 T where the K and A mass
difference are the almost same value. Each mass difference is within 0.5 MeV/c?.

3.3.5 Reconstruction of the invariant mass

To check the absolute value and mass resolution of the reconstructed particles, the K?,
A, and A(1520) were checked its mass position and width. The K, A, and A(1520) are
reconstructed by 7~ ", 7~ p, and K~ p -pairs, respectively. In Fig.3.31, 3.32, and 3.33 show
the invariant mass distribution of each pairs. To evaluate the mass position and its width,
the distribution were fitted by using Gaussian for the A and K? and Breit-Wigner for the
A(1520) signal, and background distributions were fitted by the third polynomial function.
The mass positions of K? and A is well consistent with its PDG value within the 0.5 MeV/c2,
and that of A(1520) is consistent within about 4 MeV/c? after adjustment of the magnetic
field strength of the solenoid magnet as described previously. The invariant mass resolution
of the 7~ 7+ and 7~ p -pairs are found to be about 6 and 2 MeV/c?, respectively.
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Fig. 3.31 The invariant-mass distribution of the 7~ p pair detected by the CDS. The red and
blue dotted-line show the fitting result by using Gaussian and 3rd polynomial background

function. The peak coming form A-decay is well reproduced and its, mass and resolution is
evaluated to be 1115.23 MeV/c? and 1.9 MeV/c?, respectively.
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Fig. 3.32 The invariant-mass distribution of the 7~ 7" pair detected by the CDS. The red and
blue dotted-line show the fitting result by using Gaussian and 3rd polynomial background

function. The peak coming form K°-decay is well reproduced and its, mass and resolution is
evaluated to be 497.17 MeV/c? and 6.2 MeV/c?, respectively.
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Fig. 3.33 The invariant-mass distribution of the K™~ p pair detected by the CDS. The red and
blue dotted-line show the fitting result by using Breit-Wigner function and 3rd polynomial
background function due to the resolution is much smaller the is width. The peak coming
form A(1520)-decay is well reproduced and its, mass and decay width is evaluated to be
1515.4 MeV/c? and 11.1 MeV/c?, respectively.






Chapter 4

Analysis of exclusive *He (K~,Ap)n
channel

In this section, analysis procedure of an exclusive *He (K—,Ap) channel is described.

Basically, analysis is performed by following steps.

1. First level event selection with number of hits and tracks in CDS and other counters
2. A-reconstruction with the likelihood method

3. Reaction vertex decision

4. Missing neutron selection to select the *He (K~, Ap)n reaction

5. Kinematic fitting with constraints of the reaction

After these analysis, the Ap invariant-mass spectrum of the 3He (K, Ap)n reaction is

obtained.

4.1 Firstlevel event selection

At first, events which have 3 hits in CDH and 3 tracks in CDC were selected. Fig.4.1 shows
the multiplicities of the CDH hits and the CDS tracks. It is required that there are three fired
segments in CDH, then number of tracks in CDC is checked. To reduce the background,
events with more than four CDH hits and CDS tracks were removed in this analysis.
Furthermore, charged particle detection in the forward counter is also checked. Fig.4.2
shows hit multiplicity of the BVC, CVC and PC. No hit in all these counters were also

required so that there are only three charged particle detection in an event.
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After these selections, the CDS hits and CDS tracks were combined to reconstruct
the charged particles. The three combinations in CDS are required in this analysis whose
distribution are shown in Fig.4.3. Then, particle identification was performed for these three
detected particles. Number of each particle is also shown in Fig.4.3. The two protons and

one w~ were selected to select as a candidate of the events of Ap pair detection.
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Fig. 4.1 (left) Number of hit segments in CDH in the KCDH3 triggered events. The hits
number of 3 is selected in this analysis which shown by grayed region. (right) Number of
tracks in CDC after requiring number of hits of CDH to be 3. It is also required that there are
three tracks in the CDC.
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Fig. 4.2 Number of fired segments in BVC, CVC and PC. To remove the events which have
charged particles in the forward direction, it is required that there are no fired segment in all
forward counters, shown by gray filled region.
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Fig. 4.3 (left) Number of particles which path the analysis in CDS. In the CDS analysis,
energy-loss correction and particle identification are performed. The three particle events
are selected in this event selection. (right 4 figures) Number of protons, 7~s, 77s and K~s
detected by CDS after requiring that there are three analyzed particles in CDS. The gray
regions, two protons and one 7~ are selected.

Now, we have got two protons and one 7~ detected in CDS. The next step is to select
the pair of each proton and 7. Fig.4.4 shows the determination scheme of the two protons.
The distance between closest approach (DCA) of each proton and beam track is calculated as
shown in Fig.4.4, and closest proton to beam track is selected as proton-1 (p;). The other is
called proton-2 (p1). Two pairs of 7~ p; and &~ p, are combined to calculate correct energy
loss in the materials. At this energy correction, the energy loss is calculated from closest
points of each proton and 7~ . The invariant-mass of each 7~ p pair can be calculated as
described in Fig.4.5. We find two loci around A-mass in both invariant-mass of 7~ p pairs.
The cross-point of the A region of both 7~ p pairs can not be identified which pair comes
from A-decay, by using only the invariant-mass information. Naively, 7~ p, pair could be
considered as A-decay because the DCA tends to larger in the proton from A-decay due to
the flight length of A. In this analysis, to ensure the identification of the A-decay pair, the
log-likelihood method is applied to identify the correct pair from A-decay, which is described

in the next section.
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Fig. 4.4 Schematic view of the three helix tracks of protons and 7~ and beam. Each DCA
is evaluated, and proton whose DCA is smaller than the other proton is tagged as p; in this
analysis.
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4.2 A identification by using the log-likelihood method

To decide the correct T~ p pair from the A decay, the log-likelihood method was applied. In

the log-likelihood function, following four variables are used.
1. Invariant-mass of £~ p pair
2. DCA between proton and beam tracks
3. DCA between proton and 7~ tracks
4. DCA between m~ and beam tracks
5. DCA between A and another proton tracks

Distributions of each variable were generated by using the Monte Calro simulation with
the K~ 4+ 3He — Apn reaction in the three nuclear absorption processes. In the simulation,
particles in the final state is produced uniformly. Fig.4.6 shows distribution of four variables
generated by simulation. The probability function is made by fitting these distributions, and

formulas and parameters for each variables are listed in Tab.4.1.

4.2.1 A identification efficiency and wrong pairing ratio

Now, the log-likelihood function (L) is defined as

L=—In (fmass X Jpca . X Spca,, X fpca,, foCAAp) ) (4.1)

where fiuass fpca .+ fpca > fpca, - and fpca,,, denote probability function for invariant-
mass, DCA between proton and K~ , DCA between proton and 7, DCA between A and K,
and DCA between A and another proton, respectively. In this analysis, the log-likelihood
(L) of two ™ p pair were compared, and smaller one was decided to the correct pair from
A-decay. Fig.4.7 shows L distribution of the A-decay pair and the other pair which are
plotted by black and blue lines, respectively. The bottom figure in Fig.4.7 shows efficiency
and wrong identification ratio as a function of the L value. By selecting smaller 7~ p pair,
A-decay pair can be identified with high efficiency. As mention in later, it is necessary to
remove the background from other processes, such as ¥~ production, so that the cut condition
of L will be modified to reduce the background contaminations. The efficiency and wrong

pairing ratio are almost saturated around L = 10.
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Table 4.1 Probability function for each values

Value Function Parameters
Po D1 P2
T p- - (Lpl)z) 1.0 1.1155 0.002
p-mass po-exp 9y . . .
pK~—-DCA 1.0 -3.403185 -18.076275
pn -DCA  po-exp(pi-x+p2-x*) 1.0 -1.578198 -1.055050
AK~-DCA 1.0 -3.078679 -13.117345
Ap-DCA 1.0 -1.437093  0.039362

4.2.2 Rejection power of other background contaminations by log-likelihood

By using the log-likelihood method, 7~ p pair from A-decay can be identified with high
efficiency and low wrong pairing ratio. However, it is important that if A is not generated in
the reaction, how many wrong events can path A identification scheme. Simply, the reaction

without A generation could be considered as a reaction such as
K~ + 3He — T ppn.

In principle, just simple reaction described above can not occur because the strangeness is

not conserved in the reaction. A possible reaction of the contamination is
K~ + 3He — X" pp— T ppn

reaction. In this reaction, 7~ n pair is from X~ -decay, but the number of protons and 7~ is
the same as of the true Apn event. There is also two &~ p pairs in the final state. In Fig.4.8,
contributions from these background processes are considered as a rejection power of the

contamination. The rejection power is defined as

R=1 — PmissID, (4.2)

where pissip 1s wrong identification of uncorrelated 7~ p pair as A. The L distribution in
Fig.4.8 is different from that in Fig.4.7, for two processes. The bottom figure in Fig.4.8 shows
the rejection power for 7~ ppn and X~ pp processes as a function of L. The rejection power
is decreased by increasing the cut position of L. In contrast, the A identification efficiency is
increasing with cut position of L. Therefore, it is necessary to optimize the cut position by

taking into account the identification efficiency and rejection power.
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Fig. 4.8 (top) Log-likelihood distribution for the K~ + 3He — X~ pp — ©~ ppn events and
the uncorrelated 7~ ppn production which are shown by black and blue lines, respectively.
(bottom) Rejecting power for each events. The rejecting power is calculated as 1 — pyissip,
where pyissip denotes that the wrong identification ratio of that uncorrelated 7~ p pair is
identified as A.
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4.2.3 Optimization of cut condition of log-likelihood

To optimize the cut condition of log-likelihood for A identification, a performance value, k is

introduced. The k value is defined as
k= é&ap - R, 4.3)

where €p;p and R are identification efficiency of A and rejection power of background
process, respectively. The rejection power is only considered for the X~ pp process. Fig.4.9
shows k value as a function of L. The distribution has a maximum point so that the cut
condition is set to L of k value to be maximum. In this analysis, the cut condition is optimized
to be 15.75. In this value, the A identification efficiency and the rejection power of the X~ pp
process are 92% and 95%, respectively, while wrong pairing ratio of the 7~ p pair is 0.4 % at
this cut condition.
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Fig. 4.9 Log-likelihood performance value (k) distribution. The k value is maximized at
L =15.75, so that the selection threshold is set to this value which is indicated by blue line
in the figure.

4.3 Vertex decision

The reaction vertex which is used for energy loss correction for K~ -beam is decided at the
closest point of the proton and beam tracks. We did not adopt the closest point of the A and
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beam tracks, however, the position resolution of single proton track is better than that of A
which is determined by two CDS tracks.

To ensure the reaction point is in the target region, the closest point of proton and beam
tracks, and A and beam tracks in the target fiducial region are required. Firstly, the closest
point of proton and beam tracks is checked whether it is in the target fiducial region. It is
called as "Vertex decision-1", in this analysis. Then, a decision of the closest point of A and

beam tracks is called as "Vertex decision-2".

4.4 Selecting the *He (K, Ap)n reaction

Before selecting the He (K~, Ap)n reaction, inclusive spectrum of the invariant-mass of
Ap pair and the *He (K~,Ap)”X” missing-mass are shown.

Fig.4.10 shows the inclusive Ap invariant-mass spectrum. Many events located around
mass region of 2.2 GeV/ 2, which come from multi pion production process. And, no other
characteristic structure was observed in the invariant-mass spectrum.

The missing-mass of *He (K—,Ap)” X" is calculated as

2
My = \/(MsHe+ \/MZ- + Py — \/Miﬂ??\— \/M,%ﬂ%) —(px-—pPa—pp)’,
4.4)
where M; and p; denote mass and momentum vector of particle "i". Fig.4.11 shows
3He (K—,Ap)”X” spectrum. The peak of missing-neutron was observed at the neutron
mass position. The dominant contribution in the Ap channel is multi pion production process,
which is located higher mass region in the missing-mass spectrum.

To obtain the relationship between invariant-mass and missing-mass, a 2-dimensional
plot is shown in Fig.4.12. In the 2D plot, events, which mainly come from two pion
production process; K~ + *He — Y pnzr, are dominant around M(Ap) ~ 2.2 GeV /c? and
MM(Ap) ~ 1.5 GeV/c2.

In this analysis, the neutron mass gate is selected in 0.85 — 1.03 GeV/ ¢, which is
indicated by blue line in Fig.4.12. The top figure in Fig.4.12 is the Ap invariant-mass
spectrum by selecting the neutron window in the missing-mass spectrum. Fig.4.13 also
shows invariant-mass spectrum by 20 MeV /c?-bin in the *He (K, Ap)n reaction with
selecting neutron window. It was observed that there are roughly two components in the
invariant-mass spectrum, one is the continuum contribution which can be considered as non
resonant process followed by Apn final state, the other one is peak structure located around
K~ pp mass-threshold.
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Fig. 4.13 Ap invariant-mass distribution in the 3He(K~,Ap)”n” reaction by selecting
neutron window in the M.M. (Ap) spectrum.

To check the survival and contaminated ratio of the Apn process and other multi pion
production processes, these values are evaluated by using a Monte Calro simulation. The
survival ratio at A reconstruction by using log-likelihood method and the selecting neutron
window for each processes are listed in Tab.4.2. In this evaluation, the multi charged pion
production processes are ignored because these processes have more than three charged
tracks in CDS, and were rejected before reconstructing A. Only X production process is
considered, because of only £ can decay into Ay. X~ pp process is considered to evaluate the
contamination from non A production process. Two and three nucleon absorption (2NA/3NA)
processes are evaluated in this analysis. In the 2NA processes, because the proton must
be detected by the CDS, where only a neutron which acts as a spectator in the reaction is
considered.

The A reconstruction ratios are more than 94 % in 3NA-Apn process. This ratio becomes
smaller in the multi pion production process, because the probability function for log-
likelihood method is generated by using 3NA-Apn process, namely the log-likelihood is
optimized only for 3NA-Apn process.

In selecting the neutron window, about 90 % and 40 % of events are passed in the
3NA-Apn and the 3NA-X%pn process, respectively. Other multi pion production processes

can not pass this selection because the missing-mass is much higher than neutron window.
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Therefore, dominant contributions after A reconstruction and selection of the neutron
window are only 2NA- and 3NA-Apn and X¥pn processes. Since the cross section of the
2NA-Y pn processes is much smaller than that of the 3NA processes, the 3NA-Y pn process

mainly contributes to the continuum component in the Ap invariant-mass spectrum.

Table 4.2 Survival ratio for each process

3NA-Process Areconst. (%) ”n” selection (%)  Total (%)  Relative ratio

Apn 94.0 91.0 85.5 1.00
Apnr® 93.4 0.941 0.850 1.03 x 1072
Appm~ 18.7 1.36 0.254 2.97 x 1073
Apnnn® 92.3 7.80x1073  720x 1073 8.42x 1073
Appr—n® 23.5 340x 1072 7.99x 1073 9.35x 107
Apnn®n0n0 90.1 0 0 0
¥Opn 94.0 43.0 40.4 0.473

0 pnn® 93.2 0.104 9.72%x 1072 1.14x1073
XOppr 19.1 0.173 330x 1072 3.86x1074
Y0 pnnn® 91.7 297x1073  2.72x1073 3.18x107
Y ppr—n0 25.0 251%x1072  628x1073 7.34x107°
Y pnr®r070 89.1 0 0 0

> pn 88.9 1.11 0.989 1.16 x 1072
> pnm® 87.6 1.28 x 1072 1.12x107%2 1.31x107*
X pp 4.97 89.0 4.42 5.17 x 1072
2NA-Process Areconst. (%) n” selection (%)  Total (%)  Relative ratio
Apn 93.4 93.2 87.0 1.02
Apngrt® 92.8 0.897 0.832 9.73 x 1073
Apngn®n® 90.3 0 0 0
Apngn®n070 83.3 0 0 0

>0 pn 93.5 65.3 61.1 0.714

¥ png 0 92.0 759%x1072  698x 1072 8.16x 1074
Y0 pngn0n0 88.5 1.14 x 1072 1.00x 1072 1.18 x 1074
Y0 pnr0n070 75.2 0 0 0

4.5 Evaluating the contributions for "'n''-window

In order to evaluate the contributions for selecting neutron window, the template fitting for
SHe(K~,Ap)”X” missing-mass spectrum was performed. In Fig.4.14 shows the fitting result
with each three nucleon absorption processes produced by using a Monte Calro simulation.
In the simulation, the processes listed in Tab.4.2 are considered. The x? /nd f of 169.2/66

was observed in this fitting. Evaluated ratios of each contribution are listed in Tab.4.3. The



4.5 Evaluating the contributions for "n"-window 89

results of ratio in the all missing-mass region are totally consistent with that observed in
previous E15 experiment, which is described in Ref.[48]. The most dominant contribution in
the neutron-window is Apn final state, the ratio of which is 80% of all contributions. The
¥%pn and YNN + 7 contaminations in the selecting events are evaluated to be 17.8% and
2.24%, respectively. The YNN + 7 contamination is negligible small in the final selecting
events. The small contamination from the £°pn final state should be considered to study the

structure observed in the Ap invariant-mass spectrum shown in Fig.4.13.
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Fig. 4.14 Fitting result of *He(K—,Ap)”X”’ missing-mass spectrum. Black and colored plots
show data and simulated spectra, respectively. In the Monte Calro simulation, Y pn, YNN + 7,
YNN +27x, and YNN + 37 final states are considered.

Table 4.3 Relative yield of each contributions

Final state ATl R%,t;(,),_(:fgl dow Relative yield
Apn 8.28 80.0 1.0
>Opn 4.09 17.8 0.223
YNN+7m 424 2.24 0.028
YNN+2r 404 0.03 4% 10

YNN+3n 4.80 0.0 0.0
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4.5.1 Background evaluation from other materials

To evaluate the background from other materials such as target cell, the empty target data
is analyzed as same as the 3He data. In this analysis, to focus on the spectrum from other
materials, requirement of vertex in the target fiducial region is not applied. Fig.4.15 shows
spectra of the *He (K—,Ap)”X” missing-mass and the Ap invariant mass with selecting
neutron window. In the missing-mass spectrum, there was no peak structure from the missing
neutron, in contrast the clear peak was observed in the 3He data. Nevertheless, the selection
window for the missing neutron is the same as that in the 3He data analysis. In the invariant-
mass spectrum with selecting the neutron window, the spectrum shape is much different from
that in the >He data. The number of events become larger in lower mass region in the empty
data. And, the peak structure around K~ pp mass-threshold observed in the *He data did
not appear in the empty data. If the requirement of the vertex in the target fiducial region is
applied, only two events remains in the missing neutron window. Therefore, the background
contribution from other materials is small. The effective luminosities in the He and empty
data are 3.21nb~ ! and 69.4ub~!, respectively, so that the total yield from the other materials
with requiring the vertex in the target fiducial region is 2 x 3.21/69.4 x 10° ~ 92 events.
Fig.4.16 shows comparison between obtained Ap invariant-mass spectrum in the 3He data
and background contribution evaluated by using empty data. For the empty data, spectrum
without vertex requirement is used and its integral value is normalized to be 92. From this

result, the background contribution from other materials are negligibly small in this analysis.

4.5.2 Mixed event analysis

To confirm the observed peak structure, mixed event analysis is performed. In the mixed event
analysis, different event samples are mixed and Lorentz vector of A and proton from different
events are used to calculate the Ap invariant-mass and missing-mass. Fig.4.17 shows the
results of mixed event analysis. In the *He (K, Ap) X" missing-mass distribution, the clear
neutron peak disappears in the mixed event analysis. By selecting the same missing neutron
region in the missing-mass spectrum, the Ap invariant-mass spectrum is much different from
the correct data analysis. The events in the mixed event analysis are localized in the lower
mass side than correct data analysis. And the peak structure around K~ pp mass-threshold is
not observed.

From studies of background contribution from other materials and mixed event analysis,
it is concluded that the peak structure around K~ pp mass-threshold is really observed in the
3He (K—, Ap) n reaction.
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Fig. 4.17 (left) *He (K, Ap)”X” missing-mass spectrum with mixed event analysis. (right)
Ap invariant-mass distribution in mixed event analysis with selecting n-window in the
missing-mass spectrum. There is no structure around K~ pp mass-threshold indicated by
black line.

4.6 Kinematic fit

The next step is performing the kinematic fit to improve the invariant-mass resolution.
In this analysis, the package of KinFitter in the ROOT is used for performing the
kinematic fit. The fitting method is based on least square fit with non-linear constraint, which

is well described in Ref.[69]. For the kinematical fit, kinematical constraint is as follows.
1. invariant mass constraint; invariant-mass of 7~ p equals to A-mass.
2. 4 momentum vector conservation; missing-mass of Ap equals to neutron mass.

In the kinematical fit, the 4 momentum vector is varied within its resolution, so that the
resolution parameter is desired.

To check the effect of the kinematical fit, the invariant-mass resolution is evaluated by
using a Monte Calro simulation. In this simulation, 3NA-Apn and 3NA-X%pn processes are
considered. Fig.4.18 shows the invariant-mass resolution as a function of Ap invariant-mass.
The result is well understood that the resolution is much improved by using kinematic fit. At
the K~ pp mass-threshold, about 1.5 times better resolution was obtained with the kinematical
fit. In contrast, the improvement of invariant-mass resolution in the °pn process is not so
good compared with that in the Apn process. The cause of this can be considered as the one

missing Y is ignored in the kinematical fit. The resolution curve obtained by a Monte Calro
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simulation was fitted with the third order polynomial function and the resolution parameters
are listed in Tab.4.4.

To check the obtained Ap invariant-mass is correct, difference between measured and
truth Ap invariant-mass is studied as Fig.4.19. For the Apn events, the obtained mass is close
to truth value as expected. On the other hand, difference is much bigger for the X°pn events
due to missing y-ray from X° decay. This mass shift correlation is also fitted with the third

order polynomial function and its parameters are listed in Tab.4.5.
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Table 4.4 Parameters for resolution curve

Parameters
Channel F(x)=po+p1-x+p-x*>+pr-x°
Po P1 P2 P3
w/o Kin. fit —434.625 537.619 —232.069 35.8203
w/ Kin. fit  455.297 —595.899 256.085 —35.5796
w/o Kin. fit —1812.6  2150.58 —853.258 114.784
w/ Kin. fit —134.685 51.3273 23.4427  —7.49824

K~ + 3He — Apn

K=+ 3He — Xpn
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Fig. 4.19 Mass difference between measured and truth Ap invariant-mass obtained by using
Monte Calro simulation. (left) Mass shift curve for K~ + *He — Apn reaction. (right) Mass
shift curve for K~ + 3He — X°pn reaction.

Table 4.5 Parameters for mass shift curve

Parameters
Channel F(x)=po+p1-x+pi-x*+p-x
Po P1 P2 P3
w/o Kin. fit 11.3552 —2.95268 —1.72226 0.301761
w/ Kin. fit —22.3799 11.4513 4.30227 —2.21766
w/o Kin. fit —294.339  60.5277 53.3794 —16.2189
w/ Kin. fit —1221.24 122431 —443.004 56.126

K~ + 3He — Apn

K~ + 3He — X%pn
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4.7 'The obtained Ap invariant-mass spectrum

After the kinematical fit, the final Ap invariant-mass spectrum in the *He (K~, Ap)n reaction
is obtained, as shown in Fig.4.20. The peak structure around K~ pp mass-threshold still
remains. But, the peak width became a bit narrower than that in the previous spectrum shown
in Fig.4.13. At the last, a survival ratio of each selection in the analysis is listed in Tab.4.6,
and there are 6415 events in the final Ap invariant-mass spectrum in the 3He (K~,Ap)n
reaction. The invariant-mass resolution less than 10 MeV/c? was achieved in the mass region
below the K— pp threshold.
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Fig. 4.20 Ap invariant-mass distribution(bottom) and its resolution(top) after performing the
kinematical fit in the 3He (K—,Ap)”’n” reaction.
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Table 4.6 Survival ratio in each selection

Selection Number of events Reduction ratio
Examined Passed Relative Total

Beam analysis - 1.14291 x 10® - 1.0

KCDHS3 trigger 1.14291 x 108 8.65497 x 107 0.757 0.757

3 hits in CDH 8.65497 x 107  6.04107 x 10"  0.698 0.529

3 tracks in CDC 6.04107 x 107 1.75808 x 107 0.291 0.154

No charged in FWD 1.75808 x 107  1.56612 x 107  0.891 0.137

3 combinations in CDS  1.56612 x 107 1.24677 x 107 0.796 0.109

2 protons and pion 1.24677 x 107 2.52879 x 10° 0203  2.21 x 1072

x% <30 2.52879 x 10° 2.51202x 10° 0.993 2.20x 1072

2 track combination 2.51202 x 106 2.12065 x 10° 0.844 1.86x 102

A-reconstruction 2.12065 x 10° 698126 0329 6.11x1073

Vertex decision-1 698126 76819 0.110 6.72x10~*

Vertex decision-2 76819 66352 0846 581 x10°*

"n"-selection 66352 6415 0.0976 5.61 x 107




Chapter 5
Results and discussion

In this chapter, the observed Ap invariant-mass spectrum is discussed in detail. The Ap
invariant-mass spectrum has major peak structure below and above the K~ pp mass-threshold
as described in the previous chapter. Before discussing about the peak structure, the corre-
lation between Ap invariant-mass and other quantities, such as neutron emission angle or

momentum transfer in the reaction, will be discussed.

5.1 Correlation between A p invariant mass and other quan-
tities
The correlations between the Ap invariant-mass and the neutron emission angle or momentum

transfer are studied to discuss about origin of the observed peak around the K~ pp mass-
threshold.

5.1.1 Neutron emission angle

First of all, the correlation between the Ap invariant-mass and the neutron emission angle

cosOM is shown. The neutron emission angle in the center of mass frame is defined as

oh — P P 5.1)
T R e |

where pg,” and pS™ denote momentum vectors in the center of mass frame.
Fig.5.1 shows a 2-dimensional plot of the Ap invariant-mass versus cos@ Y. It was

observed that events in the peak structure above and below the K~ pp mass-threshold were

oM

concentrated in a region of cos greater than 0.7.
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Fig. 5.1 Ap invariant-mass versus cos@™ distribution. The top and right side figures show
the projected spectrum to X and Y axis, respectively. The structure around K~ pp mass-
threshold is located in the region of forward neutron emission angle, which is cos8” more
than 0.7. Note that less yield in the region of very forward angle and invariant-mass of
2.1-2.2 GeV/c? is due to acceptance limit of the detector system.



5.2 Fitting the Ap invariant-mass spectrum 99

This behavior was clearly observed in the invariant-mass spectrum sliced by a 0.1 bin
width of cos8M as shown in Fig.5.2. The yield of the peak component decreases as cos@™
decreasing. In the backward region of the neutron emission angle, from cos8™ of -1.0 to
-0.7, we find a small event concentration around the Ap invariant-mass of 2.8 GeV/c?. These
events are considered as a two nucleon absorption process where a kaon is absorbed by two
nucleons in 3He. The other neutron acts as a spectator and its momentum remains as small
as a Fermi momentum.
oM

Since, the region where the invariant-mass less than 2.2 GeV/c? and cos greater

than 0.8 is out of detector acceptance, the spectrum shape is distorted in that region. In
cos@M greater than 0.7, the largest contribution is the peak structure around the K~ pp
mass-threshold. In contrast, there is only continuum contribution in the cos8™ range from

0.0to 0.7.

5.1.2 Momentum transfer

The relation between the Ap invariant-mass and momentum transfer to the Ap system is also

studied as shown in Fig.5.3. The momentum transfer to the Ap system is calculated by

9= Pk~ — Pnl; (5.2)

where pg- and p, are the momentum vectors of beam K~ and scattered neutron in the
laboratory frame. Especially, the relation between the Ap invariant-mass and the momentum
transfer kinematically corresponds to that between the Ap invariant-mass and cos@<M.
Due to the kinematical limit, there is no event in the left-bottom region in Fig.5.3. The
peak component around the K~ pp mass-threshold is strongly concentrated on around the
momentum transfer less than 0.5 GeV/c.

Fig.5.4 shows the Ap invariant-mass spectra sliced by the momentum transfer. In the
region of the momentum transfer less than 0.3 GeV/c, yield below the K~ pp mass threshold
was small due to the kinematical limit. The peak below the K~ pp mass threshold was clearly

observed in the momentum transfer from 0.3 to 0.6 GeV/c region.

5.2 Fitting the Ap invariant-mass spectrum

Fitting of the Ap invariant-mass spectrum was performed to study for the peak structure
observed around the K~ pp mass-threshold. First of all, to extract the peak component, the
spectra selected in two different regions, 0.0<cos8<<0.7 and 0.7<cos8¥<1.0, are prepared
as shown in Fig.5.5. The former spectrum has only a continuum component which distributes
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Fig. 5.2 Ap invariant-mass spectrum for slicing each cos@™. The left-top figure shows
cosOM from 0.9 to 1.0, and the others are in series of each cos@M slice with 0.1 width.

The right-bottom one shows sum of the all spectrum whose cos

QCM

is more than 0.0.
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Fig. 5.3 Ap invariant-mass versus momentum transfer to p system plot. The top and right
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Fig. 5.4 Ap invariant-mass spectrum sliced by each momentum transfer. The right-top figure
shows spectrum with selecting momentum transfer from 0.0 to 0.1 GeV/c. The sliced width
of momentum transfer is 0.1 GeV/c. Due to the kinematical limit, the top three figure do not
have contribution below the K~ pp mass-threshold.
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widely. The latter one contains the peak component and the continuum. We call the spectrum
with cos8M from 0.0 to 0.7 "background" and that with cos8$™ from 0.7 to 1.0 "signal".
Assuming the continuum shape and its production rate does not change in each selected
angular region, the continuum component in the latter spectrum can be demonstrated by that
in the former spectrum.
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Fig. 5.5 (left)Ap invariant-mass with selecting cosQnCM is from 0.0 to 0.7. (right) The
same spectrum with selecting cos@M is from 0.7 to 1.0. The structure around K~ pp
mass-threshold appears in the very forward neutron angle region. In contrast, there is only
continuum contribution in the cos@™ range from 0.0 to 0.7.

We made following two operations to the observed Ap invariant-mass spectrum.

1. Subtract the background from the signal.

2. The subtracted spectrum is fitted to be decomposed into a few possible subcomponents

In Step 1, the background spectrum is scaled to take into account the acceptance. To
do that, acceptance shapes for different cos8M regions were evaluated as Fig.5.6. The
background yield at mass m (N (m)) can be explained by

= 28 Ngg(m) (5.3)
B

where Npg and A;(m) denote the number of events in the background spectrum and acceptance

in the relevant cos@™ region, respectively. After scaling with acceptance, the background



104 Results and discussion

e M EAAA L e A M
9 9
: 0.00<cos0; *'<0.70 0.70<cos0} *'<1.00
8H - 8 =
= 7F E ='F E
o SF 3 o 6F =
2 2
® S5F = < S5 =
*a o + ] "a o ]
o 4__ +_'_ “’W++++ = 5y 4._ =
1> B - E o E
(5] E - A+ < o ]
< 3fy T = < 3F J— E
F E T T—
2F = 2 ~ *J[ =
1= - A 1 - E
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII—HE :H-‘-II-T-I—IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_I -
9.0 21 22 23 24 25 26 2.7 28 29 3.0 2.0 21 22 23 24 25 2.6 2.7 28 29 3.0
Ap invariant-mass (GeV/c?) Ap invariant-mass (GeV/c?)

Fig. 5.6 (left)Acceptance of Ap invariant-mass with selecting cos8<M is from 0.0 to 0.7.
(right) The same spectrum with selecting cos@S™ is from 0.7 to 1.0.

shape is well reproduced the signal spectrum in the region above 2.6 GeV/c?, as shown in
Fig.5.7

The fitting of the second step is applied for the residual distribution as shown in Fig.5.7-
(bottom). In this subtracted spectrum, there is only peak component and almost continuum
contribution has been eliminated. As mentioned in Section 5.1.1, the detector has little
acceptance for the Ap invariant-mass below 2.2 GeV/c? in the cos8-”<0.7. We considered
the mass region above 2.2 GeV/c? for the fitting of the peak component, as described in the
following sections.

5.2.1 Fitting with single distribution

First of all, the fitting is performed with single distribution of Gaussian or Breit-Wigner

distribution )
fo(m) = %exp <%) , (5.4)
r
Faw(m) =20 (5.5)

2 (- )
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0.0 to 0.7 plotted by black and blue points, respectively. (bottom)Residual of two spectrum
shown in top figure.
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with free parameters of pg, i, o or I'. Also, to consider the invariant-mass resolution and

acceptance, the Gaussian resolution function was convoluted to these equation as

f'(m) = Asig(m) - (f(m) + g(m)), (5.6)

1 m?
glm) = 262 (m) “p (262(”1)) 7 G-D

where g(m) is a resolution function, ¢ (m) is an invariant-mass resolution, and Ag;,(m) is

an acceptance in the cos@S™ region from 0.7 to 1.0 obtained in Fig.5.6 at mass of m . The
resolution o (m) is evaluated by the Monte Calro simulation as described in Fig.4.18.

In Fig.5.8 shows the fitting results by using Gaussian and Breit-Wigner distributions, and
these with resolution convolution. In the fitting, the numbers of free parameters in the fitting
function and of data points in the fitting range are 3 and 20, respectively. Thus, the number
of degree of freedom (ndf) is 17. Reduced chi squares, > /ndf, were 54.9/17 and 148.7/17
for the Gaussian and Breit-Wigner distributions, respectively. Deviation of the observed
spectrum to the fitted function becomes large in the mass region from 2.35 to 2.45 GeV/c?.
In the next step, we employ two distribution functions to see if y2/ndf for the fitting is
improved.

Table 5.1 Fitting results with single distribution

Formula x°/ndf Do u o/l
fc(m) 54.9/17 106+£3.0 2.359+0.003 0.075+0.002
few(m) 148.7/17 131+4.1 2.3514+0.003 0.135+0.005

5.2.2 Fitting with two distributions

We carried out spectrum fittings with the following two distribution functions;
1. Two Gaussians
2. Two Breit-Wigners
3. Gaussian and Breit-Wigner

The numbers of free parameters and degree of freedom are 6 and 19, respectively. Fig.5.9
shows the fitting results for the above-mentioned 3 cases. We found the best y2/ndf in the
case of 3, Gaussian and Breit-Wigner among 3 cases. The peak positions of the Gaussian
and the Breit-Wigner distributions are 2.435 + 0.005 and 2.328 + 0.004 GeV/c?, which are
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Fig. 5.8 Fitting results of Ap invariant-mass spectrum with single peak structure. (left-
bottom)Fitting using Gaussian distribution with mass-resolution convolution.  (left-
bottom)Fitting using Breit-Wigner distribution with mass-resolution convolution.

located above and below the K~ pp threshold. The widths are 6=0.038 =+ 0.004 GeV/c? and
" =0.089 =+ 0.007 GeV/c?, respectively.

Table 5.2 Fitting results with two distributions

Formula x° /ndf Di Wi o/l

folm)+folm) 25314 2T 0006 009240008
fow )+ faw(m) 529014 52000 06 G006 0,061 £0.009
i s _a1ns 9572 2205000 030 0n

5.2.3 Including the X°pn contamination

As discussed in Section 4.5, 0 pn events are contaminated in the Ap invariant-mass spectrum.
In this section, we estimate how the X pn contamination affects the fitting result. Decompos-
ing the 3He(K—,Ap)”X” missing-mass spectra for the angular regions of 0.0<cos@™<0.7
and 0.7<C0$9,§M<1.0, as shown in Fig.5.10 and 5.11, the Eopn contaminations in the "n"-
window were obtained, as summarized in Table 5.3. The X pn contamination in the case of
0.0<cos8M<0.7 (Background region) is larger than that of 0.7<cos8SM<1.0 (Signal region).
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Fig. 5.9 Fitting results of Ap invariant-mass spectrum with double peak structures. (left-
top)Fitting using two Gaussian distributions with mass-resolution convolution. (right-
top)Fitting using two Breit-Wigner distributions with mass-resolution convolution. (left-
bottom)Fitting using Gaussian and Breit-Wigner distributions with mass-resolution convo-
lution. In the fitting using Gaussian and Breit-Wigner distribution is the best for fitting. In
this fitting, the peak below and above the K~ pp mass-threshold could be considered to be
Breit-Wigner form and Gaussian form, respectively.



5.2 Fitting the Ap invariant-mass spectrum 109

We deduce a ratio of the Z°pn events to the Apn events in the subtracted spectrum from the
following relations;

N7 = Ngig RSig — NG - Ry sq
NZ()pn _N RZOPn N Rzopn ( . )
— ¥Sig "Rgje T IVBG ARG >

where Ns;q, NG, R denote the number of events in signal and background spectrum and ratio
of Apn or X°pn event in the spectrum, respectively. In this analysis, Ng;e and Npg was found
to be 3525 and 1231, respectively. The ratios and the number of events of Apn and Xpn
final states are listed in Table 5.3. We ignored the other contaminations, which is multi-pion
generation processes, as they are small. Therefore, The Nyo,, /Napn ratio was found to be
0.185 4 0.030. This value is used to fix the magnitude of the £°pn contamination in the
fitting of the spectrum.
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Fig. 5.10 Fitting results of *He(K~,Ap)”X” missing-mass spectrum with selecting cos6™
from 0.0 to 0.7.

Table 5.3 Relative yield of each contributions in different cos M regions

0.7 < cosfM < 1.0 0.0 < cos@M < 0.7
Ratio (%) # of events Ratio (%) # of events
Apn 76.2+1.6 2686+57 65.1+19 801423
X0pn 214+1.5 754+53 329+14 405+17

Final state
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Fig. 5.11 Fitting results of 3He(K~,Ap)”X” missing-mass spectrum with selecting cos6™
from 0.7 to 1.0.

Next, we consider the contaminated X°pn events contribute in the Ap invariant-mass
spectrum. Given a mass of a system, which decays in to X°p, the Ap invariant-mass is shifted
by the mass difference between Y0 and A, as mentioned in Sec.4.6. In the present case,
Ap’s with having higher momenta within a fluctuation of the resolution are selected so as to
sneak in to the "n"-window. As a result, the energy shift is lower than the mass difference,
depending on its kinematics. We demonstrated this shift by a Monte Calro simulation, as
shown in Fig.4.19. The mass shift (difference) is obtained as a function to the third order
of the polynomial function, as listed in Table 4.5. From this relation, we can estimate the
location of the Ap invariant-mass distribution for the contaminated X°pn events once a
distribution of a state is determined. Therefore, the fitting function is defined as follows.

/ - Po (m—,u())2 p1 r . -
f(m)—(\/mexp(—z(72 )+27F(m—u1)2+%2> gap(m)

Po (m—,u0+d(u0))2> P r
+ ex +— * m),
(vaz (e 2 v+ 1)

(5.9)

where the first and second terms are distribution functions for Apn and X°pn final states,

respectively. The centroid of the distribution for £°pn is shifted by d(u) from that for Apn.
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The energy dependence of the shift may change the distribution, but we ignore the effect.
Fitting parameters are the same as those used in the previous fitting in Section 5.2.2. In this

analysis, the fitting function in Eq.5.9 is also multiplied a acceptance function, Ag;q(m),

f(m) = f'(m) -Agig(m). (5.10)

The fitting was done with a reasonably good value of y2/ndf = 15.2/14, as shown in
Fig.5.12. The peak position and width of the Breit-Wigner distribution for Apn are found
to be 2.326 + 0.004 GeV/c? and 0.064 + 0.008 GeV/c?, respectively. The peak position
does not change but the width becomes narrower due to additional structure caused by X%pn

contamination.

5.2.4 Systematic uncertainties of peak position and width

In this section, the systematic uncertainties of peak position and width are discussed. We

consider following contents for the systematic uncertainties.

1. Magnetic field strength of the solenoid magnet
The magnetic field strength of the solenoid magnet was evaluated to be 0.715 T
as described in Chapter.3. However, there is uncertainty of the absolute value of
the magnetic field strength. We consider that uncertainty as +0.005 T where the
reconstructed A mass is consistent with that of PDG value. The systematic uncertainties
from the magnetic field strength were evaluated as +3 MeV and -4 MeV for mass and

width, respectively.

2. Background treatment
The background subtraction described in Sec.5.2 was performed by using fitted function
with the fifth order polynomial function. To evaluate the systematic uncertainty from
this, the background subtraction was performed by using observed spectrum. The
systematic uncertainties from the background treatment were evaluated as -1 MeV and

-2 MeV for mass and width, respectively.

3. Kinematical fit
To check the kinematical fit effect, we applied the fitting procedure for the spectrum
without the kinematical fit. The mass position and width were slightly changed without
kinematical refit, namely +1 MeV and +6 MeV for mass and width, respectively.
Moreover, the Ap invariant-mass would shift about 1 MeV systematically as shown in
Fig.4.19. This shift is added up as systematic uncertainty. We evaluated the systematic
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uncertainties form kinematical refit was found to be +1/-1 MeV and +6/-0 MeV for
mass and width, respectively.

4. Contamination ratio of the X°pn events
We consider the systematic error the X9 pn ratio within its error described in Sec.5.2.3.
From ambiguity of the contamination ratio of the £°pn events was found to be -2 MeV
only for the width.

5. Binning of the spectrum
The different binning spectrum which has bin shifted a half bin size, 10 MeV, was
prepared to evaluate the systematic error from binning. The differences of peak position
and width were obtained as +3 MeV and +8 MeV in different binning spectrum.

We performed the same fitting procedures for these spectrum, and systematic uncer-
tainties are obtained as listed in Tab.5.4. Each uncertainties are considered as indepen-
dently on each other. Therefore, the total systematic uncertainty is evaluated as sum of
all uncertainties. The peak position and width of the Breit-Wigner distribution including
the systematic uncertainties were found to be 2.326 - 0.004(star.) *0-007 (sys.) GeV/c? and
0.064 - 0.008 (star.) T0-002 (sys.) GeV/c?, respectively.

Table 5.4 Systematic uncertainties of peak position and width

mass (MeV/c?) width (MeV/c?)

Magnetic field strength +3/-0 +0/-4
Background treatment +0/-1 +0/-2
Kinematical fit +1/-1 +6/-0
¥%pn ratio +0/-0 +0/-1
Binning +3/-0 +8/-0
Total +7/-2 +14/-7

5.2.5 Fitting for fine cos6" sliced spectra

In order to obtain the behaviours of the structure below and above the K~ pp mass-threshold,
we applied the same fitting procedure as that described in the previous section 5.2.3 for
the spectra sliced with cosGHCM . For each spectrum, the Nyo o /NAP,, ratio is evaluated, as
summarized in Table 5.5. The ratios seem slightly scattered but they are close taking the
statistical errors into count. For the fitting, the Nyo o /N, Apn Tatios were fixed at the central
values listed in Table 5.5.

Also, the acceptance for each cos8M regions were evaluated as shown in Fig.5.13.
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oM

Table 5.5 X%pn/Apn ratio in each cos selection

Ratio (%) # of events
Apn  XVpn  Signal Background
0.95-1.00 75+3 23+3 1057 296 0.31+£0.06
0.90 - 0.95 824+3 1543 820 220 0.18+0.05
0.85-0.90 78+4 20+4 556 208 0.26+0.09
0.80 - 0.85 79+5 18+5 410 204 0.234+0.14
0.75-0.80 74+5 24+5 367 208 0.324+0.19

cosOM region Y0 pn/Apn ratio
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Fig. 5.13 Acceptance of Ap invariant-mass with selecting cos8™ region as shown in each
figures.
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Figs.5.14 - 5.18 show the fitting results for each Ap invariant-mass spectra with cos@™

sliced by 0.95 - 1.00, 0.90 - 0.95, 0.85 - 0.90, 0.80 - 0.85, and 0.75 - 0.80, respectively. In the
fitting, all 6 parameters of Breit-Wigner and Gaussian were set as free parameters.
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Fig. 5.14 The same figure as Fig.5.12, but cos6SM selection is from 0.95 to 1.00.

The positions and widths of the lower (Breit-Wigner) and higher (Gaussian) peaks were
plotted in Fig.5.19. Dashed lines indicate fitting results with the constant values for the plots.
The fittings were performed with reasonable )2 /nd f value. The lower peak position does

QCM

not change as cos@,”" changes. On the other hand, the higher peak position seems to move

to the higher mass as cos@™ decreases.
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5.3 Discussion

5.3.1 Mass position and width of peaks

To explain the fact that higher peak position moves to higher mass as the neutron scattering

angle decreases, we consider a two-step reaction as follows.
—_ 3 —_ 29 29
K + He —)Krecoil—i_n-i_ pSpeCpSpeC 9 (5‘11)

K, ocoit T PspecPspec” — A+ p, (5.12)

In this reaction, an incident kaon knocks out a neutron in a forward angle. The kaon is
recoiled in a backward angle. The recoiled kaon and a spectator proton are denoted as K, .,

and pspec. In the region above the K™~ pp mass-threshold, K,

coil 18 €xpected to be almost an

on-shell particle. The first step of the reaction (5.11) is the so-called quasi-free process. The
quasi-free peak (Mpr) is located at
Mor = Mg—pp+ 50— (5.13)
where Mg-,, and Mg~ are a sum of K~ pp masses and the K~ mass. The quantity Q
is a momentum transfer in the elastic n(K—,n)K~ scattering. Because Q is denoted as
0> = p%( + p,zl —2pk pnc0s6,, Mgr is proportional to cos,. In a nuclear target, the spectrum
is distributed around the QF peak due to Fermi motion of a nucleon bound in the nucleus.
Mgr calculated by Eq.5.13 is plotted by a dashed line in Fig.5.20. The line is well reproduced
observed angular dependence of the peak position.
To confirm that the QF process contributes to the higher peak, a MC simulation was

made to compare with the observed spectrum. In the MC simulation, a 2 step process was
considered as such a QF process, which is,

K 4+n—n+K  followedbyK +p+p—A+p

. A spectrum distributed in all 3-body phase space (3ps) was generated to demonstrate a
broad contribution. To evaluate the cos@M distribution in each process, the data spectrum
was checked again. For 3ps and QF cos8S™ process, cos@SM distribution with selecting
invariant-mass of Ap from 2.6 to 3.0 GeV/c?, and from 2.44 to 2.6 GeV/c? regions are used
which are shown in Fig.5.21.

M
en

In Fig.5.22, Ap invariant-mass spectra in different cos regions are shown with MC

spectra. The MC simulation well reproduce peak positions of the higher peak structure, as
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considered in the previous section. Also, fitting of Ap invariant-mass is applied with using
the MC spectrum. In this fitting, the same routine as described in Sec.5.2.2 was applied.
But, only lower peak region (2.2 - 2.37 GeV/c?) was considered because the higher part has
already been reproduced by the MC spectrum.

The fitting result is shown in Fig.5.23. It is demonstrated that the spectrum was well
reproduced by a Breit-Wigner and the MC. The mass position and width are found to be
2.341 42 GeV/c? and 0.069 5 GeV/c?, respectively. These values are consistent with
previous fitting results, but only peak position slightly moves to the higher mass side. This is
because the MC simulation only treats the recoiled kaon as a real (an on-mass shell) particle,
which obviously underestimates the contribution of the QF process at around and below the
K~ pp mass threshold. As this results, the origin of higher peak can be explain as quasi-free
process. The spectrum shape above the K~ pp threshold except for the threshold region, are
well explained by the QF process (QF K~ absorbed by pp converted into Ap).

5.3.2 Origin of the lower peak structure

As described in the previous section, the lower peak position is rather stable against the
neutron scattering angle. This fact supports that the lower structure is a possible new state
with the baryon number of 2 and the strangeness equal to -1. However, we considered some

other possibilities below.

Quasi-free Y* production

We consider a Y* production followed by a reaction that Y* collides with a spectator proton

and converted into A and p.
K™+ *He — Y* +n+ pspec,

Y*+pspec —>A+p,

where Y* represents X°(1385) or A(1405). Among these, £°(1385) can be a candidate
because the lower peak is already below the A(1405) production threshold. It is expected
that the quasi-free Y* production peak depends on the neutron scattering angle. Thus, these
options can be discarded.

As discussed in the previous section, the observed structure above the K~ pp mass
threshold could be explained as the so-called QF K~ pp — Ap process. The Quasi-free Y*
production process mentioned here may contribute in part to the structure above the K™ pp

threshold. In this case, distribution of the Y* production process is expected to be located
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near the K~ pp threshold and move to the higher mass direction as a neutron scattering
angle increases [70]. Unfortunately, it is difficult to clearly separate the contribution of the
Quasi-free Y* production from the distribution of the QF K~ pp — Ap process. Furthermore,
yields of such Y* production processes are not be measured. However, we performed a
Monte Calro simulation to demonstrate QF Y* processes. As described in appendix C, the
simulated spectra of £(1385) and A(1405) can not reproduce the observed peak structure,
even though the yield is the same order of that of Apn final state. This situation, which is
the ratio of Apn/Y*pn events is approximately 1, would be maximum yield of £(1385) or
A(1405) production.

We expect to clarify a contribution from the component of the QF Y* production process
if we can measure a strength (cross section) of the final 7Xn (rAn) state identifying A(1405)
(X(1385)) production in the 7X (wA) state. This would be solved in future study.

Threshold effect of the Y*N threshold

The £°(1385)p and A(1405)p thresholds are located near the lower peak position observed.
One may claim that threshold cusps make peak-like structure, although it is unclear if such
threshold effects reproduce the observed, large peak-like structure. If such a cusp effect is
dominant, the production cross section of £°(1385) or A(1405) would be enhanced toward

its production threshold. Further analysis for this problem has to be done in future.

5.3.3 Comparison with the previous experimental results

Because the lower peak is located below the K~ pp mass-threshold, the peak can be consid-
ered as the K~ pp bound state. In the other experiment searching for the K~ pp bound state,
FINUDA, DISTO or J-PARC E27 group, reported the K~ pp-like structure below about 100
MeV/c? from K~ pp mass-threshold. In our observed spectrum, the lower peak is located
about 60 MeV/c? above from these report. Note that, in the mass region around 100 MeV/c?,
there is no significant peak structure, or the structure can not be observed due to lack of
statistics. Anyway, the peak structure was observed below about 40 MeV/c? from K~ pp
mass-threshold. The most recent result of K~ pp bound state search performed by using
KLOE detector reported that there is candidate of the K~ pp bound state decaying into X°p
final state at the binding energy and width of 40 MeV and 30 MeV, respectively [71]. But,
the statistical significance was only 1 o for obtained the K~ pp bound state. The result is not
sufficient to claim the observation of the K~ pp bound state, however the binding energy is
near from our observation. One possibility of the observed peak is exited state of the K~ pp
bound state observed in other experiment. Note that the exited state of the K~ pp bound state
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is not predicted by any theoretical calculations. However, even if the exited state exists, the
relative yield of the exited state should be small compared to ground state. Because, it is
natural that S-wave state is much generated than P-wave state with such low momentum
transfer. Also, the reaction in the experiment, the 3He (K~,Ap) n reaction, enhanced S-wave
contribution due to the small momentum transfer in the reaction. So that, the lower peak
is probably not the exited state of the K~ pp bound state. To decide the conclusion, more

statistics and measurement of the its spin and parity are desired.

5.3.4 Comparison with theoretical calculations

On the theoretical approach for the K~ pp bound state, there are many claim on its binding
energy and width. There are two different approach to calculate this state, one is that the KN
interaction has energy dependence, and other is that the interaction does not have energy
dependence. Assuming the observed peak structure below the K~ pp mass-threshold is
K~ pp bound state, the binding energy of about 40 MeV is slightly larger than predicted
binding energy from theoretical calculation using energy dependent KN interaction model.
However, the binding energy is not so large to comparison to the calculation using energy
independent KN interaction model. From considering that situation, the KN interaction
should be considered carefully in each calculation.

In the Ref.[70], the spectrum shape of the Ap invariant-mass in the *He(K~,Ap)n
reaction by chiral unitary approach was reported. They obtained double peak structure
around the K~ pp mass-threshold which is quite similar situation as our Ap invariant-mass
spectrum. In the paper, one of the peak located above the K~ pp threshold comes from an
uncorrelated A(1405)p system which has the same behavior on the neutron emission angle
as obtained in our result. On the other hand, the peak located below the K™~ pp threshold is
generated by K~ pp bound state. The peak position in the report looks higher than that of our
result. So that, if the peak located below the K~ pp threshold observed in our result is the
K~ pp bound state, the interaction between anti-kaon and nucleus looks stronger than that

predicted by their interaction model.






Chapter 6
Conclusion

In this thesis, the Ap invariant-mass spectrum in the He(K~, Ap)n reaction was analyzed to
study for a kaon bound nuclear state, K~ pp bound state, at px— = 1.0 GeV /c. The clear peak
structure was observed in the Ap invariant-mass spectrum around the K~ pp mass-threshold.
The peak structure was localized in cos8™ above 0.7 region, namely in the forward neutron
emission region. This peak structure was fitted with single and double distribution, and the
structure could be considered as double peak structures. The double peaks located above and
below the K~ pp mass-threshold were fitted with Gaussian and Breit-Wigner distribution,
respectively. By fitting for fine cos@<M sliced spectra, the mass position of the lower peak
did not depend on cos8M, while that of the higher peak clearly depended on cos8™. So
that, the origin of the higher peak structure could be considered as quasi-free K~ N reaction
followed by Ap conversion process. To confirm this, MC simulation was applied to reproduce
the higher peak structure. The simple two-step process successfully represented the higher
component, and the fitting result for lower peak did not change by this study.

On the other hand, the origin of the lower peak was discussed to identify the peak
structure. The lower peak which is located below the K~ pp mass-threshold could be the
K™ pp bound state. The peak position and width of the lower peak was found to be 2.326 +
0.004(stat.) t0-007 (sys.) GeV/c? and 0.064 & 0.008(stat.) 70002 (sys.) GeV/c?, respectively.
This structrue can not be explained by any Y* production. Threfore, the origion of the peak
structrue could be the K~ pp bound state. However, to understand completely the observed

peak structure, the theoretical calculation is strongly desired.
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Appendix A

Other quantities in Apn events

In this section, other quantities of each particles in analyzed Apn events are shown.
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Fig. A.1 Particle momentum distributions in Apn events.
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Appendix B

Studying of the kinematical fit

In this section, detail conditions of the kinematical refit used for the Apn analysis is shown.

B.1 Covariance matrix for the kinematical fit

To determine the covariance matrix, we performed the Monte Calro simulation with flat
distribution in the three body phase space. Figures B.1-B.6 show the results of covariance

value for each particles. The covariance values are evaluated as width of the distribution of,

C = Ymeas. — Ygene.; (B.1)

where yeqs. and ygepe, are the some quantities of measured and generated one.

B.2 Difference of the Ap invariant-mass spectrum

In the analysis, we performed the kinematical fit to the measured Apn events. To check
the difference between p invariant-mass spectra with and without kinematical refit, these
spectra are overlain in Fig.B.7. As mentioned in Sec.4.6, the invariant-mass resolution is
more improved in higher mass region, because of the p invariant-mass strongly depends on
the missing neutron’s momentum. Therefore, large differences are only seen in that mass
region.
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Appendix C

Y* production study with different
MM (Ap) region

In the analysis of the *He(K~,Ap)”n” reaction, we selected the missing neutron window
from 0.85 to 1.03 GeV/c? at the Ap missing-mass spectrum, which is shown in Fig.4.12. We
observed a clear locus from the Apn final state in Fig.4.12. Moreover, there is small locus
around the Ap missing-mass around 1.1 GeV/c? which comes from pion production reaction,
namely Y* production. In this chapter, Ap invariant-mass spectra for each missing-mass
window are studied to try to estimate a production ratio of the hyperon resonances, namely
¥ (1385) and A(1405).

C.1 Apinvariant-mass spectra with different missing-mass

windows

Ratios of each processes such as Apn, Xpn, or Y* pn final states were evaluated by performing
a fitting of the missing-mass spectrum, as shown in Fig.4.14. In this section, Ap invariant-
mass spectra for different missing-mass windows are shown. Firstly, contributions of each
processes in each missing-mass window are evaluated as listed in Tab.C.1. For each missing-
mass window, the Ap invariant-mass spectrum is observed as shown in Fig.C.1. In the
missing-mass region from 0.85 to 1.03 GeV/c?, which corresponds to missing neutron, the
clear peak structure was observed around K~ pp mass threshold as discussed in Chap.5.
There is also broad structure around K~ pp mass threshold with selecting the missing-mass
region above the neutron region. If there are some missing particles in the analysis, the Ap

invariant-mass does not equal to produced state, and the invariant-mass resolution becomes
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much worse than Apn analysis. Therefore, it is difficult to distinguish peak structure and

broad background like a present analysis described in Chap.5.

Table C.1 Relative yield of each contributions in different missing-mass window

missing-mass window (GeV/c?) Apn  Xpn Ypn+m Ypn+21m

0.80-0.85 0958 0.023 0.019 <1073
0.85-0.90 0972 0.021  0.006 <1073
0.90 - 0.95 0.956 0.040 0.004 <1073
0.95 - 1.00 0.832 0.156 0.011 <1073
1.00 - 1.05 0.316 0.509 0.174 0.001
1.05-1.10 0.016 0.257 0.724 0.002
1.10-1.15 0.002 0.102 0.895 0.002
1.15-1.20 <1073 0.042 0952 0.004
1.20-1.25 <1073 0.007 0.961 0.031

C.2 Estimation of Y production yield

In the previous section, the Ap invariant-mass spectra with selecting Y pn + ¥ or 7 region
were described. In order to discuss about origin of the peak structure below the K~ pp
mass threshold, it is important to consider about Y* production. Because, if £(1385) or
A(1405) is generated in the reaction, and converted with residual nucleon into AN, it can
contribute below the K~ pp mass threshold due to such Y* has smaller mass than K~ p mass.
In this section, Y* production yield is estimated even though it is difficult to distinguish each
processes. We only consider £(1385) and A(1405) as Y* in this analysis. Because, other
higher resonances do not contribute to interesting mass region.

In chapter 4, we obtained production ratio of each processes as listed in Tab.4.3. In
that list, contribution of Y* is included in Y pn + & final state. We evaluated the yield of
Y* production in the Y pn + 7 final state events by simultaneously fitting of invariant-mass
and missing-mass of Ap. Figs.C.2,C.3 show the fitting results. Because of only simple
reaction, where particle momenta distributed in all phase space, is considered, fitting of Ap
invariant-mass is not good. Y* production ratio is estimated as the same value as Apn final
state events, namely Y*pn/Apn ~ 1. It is difficult to fix this ratio by this analysis. To evaluate
the correct Y * pn/Apn ratio, it is necessary to detect y and/or ¥ to reconstruct Y*. However,

we consider that the order of this ratio is not so different from correct value.
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Fig. C.1 Ap invariant-mass spectra of different Ap missing-mass windows. Dashed lines in
figures show K~ pp mass threshold.
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C.3 Studying for Y* contribution in Apn final state

The contribution of Y* production events can be considered as following reaction,
K +3He—=Y"+n + Pspec

Y* + pspec = A+ p.

In the previous section, the ratio of Y*pn/Apn, which corresponds to the first reaction, was
estimated to be the same order as described in previous section. To evaluate the yield from Y™
production, we must know the strength of the second reaction which has not been measured.
However, we can estimate the maximum yield from Y* production, which is obtained by
assuming the all produced Y* go to Apn final state. In that situation, the yield from Y*
production would be the same order of magnitude as the yield of Apn final state. Therefore,
the peak structure can be explained by only Y* production if the spectrum shape of such
process can reproduce the observed Ap invariant-mass spectrum.

To do that, we performed the Monte Calro simulation of X(1385) and A(1405) production
processes. In Figs.C.4,C.5 show a Ap invariant-mass spectra of observed one and simulated
one. In this studying, Y* yield is modified with the order of the Y* production is less than the
yield of Apn final state. The Monte Calro simulation, the peak position of the QF-Y* process
moves to higher mass side with decreasing cos@¥, as mentioned in chapter 5. Therefore,
the data spectrum can not be reproduced by QF-Y* process in the lower cos6SM value, even
cosOM ~ 1 of A(1405) production. From these studies, we conclude that the peak structure
observed below the K~ pp mass threshold can not be explained by QF-Y* processes.
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Fig. C.4 Ap invariant-mass spectra of different cos§™ regions. The black plots and colored
lines show data and Monte Calro simulation results, respectively. In the Monte Calro
simulation, we considered three nuclear absorption process (blue) and (1385) production

process (green).
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lines show data and Monte Calro simulation results, respectively. In the Monte Calro
simulation, we considered three nuclear absorption process (blue) and A(1405) production
process (red).
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