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Abstract

To investigate the XN interaction, it is necessary to examine ¥ hypernuclei. %He is the
only ¥ hypernucleus ever discovered. Only the ground state of Z§He has been observed
using beam momenta of 0 and 0.6 GeV/c. The current theoretical calculations cannot
reproduce the measured missing-mass spectra unless the Y-nucleus potential for the
excited state is scaled by a normalization factor. However, the potential for the excited
state is uncertain since no excited state has been observed. Therefore, the excited state
of %He should be searched for to investigate the Y-nucleus interaction in more detail.

The missing-mass spectrum for the *He(K ~,77)X reaction at pg- = 1.5 GeV/c
was measured in the J-PARC E13 experiment. The measured spectrum was analyzed
by taking into account the ground and excited states in %He and the A and ¥ quasi-free
production processes. It was found that the measured binding energy and the width
of the ground state were consistent with both of the past experimental resluts and the
theoretical prediction. To estimate the significance of the existence of the excited state,
the null and alternative hypotheses were tested. As the results, the reduced x? value
of the alternative hypothesis was 1.08, whereas the probability of null hypothesis was
2 x 1079, Thus, the exsistence of the excited state was strongly suggested.

The measured binding energy of the excited state was within the expected range
when the real part of the »-nucleus potential was scaled by a factor of Ngp = 0.6-1.0.
The measured cross section for the excited state was smaller than that of the ground
state although the theoretical cross section for the excited state was larger than that for
the ground state. This fact suggests that the imaginary part of the Y-nucleus potential
for the excited state might be much larger than that for the ground state.

The measured missing-mass spectrum for the *He(K ~, 7~ )X reaction was divided
into the six angular ranges, and the angular distributions of the differential cross sections
for the ground and excited states were obtained for the first time. There is almost no
difference in the slopes of the angular distributions between the ground and excited
states. It is therefore difficult to distinguish their spins from slopes. The slopes of the
measured angular distributions are steeper than the theoretical prediction. It implies
that the size of the hypernucleus is possibly larger than expected.

The theoretical calculation does not satisfactorily describe the angular distributions
of the cross sections for the ground and excited states and their relative strength. The
present result should provide an important insight into the ¥-nucleus interaction, and
further theoretical studies are strongly desired to clarify the X-nucleus interaction.
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Chapter 1

Introduction

1.1 Nuclei and hypernuclei

Matter in our surroundings is composed of atoms. Each atom is composed of a nu-
cleus and electrons. It is theoretically expected that about ten thousand nuclei exist
[1]. Among them, about three thousands have been observed experimentally [2]. Each
nucleus is composed of protons and neutrons which are called nucleons. Nucleons are
bound by the nuclear force in a nucleus. The nuclear force has been systematically
studied by investigating nuclear structures and nucleon-nucleon scatterings [3l 4} [5, [6].

The nucleon is a member of the baryon family which is composed of three constituent
quarks. Each quark has one of six flavors: up, down, charm, strange, top, and bottom.
The two lightest quarks are up and down quarks. The nucleon, the lightest baryon,
consists of the up and down quarks only. The next lightest quark is the strange quark.
The baryon configuration with the up, down, and strange quarks is expressed by the
flavor SU(3) symmetry. The nucleon belongs to the baryon octet in the flavor SU(3)
symmetry with spin of 1/2 (see Fig. [[LI]). Several hyperons also belong to the same
baryon octet having at least one strange quark and a non-zero strangeness quantum
number S = —1 or —2. The lightest hyperon is the A hyperon, and the second lightest is
the 3 hyperon. The ¥ hyperon has isospin I = 1 while the A hyperon has a zero isospin
(I =0).

(udd) 1~ Puud)

Dy AT xt
( ddS) (uds) (uds) (uus)

o =0
(dss) (uss)

Figure 1.1: Baryon octet in the flavor SU(3) symmetry with spin of 1/2.
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As for the understanding of the hyperon-nucleon interaction, in principle, the
hyperon-nucleon scattering data provides information. However, it is difficult to mea-
sure the scattering cross sections because hyperon has a short lifetime (¢7 is roughly a
few cm [7]). Therefore, the hyperon-nucleon interaction has been mainly studied in the
nuclear medium ¢.e., hyper nuclei composed of nucleons and hyperons. Regardless of the
short lifetimes of the hyperons, hypernuclear structures can be understood by investi-
gating production reactions and decay processes. A A hypernucleus has a A hyperon in
a nucleus. In case of the ¥ hyperon, it is called the 3 hypernucleus. So far, about forty
species of A hypernuclei have been observed and studied by spectroscopy and emulsion
experiments [8]. The A-nucleus interaction has been examined by measuring the A hy-
pernuclear structures and is known to be attractive. As for the Y-nucleus interaction, it
has not been examine well because the 3 hypernucleus was scarecely ever observed.

The total isospin T' of the AN system is T = 1/2 only and the AN interaction is
attractive. T of the ¥ N system is either "= 3/2 or T' = 1/2. The ¥ N interaction in the
T = 1/2 channel is suggested to be attractive. On the other hand, several experiments
and theoretical works have indicated that the XN interaction in the 7" = 3/2 channel,
such as the X"p and X7 n pairs, is strongly repulsive [9, 10, [11]. The X-nucleus potential
has been obtained by folding the ¥ N interaction.

In ¥ hypernuclei with isospin satureted cores, the isospin dependence of the >N
interaction is averaged out and becomes small. For heavy nuclei, the isospin independent
component becomes dominant. Experiments and theories indicated that the isospin
independent component of the -nucleus interaction is repulsive. This seems to be the
reason that most of ¥ hypernuclei are unbound. Only light > hypernuclei might be
possible to be bound due to the isospin dependent component of the ¥V interaction.

In addition, natural widths of ¥ hypernuclei are also different from those of A hyper-
nuclei. In free space, both of A and % decay into the A(X*) — N7 channel by the weak
interaction. However, in the nuclear medium, the decay mode of ¥ is different from that
of A. The A hyperon in the nuclear medium decay into the A — N7 (or AN — NN)
channel by the weak interaction as in the free space. On the other hand, the ¥ N pair
with 7' = 1/2 can convert into the AN pair in the nuclear medium through the strong
interaction. Even if bound states in ¥ hypernuclei exist, a natural width of a state of X
hypernuclei is too broad to be observed due to the fast XN — AN conversion process.

1.2 Experimental studies on XN interaction

1.2.1 XN scattering

A direct way to study the XN interaction is to measure the ¥-nucleon scattering. In
1965, the ©*p scattering was measured using the hydrogen bubble chamber at CERN
[12]. A K~ beam was injected to the hydrogen bubble chamber to produce ¥* beams
at the momentum range of 135-175 MeV/c via the K~p — X% T reactions. This
measurement gave the Sigma-p s-wave scattering length and the effective range, but the
uncertainties were quite large. The statistics for the X N-scattering events was very low
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because the ¥ hyperon immediately decayed after the XN scattering due to the short
lifetime of the X hyperon.

The Y% p scattering was measured with a scintillating fiber active target in the KEK-
PS E251 and E289 experiments which were conducted since 1999 [13] [14} [15]. ¥£* beams
were produced via the 7¥p — SFKT reactions. The £t and ¥~ beam momentum
ranges were 300-750 MeV/c and 400-700 MeV /¢, respectively. The differential cross
sections of the X Tp scattering were obtained. However, the statistical errors were too
large to constrain theoretical models.

1.3 Experimental studies on Y-nucleus interaction

Since it is difficult to directly study the XN interaction via the scattering experiment,
the XN interaction in the nuclear medium (the X-nucleus interaction) has been studied
by investigating the structure of a ¥-nucleus bound system.

1.3.1 X-ray measurement of >~ atom

An exotic atom is formed when a negatively charged hadron is trapped in an atomic level
instead of an electron. The energies of the atomic levels which are mainly determined by
the Coulomb interaction are shifted due to the strong interaction between the trapped
hadron and the nucleus. By measuring the energy shifts of the characteristic X-rays, the
strong interaction between the hadron and the nucleus can be studied.

Experiments on the >~ atom were conducted using the ¥~ hyperon produced via
the K~ p — Y7t and the K~ n — X~ 7" reactions [16, [17, [18]. Currently, X-rays
from X~ atoms at A = 12-208 have been measured. From a theoretical analysis on
the experimental data, the Y-nucleus potential was suggested to be attractive at the
nuclear surface [19, 20]. However, the Y-nucleus potential inside the nucleus was poorly
determined.

1.3.2 Search for > hypernuclei

From the fact that A hypernuclei exist, the A-nucleus interaction is considered to be
attractive. If the ¥-nucleus interaction is also attractive enough to bound the ¥ hy-
peron inside the nucleus, ¥ hypernuclei should exist. Therefore, > hypernuclei were
experimentally searched for in the mass number region of A < 16 until 2000.

As mentioned in Sec. [LI] the natural width of ¥ hypernuclei should be broad.
However, two narrow structures (I' < 8 MeV) were suggested in the ‘Be(K~, 7 )X
reaction in 1980 [2I]. Similar structures were reported using targets such as °Li and
160 for the (K—,n%) reaction [22, 23, 24]. On the other hand, as for 2H, 3He, and "Li
targets, such a narrow structure was not observed [25, 22 26]. In addition, as for 2C
targets, such a narrow structure was observed at CERN [27] but was not observed at
KEK [28]. To clarify whether 3 hypernuclei exist or not, the “Be(K~, 7~)X reaction was
measured again with high statistics in 1995 [29]. The suggested two narrow structures
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of the ¥ hypernucleus were not observed in this experiment. Then this result denied the
old report claiming the existence of 3 hypernuclei with narrow widths.

1.3.3 Observation of ground state of {He

The first clue to the ¥ hypernucleus was found from an experimental search for zéHe.
The KEK-PS E167 collaboration reported a bump structure in a missing-mass spectrum
of the *He(stopped K, 7~ )X reaction in 1989 [25]. This structure was considered
to be a bound state of Z§He. The binding energy and the width were reported to be
By+ =324+ O.Bf% MeV and I' = 4.6 &+ O.5ﬂ:§ MeV, respectively, with the missing-
mass resolution of 2.14+0.2 MeV at the full width at half maximum (FWHM). After the
first report, they updated the result to be By+ = 2.84+0.7 MeV and I' = 12.1 £+ 1.2 MeV
by subtracting the background from the in-flight A — pr~ and ¥~ — nn~ decays [30].
However, it was theoretically suggested that the observed structure might be a threshold
cusp at the 3N threshold, and thus it was not regarded as the evidence of the %He
nucleus [31].

After the KEK-PS E167 experiment, the zéHe hypernucleus was searched for again
at AGS in BNL using in-flight reactions. The BNL-AGS E774 collaboration measured
the 4He(in-flight K ~, %)X reaction at pgx— = 600 MeV/c by tagging A from the %He
hypernucleus. However, the statistics was not high enough for the confirmation. Finally,
the BNL-AGS E905 collaboration measured the missing-mass spectra of the He(in-flight
K~,m%)X reactions at pgr— = 600 MeV/c in 1992 [32]. Only events in the scattering
angle around 4° were selected by using the Moby Dick spectrometer to avoid a huge
number of background events from the beam kaon decay. The open and hatched spectra
in Fig. show the missing-mass spectra in the (K—,77) and (K~ ,7") reactions,
respectively. In the (K~,7") reaction, only the ¥ quasi-free production process was
observed. On the other hand, in the (K, 77) reaction, a peak due to the ground state
of zéHe was clearly observed below the *H + Y% mass threshold. The binding energy
and the natural width were estimated to be By+ = 4.4 £0.3 +1 MeV and I' = 7.0 0.7
fé:g MeV, respectively.

The ¥ hypernucleus has been observed in the *He(K ~, 7~)X reaction while no bound
state has been observed in the *He(K ~,77)X reaction. The *He(K~,7+)X reaction
populates the T' = 3/2 state only, whereas the *He(K ~,7~)X reaction populates both
the T = 1/2 and 3/2 states. This result indicates the isospin of $He is 7' = 1/2 and
agrees with the theoretical analysis suggesting that 7' = 1/2 is dominant in ZéHe.

1.3.4 Studies of ¥ nucleus interaction in heavy nuclei

The missing-mass distribution of the quasi-free ¥ production process also gives the
information of the ¥-nucleus interaction. The missing-mass spectrum of the (stopped
K~,7") reaction on '?2C was analyzed in 1988 [33] by assuming the following Woods-
Saxon type Y-nucleus potential

U= (V+iW)/[1+exp((r— R)/a)l. (1.1)
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Figure 1.2: Missing-mass spectra of the *He(in-flight K, 7%)X reaction reported by the BNL
E905 collaboration in 1992 [32].

The analysis suggested V > —12 MeV and W < —7 MeV. In 2002, the missing-mass
spectra of the A(7~, KT)X reaction on heavy nuclear targets (2*Si, ®Ni, 5In, and
209B1) were systematically measured in the KEK-PS E438 experiment [34} [35]. The the-
oretical analysis of the missing-mass spectrum of the 28Si(7~, K)X reaction indicated
V =30 MeV and W = —40 MeV [36]. Therefore, the ¥-nucleus interaction in heavy
nuclei was found to be repulsive.

1.4 Theoretical studies of >-nucleus interaction

The ¥-nucleus potential Uy, is generally written as
Us = U3, + US(Teore - t) [ Acore, (1.2)

where Ug is the isospin independent or isospin averaged term, and the second term is
isospin dependent term called Lane’s term. Acore is a mass number of the core nucleus,
whereas T, and ty are isospin operators of a core nucleus and ¥, respectively. The
isospin of ¥ is ty, = 1. The value of Ty - tx; is determined by the total isospin T =
Teore +ts. Thus, depending on the total isospin, the Lane’s term can appear as either
repulsive or attractive. Since the Lane’s term is relatively small with large Acore, Ug is
dominant for heavy nuclei. From the experimental results on heavy nuclei mentioned in

Sec. L34 UL is believed to be repulsive.
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For the *He(K ~,7%)X reactions, since Agyre is small, contribution from the Lane’s
term is not negligible. In the *He(K~,7%)X reaction, the isospin of the final state is
(T, T3) = (3/2,—3/2). This means only ¥ hypernucleus with 7" = 3/2 can be generated,
and no bound state was observed in the *He(K ~, 7") X reaction. The bound state of %He
has been observed in the “He(K~, 7~ )X reaction in which both of (T, T3) = (3/2,1/2)
and (1/2,1/2) are allowed. Therefore, the bound state is considered to have T' = 1/2.
The Lane’s term can explain the fact that the bound state of zéHe was observed in the
T = 3/2 channel only as this term are the opposite sign for the 7= 3/2 and T = 1/2
channels.

1.4.1 The YX-nucleus potential

A theoretical analysis was performed to reproduce the missing-mass spectra of the
“He(in-flight K, 77)X and *He(stopped K~,77)X reactions in the mass region from
the ground state of 4 He to the quasi-free X production [37]. In the analysis, the A-
nucleus potential Up 7 and the Y-nucleus potential Us; 7 when the total isospin was T’
were assumed to be

Urne = Var+iWar, (1.3)
Usr = Vear+iWsr, (1.4)

respectively. Here, VA 7, W 7, Vs 17, and Wy, 7 are the real and imaginary parts of the
A-nucleus and X-nucleus potentials, respectively. While W) 7 was introduced to take
into account the A escape and the core breakup processes, Wx 7 contains also the 3-A
conversion processes. The pole of ZéHe was discussed together with the pole of jlee
because the AN-XN mixing is considerably large. Us 7—1/2, Us 1=3/2, and Up 7—1/2
were determined by fitting the missing-mass spectra for the *He(K ~, 7¥)X reactions.

Figures [[L3] and [ show the real part and the imaginary part of the 3N-Y potential
[37]. VA, r—1/2 had a repulsive core with a height of 30 MeV and an attractive pocket
with a depth of —10 MeV. Vs 7_; /3 had a repulsive core with a height of 20 MeV and an
attractive pocket with a depth of —30 MeV. Vs, 7_3/, had a repulsive core with a height
of 120 MeV and a shallow attractive pocket. The depths of Wy, 7—1/5 and Wy p_3/, are
—30 MeV and —1 MeV, respectively.

1.4.2 Theoretical analysis on the missing-mass spectra

The theoretical analysis attempted to reproduce the measured missing-mass spectra of
the “He(K ~, 7 )X reaction in the KEK and BNL experiments using above potentials.
The ground state in which the 3 hyperon occupies the L = 0 orbit around the *H or *He
core, is denoted as 0T in Figs. and The excited state denoted as 1~ in which
the ¥ hyperon occupies the L = 1 orbit, should be populated, but the peak or bump
structure was not observed in these experiments. To reproduce the experimental spectra,
the strength of the potential for the excited state was normalized. The normalized -
nucleus potential for the L = 1 state Uf, was introduced as

Uy, = V5 +iWs. (1.5)
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respectively. Here, Ng and Nj are the normalization factors for the L = 1 state. From
the experimental spectra of the BNL-AGS E905 and the KEK E167 results, the normal-
ization factors of (Ng, N7) = (0.6, 0.9) and (0.5, 0.5) were obtained, respectively [37, [38].
The measured spectra are reasonably well reproduced by using the normalization fac-
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Figure 1.5: The theoretical analysis in the Figure 1.6: The theoretical analysis in the

4He(in-flight K, 7~ )X reaction [37]. 4He(stopped K, 7 )X reaction [35].

tors as shown in Figs. and However, this result is quite uncertain because the
normalization factors optimized for the two experiments are not consistent with each
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other. It is unclear whether this prescription is correct or not because no L = 1 state
was not observed in these experiments.

The *He(K ~,7~)X reaction converts p or n in the L = 0 orbit in *He to X+ or
¥0. To populate ¥ in the L = 1 orbit, angular momentum transfer of AL = 1 is
necessary. Since the momentum transfer is small in the ‘He(K ~, 7~ )X reaction at the
beam momentum pgr- = 0.6 GeV/c and at the scattering angle around 4°, the angular
momentum transfer of AL = 0 is preferable. This might be the reason why the excited
state was not observed in the BNL E905 experiment.

In the KEK E167 experiment, where the (stopped K, 7~) reaction was measured,
the larger momentum Ap ~ 160 MeV /c can be transferred than that in the BNL E905
experiment. Thus, it was expected that the AL = 1 transition was enhanced. However,
in the case of the stopped K~ reaction, the angular momentum can be transferred
also from the atomic orbit just before the K~ absorption by nuclei. Since the angular
momentum of the atomic orbit in the initial state should be taken into account, it is
unclear whether the AL = 1 transition populates the L = 1 state or not.

In order to determine the Y-nucleus potential for the L = 1 state reliably, it is
necessary to identify the L = 1 state and determine the cross section for this state
by measuring the (in-flight K —, 77 )X reaction at larger momentum transfer than the
BNL-AGS E905 experiment.

1.5 J-PARC E13 experiment

As discussed in the previous section, the L = 1 state should be searched for to exam-
ine the Y-nucleus interaction. To realize this, the following experimental conditions are
proposed. To reduce the uncertainty in the angular momentum transfer, the (in-flight
K~ ,77) reaction should be used. Using a K~ beam at the high momentum, the mo-
mentum transfer in the (K, 77) reaction becomes larger, and thus the L = 1 state
should be effectively populated .

The J-PARC E13 experiment was proposed as an experiment to realize the above
conditions. In the experiment, the ¥-nucleus interaction was studied by measuring a
missing-mass spectrum of the *He(in-flight K, 77)X reaction at the angular range of
2-14 degrees using a K~ beam at 1.5 GeV/c. With these conditions, the momentum
transfer of 230-370 MeV/c is large enough to populate the L = 1 state as shown in
Fig. L7

Figure [[.8 shows the theoretical prediction of the missing-mass spectrum at pp- =
1.5 GeV/c and 6 = 8° with (Ng, N7) = (0.6, 0.9) and (1, 1) [39]. In the (1, 1) case, the
L = 1 state shown as 1~ should be strongly excited. On the other hand, in the (0.6, 0.9)
case, the structure of the L = 1 state can not be seen clearly. Furthermore, in the (0.6,
0.9) case, the central energy of excited state is shifted towards the heavier missing mass
than in the (1,1) case because the shallower real part of the ¥-nucleus potential causes
the smaller binding energy. In addition, the reduced imaginary part of the potential
enhances the yields. Since the central energy and the yield depend on the strengths of
the real and imaginary parts of the potential, respectively, the central energy and the
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yield of the excited state provide impotrant insight for the potential.
In this thesis, the experimental details and the result of the J-PARC E13 experiment
are reported.
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Figure 1.7: The momentum transfer of the “‘He(K ~, 7)Y reaction as a function of the beam mo-
mentum. Solid, dashed, and dot-dashed lines show the momentum transfer at the 7~ scattering
angles of 0, 4, and 14 degree, respectively.
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“He(K-,m) at 1500 MeV/c (8deg.)
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Figure 1.8: The theoretical prediction of the missing-mass spectra for the *He(K ~, 7~ ) X reaction
at pg— = 1.5 GeV/c and 0 = 8° with (Ng, N;) = (0.6, 0.9) and (1, 1) [40]. The blue and black
solid lines show the expected missing-mass spectra with (0.6, 0.9) and (1, 1), respectively. The
black dashed line shows the component of the ground state of $,He. The blue and black dotted
lines show the component of the excited state with (0.6, 0.9) and (1, 1), respectively.



Chapter 2

Experiment

The data used in this study was taken in the J-PARC E13 experiment carried out in 2015
at the K1.8 beam line, J-PARC. In this chapter, the experimental setup including the
beam line, the target and the spectrometers is explained. The data-acquisition system
and the data summary are also described.

2.1 J-PARC

J-PARC stands for Japan Proton Accelerator Research Complex located in Tokai,
Ibaraki, Japan. J-PARC has accelerators and experimental facilities to use high-intensity
proton beams. J-PARC has three accelerators: a linear accelerator (Linac), a Rapid Cy-
cling Synchrotron (RCS) and a synchrotron (MR: Main Ring). J-PARC also has three
experimental facilities: Materials and Life science experimental Facility (MLF), Neutrino
experimental facility (NU), and Hadron experimental facility (HD).

H~ ions are generated by an ion source in Linac and boosted up to 400 MeV (50 mA)
and then transported to RCS. At the injection section of RCS, electrons in the H™ ions
are stripped off by a thin foil of carbon, and H™ beams (proton beams) are produced.
The proton beams are accelerated up to 3 GeV in RCS, and transported to MLF and
MR. The proton beams are accelerated up to 30 GeV in MR, and are extracted to HD
and NU.

In this experiment, the repetition rate of the beam spill was 6.0 s, and the beam
duration time was 2.1 s. 2.5 x 10" protons per spill were irradiated on the primary
target in the 24 kW accelerator operation.

2.2 Hadron experimental facility

Various hadron and nuclear physics experiments are conducted in HD. The proton beams
extracted from MR are injected to the primary gold target. Reactions between beam
protons and the gold target generate various secondary particles such as protons, neu-
trons, K mesons, m mesons, antiprotons, and so on. The acceleration cycle is about six
seconds for HD. Secondary particles are shared by several beam lines. HD has three

11
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secondary beam lines in 2015, which are so-called K1.8, K1.8BR, and KL beam lines.
The J-PARC E13 experiment for this study was conducted in the K1.8 beam line.

2.3 K1.8 beam line

The K1.8 beam line was designed for experiments of strangeness nuclear physics using
7 and K meson beams with the maximum momentum of 2.0 GeV/c. In order to obtain
high purity kaon beam, there were two mass separation sections and the intermediate
focus slit. The secondary beams which have a specific charge, mass, and momentum
were transported.

In this experiment, the K ~ intensity at the experimental target was 3 x 10° per spill
with the K~ /7~ ratio of 2-3 at the beam momentum of 1.5 GeV/c. The specifications of
the K1.8 beam line and the experimental beam conditions are summarized in Tables 2.T]
and [Z.2] respectively.

Table 2.1: The specifications of the K1.8 beam line.

Maximum momentum 2.0 GeV/c

Production target gold
Target thickness 66 mm
Production angle 6°
Momentum bite +3%
Beam line length 46 m

Table 2.2: The experimental beam condition.

Primary proton momentum 30 GeV/c
Primary proton intensity 2.5 x 1013 /spill

Repetition cycle 6 s

Spill length 2.1s
Secondary K~ momentum 1.5 GeV/c
Secondary K~ intensity ~ 3 x 10°/spill
K= /n~ 2-3

2.4 Experimental setup

The experimental setup of the spectrometers is shown in Fig. 2Il The momenta of the
K~ beam and the scattered 7~ were measured using the K1.8 beam line and the SKS
spectrometer systems, respectively. The SKS system has a wide momentum acceptance
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to cover a large momentum range of 1.1-2.0 GeV/c and a wide angular acceptance 0°-
14° to produce the exited states of hypernuclei. The missing-mass resolution achieved
5 MeV (FWHM).

Figure 2.1: The setup of the K1.8 beam line and the SKS spectrometers.

2.4.1 K1.8 beam line spectrometer

The K1.8 beam line spectrometer consisted of magnets, trackers and time-of-flight detec-
tor. The spectrometer analyzed a momentum and a trajectory of each secondary beam
particle. A schematic view of the K1.8 beam line spectrometer is shown in the lower
part of Fig. 2Jl The K1.8 beam line spectrometer was the QQDQQ magnet system
which was a combination of one dipole (D4) and four quadrupole magnets (Q10, Q11,
Q12 and Q13). The designed momentum resolution is 3.3 x 1072 (FWHM) [41]. The
specification of the K1.8 beam line spectrometer is summarized in Table

Beam hodoscopes and beam line trackers were placed in front of and behind the
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Table 2.3: The specifications of the K1.8 beam line spectrometer.

Momentum resolution 3.3 x 10~*(FWHM)
Maximum momentum 2.0 GeV/c

Bending angle 60°

Flight path 11.2 m

Effective length (D4) 4 m

QQDQQ magnets. The beam hodoscopes (BH1 and BH2) were for a measurement of the
time-of-flight of beam particles. The beam line trackers (BFT, BC3 and BC4) were for a
measurement of trajectories of beam particles. Cerenkov counters (BAC1 and BAC2) for
an identification of beam particles were placed just in front of the experimental target.
BH2, BAC1, and BAC2 were used to create a trigger signal.

Beam hodoscopes

Beam Hodoscope 1 and 2 (BH1 and BH2) were plastic scintillation counters for time-
of-flight measurement. Both hodoscopes consisted of segmented scintillators (SAINT-
GOBAIN, BC420), acrylic light guides and PMTs (Hamamatsu, H6524MOD) as shown
in Figs. 221 and 2.3l The thicknesses of scintillators for BH1 and BH2 were 5 mm and
8 mm, respectively. BH1 and BH2 had the effective areas of 170 mm (horizontal) x
66 mm (vertical) and 111 mm (horizontal) x 50 mm (vertical), respectively. Each seg-
ment of BH1 and BH2 had overlaps with neighboring segments to get rid of ineffective
area. The numbers of the segmentation of BH1 and BH2 were eleven and five, respec-
tively. For BH1, PMTs were connected via the light guides on the both sides of the
scintillator. For BH2, PMTs were connected via the light guides on the bottom side of
the scintillator. The resolution of time-of-flight is about 200 ps (o).

Beam line trackers

The beam line trackers for a measurement of beam trajectories were a fiber tracker
(BFT) and drift chambers (BC3 and BC4). The beam momentum was reconstructed
from straight track measured by BC3 and BC4 and a horizontal hit position at BFT
together with a transport matrix of the QQDQQ magnet system.

BFT was a tracking detector consists of scintillating fibers (Kuraray SCSF-78MJ)
and Multi-Pixel Photon Counter (MPPC, Hamamatsu S12571-100P). The fibers are
arranged horizontally in x and x’ planes as shown in Fig. 24 FEach plane had 160
scintillating fibers with a diameter of 1 mm and 160 MPPCs. Each fiber had 0.5 mm
overlaps with neighboring fibers to cover insensitive areas due to claddings in fibers.
Each MPPC was connected to the one side of a fiber. The effective area was 160 mm
(horizontal) x 80 mm (vertical). The timing resolution is about 0.8 ns (¢). The position
resolution is about 150 pm (o).

Each drift chamber of BC3 and BC4 consisted of x, x’, u, u’, v and v’ sense wire
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Figure 2.2: The schematic view of BHI. Figure 2.3: The schematic view of BH2.

Figure 2.4: The plane structure of BFT.

planes. A pair of two layers such as xx' , uu’ or vv' is called as a pair plane. Each plane
had sixty-four sense wires. The wire spacing was 3 mm. The effective area was 192 mm
(horizontal) x 100 mm (vertical). Wires in the x, u, v pair planes were tilted by 0°, 15°
and —15°, respectively. A sense wire was surrounded by two potential wires and two
cathode planes as shown in Fig. and was made of a gold-plated tungsten wire with
a diameter of 12.5 ym. A potential wire was made of a gold-plated beryllium copper
wires with a diameter of 75 pm. A cathode plane was made of a carbon-coated Mylar
film. The thickness of the film was 12 ym. The position of the cathode plane was 2 mm
from wires. The operation voltages of potential wires and cathode planes were —1.24 kV
and —1.23 kV, respectively. The sense wires were connected to the ground. Chamber
windows were aluminized Mylar film with a thickness of 12.5 ym. The gas mixture was
argon of 76 %, iso-butane (C4Hjg) of 20 % and dimethoxy-methane (C3HgO2) of 4 %,
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and was in the atmospheric pressure. The position resolution is about 200 um (o).
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Figure 2.5: The cell structure of BC3 and BCA4.

Cerenkov detector for beam particle

Beam Aerogel Cerenkov Counter (BAC) consisted of BAC1 and BAC2 and was a thresh-
old type Cerenkov detector as shown in Fig. A silica aerogel with a refractive index
of 1.03 was used as a radiator. The refractive index corresponded to the threshold mo-
menta of 0.6 GeV/c for pions and 2.0 GeV/c for kaons. Cerenkov light was detected by
six PMTs (Hamamatsu, H6614-70UV) attached to the bottom of a radiator container.
The thicknesses of the radiators for BAC1 and BAC2 were 66 mm. The effective area
was 160 mm (horizontal) x 57 mm (vertical). Polytetrafluoroethylene (CF2),, was used
as an inner diffused-type reflector. In the typical beam condition with the momentum
of 1.5 GeV /¢, the K~ beam trigger efficiency was more than 95% with the 7~ beam
missidentification ratio of less than 3% in the trigger level.

® beam

: N e
- 160 I 160
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|
Nes
| BACI1
PMT radiator
H6614-70UV

Figure 2.6: The schematic view of BAC. BAC consisted of BAC1 and BAC2.

2.4.2 SKS spectrometer

The SKS spectrometer (Superconducting Kaon Spectrometer) system reconstructed the
momentum for scattered particles. The SKS system consisted of a superconducting
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dipole magnet, trackers and time-of-flight detectors and had a large acceptance of 100 msr
and a momentum resolution of Ap/p ~ 1073, A schematic view of the SKS spectrometer
is shown in the upper part of Fig. 21l Four drift chambers (SDC1, SDC2, SDC3 and
SDC4) were employed for measurements of trajectories of scattering particles. A Time-
Of-Flight wall (TOF) were employed for a time-of-flight measurement between BH2 and
TOF, and a trigger detector. A Cerenkov detector (SAC1) for an identification of the
scattered particle was placed just behind the experimental target. In order to reduce
the beam through events in trigger level, scintillation counters (SFV) and a Cerenkov
detector (SAC3) were placed as beam veto counters just behind TOF. In addition, in
order to reduce the K~ — p~7, beam decay events, Muon Filter (SMF) were placed
behind TOF.

SAC1, TOF, SAC3, SFV and SMF were used to create a trigger signal. The specifi-
cation of the SKS system is summarized in Table 2.4l

Table 2.4: The specifications of the SKS system.

Momentum acceptance 1.1 ~2.0 GeV/c

Momentum resolution 0.3 % (at 1.5 GeV/c)
Bending angle 55° (at 1.5 GeV/c)
Magnetic field (at center) 2.5 T

Solid angle 100 msr

Flight path ~b m

Cerenkov detector for scattered particles

Aerogel Cerenkov Counter for Scattered pion (SAC1) was placed just behind the exper-
imental target. SAC1 was a threshold type Cerenkov detector and distinguished ejected
pions from beam kaons. A silica aerogel with a refractive index of 1.03 was used as
a radiator. The index corresponded to the threshold momenta of 0.6 GeV/c for pions
and 2.0 GeV/c for kaons. The thickness of the radiator was 66 mm. Cerenkov light was
detected by five PMTs (Hamamatsu, H6614-70UV) attached to the bottom of a radiator
container as shown in Fig. 277l The effective area was 342 mm (horizontal) x 80 mm
(vertical). The efficiency for 7~ is 99%.

Scattered-particle trackers

The SKS spectrometer system had four drift chambers (SDC1, SDC2, SDC3 and SDC4).
SDC1 and SDC2 were placed in front of the SKS magnet. SDC3 and SDC4 were placed
behind the SKS magnet. Trajectories at spacial positions in front of and behind the
SKS magnet were measured by the drift chambers.

SDC1 consisted of x, x’, u, u’, v and v’ planes. Each plane had 78 sense wires. The
wire spacing was 5 mm. The effective area was 400 mm (horizontal) x 150 mm (vertical).
Wires in the x, u, v pair planes were tilted by 0°, 15° and —15°, respectively. A sense wire
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Figure 2.7: The schematic view of SACI.

was surrounded by two potential wires and two cathode planes as shown in Fig. and
was made of a gold-plated tungsten wire with a diameter of 12.5 ym. A potential wire
was made of a gold-plated beryllium copper wire with a diameter of 75 pm. A cathode
plane was made of a carbon-coated Mylar film with a thickness of 12 um. The position of
the cathode plane was 2.5 mm from wires. The operation voltages of potential wires and
cathode planes were —1.3 kV. The sense wires were connected to the ground. Chamber
windows were aluminized Mylar films with a thickness of 12.5 ym. The gas mixture was
argon of 76 %, iso-butane (C4Hjg) of 20 %, and dimethoxy-methane (C3HgO2) of 4 %,
and was in the atmospheric pressure. The position resolution is about 200 um (o).

SDC2 had the same structure and gas mixture as that of SDC1 except for following
points. SDC2 consisted of x, x’, u and u’ planes. The effective area was 560 mm
(horizontal) x 150 mm (vertical). Each plane had 112 sense wires. The operation
voltages of potential wires and cathode planes are -1.4 kV.

SDC3 and SDC4 consisted of x, u, v, x’, u” and v’ planes. The x plane had 108 sense
wires. The u and v planes had 120 wires. The wire spacing was 20 mm. Wires in the
x, u and v planes were tilted by 0°, 30° and —30°, respectively. The effective area was
2140 mm (horizontal) x 1140 mm (vertical). A sense wire was surrounded by potential
and cathode wires as shown in Fig. and was made of a gold-plated tungsten wire with
a diameter of 25 pm. A potential wire and a cathode wire were made of a gold-plated
beryllium copper wires with a diameter of 80 ym. The position of a cathode wire plane
was 6 mm from sense wires. The operation voltages of sense, the 1st potential and the
2nd potential wires were 2.2 kV, —0.35 kV and —0.45 kV, respectively. Cathode wires
were connected to the ground. A gas mixture was argon of 50 % and ethane (CoHg) of
50 %, and was in the atmospheric pressure. The position resolution is about 250 pm

(@)
Time-of-flight wall

A Time-Of-Flight wall (TOF) was an array of plastic scintillation counters for time-of-
flight measurement. Schematic view of TOF is shown in Fig. Each plastic scin-
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Figure 2.8: The cell structure of SDC3 and SDC4

tillation counter consisted of a plastic scintillator (SAINT-GOBAIN, BC410), acrylic
light guides, and PMTs (Hamamatsu, H1949). TOF had an effective area of 2240 mm
(horizontal) x 1000 mm (vertical) and was segmented to improve the time resolution in
each segment. The number of segmentation was 32. The thickness of the scintillators
were 30 mm. The PMTs were connected via the light guides on the both sides of the
scintillator. The resolution of time-of-flight between BH2 and TOF is about 150 ps (o).
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Figure 2.9: The schematic view of TOF.

Beam kaon veto counters

Beam kaon veto counters consisted of plastic scintillation counters (SFV) and an aerogel
Cerenkov counter (SAC3) as shown in Figs. 2101 and 2111 respectively. The effective
area of SFV and SAC3 covered profile of K~ beams which path through the SKS magnet.
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SEFV and SAC3 were placed behind TOF.

SFV was an array of plastic scintillation counters which identified charged particles.
Each plastic scintillation counter consisted of a plastic scintillator (SAINT-GOBAIN,
B(C420), an acrylic light guide and PMT (Hamamatsu, H3167). The effective area was
400 mm (horizontal) x 200 mm (vertical) and was segmented to decrease the beam hit
rate. The thickness of the scintillator was 8 mm. The number of segmentation was six.
Each segment had overlaps with neighboring segments to avoid ineffective areas. PMTs
were connected via the light guides on upside of the scintillator.

SAC3 was a threshold type Cerenkov detector. A silica aerogel with a refractive index
of 1.028 corresponding to the threshold momenta of 0.6 GeV/c for pions and 2.0 GeV /¢
for kaons was used as a radiator. Cerenkov light was detected by 16 PMTs (Hamamatsu,
R6681) attached to the top and bottom side of a radiator container. The thickness of the
radiator was 120 mm. The effective area was 400 mm (horizontal) x 200 mm (vertical).
The efficiency for 7~ is 99%.
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Figure 2.10: The schematic view of SF'V.
Figure 2.11: The schematic view of SAC3.

Muon filter

Muon Filter (SMF) was placed behind TOF as shown in Fig. and was an array of
Cerenkov counters (LC) and iron blocks. The iron blocks with thicknesses of 50 cm and
70 cm were placed in front of LC. Each Cerenkov counter consisted of an acrylic radiator,
acrylic light guides and PMTs (Hamamatsu, H1949 and H6410). The threshold of the
acrylic radiator was low enough to detect pions and kaons. The PMTs were connected
via the light guides on the both sides of the radiator. The number of segmentation of
SMF was 28. The effective area was 2800 mm (horizontal) x 1400 mm (vertical). The
thickness of the radiator was 40 mm.



2.4. EXPERIMENTAL SETUP 21

2800
1beam . :Ego

A\ Acrylic
light guide

1400

@ beam o ~ Acrylic
I radiator

7 ] PMT
1 H1949

Figure 2.12: The schematic view of SMF.

2.4.3 Liquid ‘He target

A liquid “He target was used. The density was estimated to be of 0.125 g/cm? from the
temperature and the reservoir gas pressure. The stability of the liquid helium density
was Ap/p < 107° during the physics run.

The liquid *He target cell is shown in Fig. 213 and consisted of a target vessel, a
radiation shield and a vacuum chamber. These components had cylindrical shapes. The
target vessel was made of stainless steel (SUS). The thicknesses of the cylindrical part
and the windows of the target vessel were 0.2 mm and 0.1 mm, respectively. The target
vessel length was 218 mm along the beam direction. The target length became 10+4 mm
longer than the vessel size by pressure under operation. The radiation shield was made of
aluminum. Thicknesses of both the cylindrical part and the windows were 0.2 mm. The
vacuum chamber was made of aluminum for the cylindrical part, Mylar for the upstream
window and G10 for the downstream window. The thicknesses of the cylindrical part,
the upstream and downstream windows were 2 mm, 0.3 mm and 0.5 mm, respectively.
Specifications of the liquid *He target cell are summarized in Table

2.4.4 'Trigger

In order to select the (K ~,77) reaction events efficiently, the (K, ) trigger was defined
as follows.

(K,7) = Kin x mout (2.1)
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Table 2.5: The specifications of the liquid He target cell.

Diameter 120 mm
Length 218 mm
Volume 2466 cm?

Liq. helium density 0.125 g/cm?
liq. “He thickness 2.8 g/cm?

Mylar SuUS Al G10
window window window window
beam oo
—_— & asg
target vessel
radiation shield
vacuum chamber

218
283

330

Figure 2.13: The schematic view of the target cell.

To identify an event for that beam particle was K~ and not 7, the Kin trigger selected
an event with a hit in BH2 and not in BAC1 nor BAC2 as shown in Eq. (2.2).

Kin = BH2 x BAC1 x BAC? (2.2)

To identify an event for that scattered particle was 7w~ , the wout trigger selected an event
with a hit in TOF and SAC1. In addition to the mout trigger, to reject the K~ event,

SAC3 x SFV was required. The mout trigger is shown in Eq. (Z3).
mout = TOF x SAC1 x SAC3 x SFV (2.3)
The K~ — p~ 7, beam decay events were contained in the (K, ) trigger. To reject

the decay events, the (K, m)w/SMF trigger required the SM F' veto. The (K, m)w/SMF
trigger was defined as follows.

(K, m)w/SMF = (K,7) x SMF (2.4)

In the J-PARC E13 experiment, the (K, 7)w/SMF trigger was used. The trigger logic
diagram is shown in Fig. 2.14]
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Figure 2.14: The trigger logic diagram.

2.4.5 Data-acquisition system

The DAQ diagram for the J-PARC E13 experiment is shown in Fig. The Master
Trigger Module (MTM) received a trigger and busy signals from subsystems, and dis-
tributed the event and the spill numbers to receiver modules in the subsystems. Signals
of BH1, BH2, BAC1, BAC2, SAC1, TOF, SAC3, SFV and SMF were digitized with
TKO TDC/ADC modules. Signals of SDC3 and SDC4 were digitized with TKO TDC
(Dr.TII) modules. The TKO bus was accessed by the Super Memory Partner module,
which was a memory module of VME, via the Super Control Header module. Data
on the memory were gathered by the on-board CPU VME controller and transmitted
via TCP Ethernet. Signals of BFT were digitized with Extended Analogue Silicon PM
Integrated Read-Out Chip (EASIROC) modules [42]. The EASIROC module commu-
nicate with a DAQ server via the TCP/IP protocol. Signals of BC3, BC4, SDC1 and
SDC2 were digitized with the COmmon Pipe-lined Platform for Electronics Readout-
lite (COPPER-lite) modules [43]. The COPPER-lite module communicated with a DAQ
server via the TCP /IP protocol.

The data-acquisition (DAQ) system was HD-DAQ [44] which was developed for J-
PARC hadron experiments. The DAQ server contained Controller, Event Builder, Event
Distributer and Recorder. The Controller sent messages to all systems. The Event
Builder collected data from the detectors using the TCP/IP network and sent built data
to Event Distributer. The Event Distributer distributed the data to the Recorder and
the Online Monitor. The Recorder sent the data to the File Server with a compression.

2.5 Data summary

The J-PARC E13 experiment was performed in April and May 2015. In total, 23 G kaon
beams were irradiated on the liquid *He target with a beam momentum of 1.5 GeV/c.
For the momentum calibration of the spectrometer systems, a ¥+ production run and
beam-through runs were taken. A polystyrene target with 2.9 g/cm? was used to measure
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Figure 2.15: The schematic view of DAQ system.

the p(K—, 77 )X reaction. For beam-through runs, beam momenta of 1.2, 1.37, 1.5 and
1.8 GeV/c were used with or without the liquid *He target. In addition, data with the
empty target cell was taken. The data summary was shown in Table

Table 2.6: The data summary of the J-PARC E13 experiment.

Purpose Target Momentum (GeV/c) Number of K~
physics run ‘He 1.5 2.3 x 1010

¥+ production (CHs), 1.5, 1.8 1.0 x 10°
empty target run empty cell 1.5 6.0 x 106
beam through w/ ‘He 1.2,1.37,1.5, 1.8 1x 106

beam through w/o ‘He  1.2,1.37,1.5, 1.8 2 x 10°




Chapter 3

Analysis

3.1 Overview

The procedure of obtaining the missing-mass spectrum of the *He(K~,77)X reaction
is explained. In Sects. B.2] and B3] the momentum of the K~ beam and the outgoing
7w~ are analyzed, respectively. Then, in Sect. B.4] the reaction vertex is calculated to
select events occurred in the target cell. Finally, the missing-mass of the *He(K~,77)X
reaction is calculated in Sect. Using the missing-mass peak of the ¥ hyperon
and the ground state of jl\He, momenta measured by spectrometers is calibrated in Sect.
And then, to convert to the cross section from counts, detector efficiencies and
normalization factors are estimated in Sect. B.7l To evaluate this experimental set up,
we obtain the production cross section for X+ hyperon in Sect. 3.8

3.2 K~ beam analysis

In this analysis, K~ beam events were selected by the time-of-flight method. A momen-
tum of kaon is analyzed using the QQDQQ system with trackers.

3.2.1 Beam particle identification

Using the Time-Of-Flight for Beam particles (BT'OF) between BH1 and BH2, kaon is
distinguished from pion. The peak of BTOF came to zero when a kaon was selected (see
Fig.[3)). Pion events locate at BI'OF = 1.8 ns when the beam momentum is 1.5 GeV/c.
To reject the pion contamination, events in -0.9 < BTOF < 0.9 were selected.

3.2.2 Momentum reconstruction of kaon

BFT analysis

Since BFT has only x and 2z’ layers, only a z position is obtained using a hit fiber
position of BFT. Because a count rate is higher at upstream of QQDQQ magnets than
that at the downstream. A tight timing cut, —5 < time [ns] < 5, is applied to reduce

25
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Figure 3.1: The BTOF distribution after TDC calibration and slewing correction. Black line
shows BH1 x BH?2 trigger events. Red line shows that for Kin trigger events.

accidental hit as shown in Fig. The clustering is applied in case of both layer hits.
In the clustering, averaged time and z-position are calculated.
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Figure 3.2: The time distribution of BFT.

BcOut tracking

There are BC3 and BC4 just behind QQDQQ magnets. The procedure for the local
straight tracking is called the BcOut tracking. The average detection efficiency of the
single layer for kaon is 99.8%, which is enough to measure kaons. The hit position can
be converted from the measured drift time.

Three-dimensional particle trajectories at the exit of the QQDQQ magnets are re-
constructed using hit positions on each layer with the least squares method. The x? is
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defined as

if i-th plane has no hit

27

1 Xz f (Zz) 2
2
= H; 1
X n—4 Zz; ( oj > (3.1)
12
i=1
H - { (1) if i-th plane has a hit (3.3)

where X7 is a local hit position in ith plane represented and f(z;) is a position calculated
from a tracking result at the plane 7. The local straight track is expressed by four track
parameters, i.e. z0,y0,u0,v0, which respectively denote = and y position at the origin
of a local tracking coordinate and its slope, dz/dz and dy/dz. Tracks are accepted in
which at least eight layer hits participate with the x? value of less than 8. The tracking

efficiency is 99.2%.
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Figure 3.3: The x? distribution of the
BcOut Tracking.
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Figure 3.4: The correlation between a hit
segment of BH2 and a reconstructed posi-
tion of BcOut. Events out of black lines are
rejected.

To find out single true track, the matching between a hit segment of BH2 and a
reconstructed position of BcOut tracking at the BH2 position is checked. Fig. B4 shows
the correlation between a hit segment of BH2 and a reconstructed position of BcOut.
Events in the area surrounded by the red lines in Fig. B4l are selected. The efficiency of

finding the single true track is 97.5%.
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Reconstruction of momentum and trajectory using transport matrix

To reconstruct the beam momentum, the three transport matrix M is used. M are
obtained by the ORBIT program [45].

- —

Xin = M(Xou,0), (3.4)

= dzn dyzn
X0 = (g, Ein 3.5
in (xlnv Yin, dzin ) dzm) ( )
- dx d
Xout = (xouty Yout, ot Zout (36)

M M
dzout  dZout

where ¢ is the fractional momentum deviation from the central momentum py. The
three-dimensional particle trajectories X, at the exit of the QQDQQ magnets are
obtained from the BcOut tracking. x;, is obtained from the BFT analysis. In addition,
the three-dimensional particle trajectories X, at the entrance of the QQDQQ magnets
can be obtained. FigureB.5shows reconstructed momentum distribution. The measured
momentum is denoted as p = po(1+9). The obtained momentum deviation is 0.02 MeV /¢
at 1.5 GeV/c.
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Figure 3.5: The reconstructed beam-momentum distribution for the physics run with the beam
momentum of 1.5 GeV/c.

To find out single true track, the matching between a hit segment of BH1 and a
reconstructed position of K1.8 tracking at the BH1 position is checked as shown in
Fig. Events in the area surrounded by the red lines are accepted. After the matching
analysis, the tracking efficiency and the efficiency of finding the single true track are
99.1% and 97.5%, respectively.

3.3 Outgoing 7~ analysis

The four-momentum of the outgoing particle is obtained using the SKS system. The
trajectories at the entrance and the exit of the SKS magnet are measured using SDC1,
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Figure 3.6: The correlation between a BH1 hit segment and a position from the K1.8 tracking.
Events out of Red lines are rejected.

SDC2, SDC3 and SDC4 as explained in Sects. B3 Tland B3] After these tracking as the
pre-tracking, the momenta of outgoing particles are reconstructed by the Runge-Kutta
method as explained in Sect. B.3.11

Not only scattered pions but also beam kaons are detected by the SKS system.
Outgoing 7~ can be distinguished from kaon by checking the mass-square of an outgoing
particle as explained in Sect. A contamination of outgoing kaons are negligibly
small. In this analysis, the mass-square cut is not applied.

3.3.1 Momentum reconstruction of pion
SdclIn jpre-tracking

Analysis procedure of the Sdcln pre-tracking is also similar to that of the BcOut tracking
described in[3:2:21 The average detection efficiency of all 10 layers is 97.5%, which is large
enough to measure pions. The three-dimensional particle trajectories at the entrance of
the SKS magnet are reconstructed using the same least squares method as the BcOut
tracking in Eq. The x? distribution of the SdcIn pre-tracking is shown in Fig. B
Tracks in which at least eight hits participate with the reduced x? value of less than 30
are accepted. The tracking efficiency is 99.0 %.

SdcOut pre-tracking

Analysis procedure of the SdcOut pre-tracking is also similar to that of the BcOut track-
ing described in The averaged detection efficiency is 97.4%. The x? distribution
of the SdcOut pre-tracking is shown in Fig. Tracks in which at least nine hits par-
ticipate with the reduced y? value of less than 30 are accepted. The tracking efficiency
is 96.6%.
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Combined tracking with the Runge-Kutta method (SKS tracking)

To reconstruct the momentum of the scattered particle, combined tracking with the
Runge-Kutta method [46] is called the BcOut tracking. The magnetic field is calculated

by ANSYS [47).

The x? distribution of the SKS tracking is shown in Fig. Tracks in which at
least nine hits participate with the reduced x? value of less than 30 are accepted. The

tracking efficiency is 96.23 + 0.12%.
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Figure 3.9: The x? distribution of the SKS tracking.

3.3.2 Scattered particle identification

To identify scattered particles, the mass-square M? is calculated as

M2 = (g>2(1—52) (3.7)

g = L (3.8)

ct’
where, p is the momentum reconstructed by the SKS system. f is the velocity using the
flight path length L by the SKS system and the time-of-flight ¢ between BH2 and TOF
wall.

Figure 310 shows the obtained mass-square distribution. In this experiment, 7~
and K~ can be detected. Since the beam kaon has the momentum considerably higher
than that of 7, the beam kaon through/scattered events are located in lower region of
missing-mass of the (K, 7 ) reaction as shown in Fig. BIIl Since there is almost no
background in missing-mass the region of interest (M > 3990 MeV /c?), the mass-square
cut is not applied in this analysis.

3.4 Vertex reconstruction

The reaction vertex can be calculated with momenta of the beam K~ and the ejected
.

The z-, y-, and z-vertex distribution are shown in Fig. (a), (b), and(c), respec-
tively. The reaction vertex is the center point of the closest distance vector. The vertex
cut corresponding to the size of target is applied. The closest distance is that between
vectors of the K~ beam and scattered m~. The distribution of the closest distance is
shown in Fig. (d). The closest distance smaller than 30 mm is accepted. The cut

efficiency of the closest distance is 99.0%.
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3.5 Momentum calibration

Reconstructed momenta from the K1.8 and the SKS spectrometers are known to have
offset values. In addition, momenta from the SKS tracking are shifted depending on
the path in the SKS. The momenta are calibrated using a beam-through analysis and a

missing-mass analysis.
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3.5.1 Energy-loss correction

Energies decrease when particle pass through materials. The energy-loss was estimated
using the Bethe-Bloch’s equation as
dE s Z171 I 2mec? B2 Wnas
dx ApB |2 1
This calculation is applied for every material along the particle trajectories. The list of
the materials in this experiment is shown in Table B.Jl The most thick material is the
helium target. Aerogel Cerenkov Counter (BAC and SAC1) is the next. The energy

-8 - 5(27) : (3.9)

Table 3.1: The list of the materials

thickness [g/cm?] energy-loss [MeV]

BH2 0.83 1.6
BAC 2.6 3.2
Mylar 0.03 0.05
SUS 0.08 0.1

Al 0.05 0.09
G10 0.09 0.15
SAC1 14 1.7
LHe 2.7 9.5
CHa 2.9 6.3

loss is used. Peak positions of the momentum difference distribution should be shifted
from the averaged value. The shape of the distribution also is simulated by using the
Monte-Carlo method. At that time, the Landau distribution for pion and the Vavilov
distribution are used considering the detector resolutions. The shift values are about

1.5 MeV/e.

3.5.2 Calibration of the K1.8 beam-line and SKS spectrometer systems

True momenta pjg and plyjg in the K1.8 beam line and the SKS spectrometer system
are written as

Pris = Pxis — 9(Pris) (3.10)

Psks = psks — f(psks), (3.11)
where px1s and psi g are measured momenta, g(pr1g) and f(pskg) are calibration func-
tions for the K18 beam line spectrometer and the SKS system, respectively. Polynomial
functions are assumed for the calibration functions [48]. ¢g(px1s) and f(psks) are defined
as a linear function for the K1.8 beam line spectrometer and a second-order function for
the SKS system as follows.

9(pr1s) = apkis+ B (3.12)
f(psks) Apigs + Bpsks + C (3.13)
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To calibrate these spectrometers, the beam-through data were taken at four different
energies. When ¢(pr1s) is given, f(psks) can be calculated using the beam-through
data. Since i3 = Pgjg, the measured momentum difference Ap between the K1.8 and
SKS system is defined as

Ap = psks —PK1s (3.14)
= f(z)—g() (3.15)
= h(p). (3.16)

The momentum difference Ap distribution is shown in Fig.B.I3l As an example of the
9(pr1s) = 0, four points of beam momenta are shown in Fig. 314l Fitting these points,
the calibration function f(psks) can be obtained. The calibration function g(pgis) for
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Figure 3.13: The calibrated distribution of
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Ap depending on momenta pggs with
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the K18 spectrometer has to be determined. To determine « and 3, the peak positions
of the missing-mass distributions for ¥ and the ground-state of jl\He are used. a = 1.36
and 8 = 45.4 are obtained. Peak positions of the missing-mass distribution also should
be shifted from the reference value taken from the past emulsion experiment [49]. For
the ground state of jl\He, the shift value is 0.88 MeV.

3.6 Missing-mass analysis
The four-momentum vector of the reaction product Px is defined as

Px :PK—FHgt—Pﬂ-, (317)

where P, Py, and Py are the four-momentum vectors of the beam K, the 4He target (at
rest), and the scattered m. Then, the missing-mass My of the “He(K~,77)X reaction
is calculated using

My =/ (Ex + Mgt — Ex)? — (P} + D2 — 2picps cos0z), (3.18)
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where Fx, E,, px and p; are the energies the momenta of pion and kaon, respectively.
My g¢ stands for a target mass and 6,43 is the scattering angle of the pion. The distribution
of the missing-mass of the *He(K~, 7~ )X reaction at 614, = 2-14 degrees is shown in
Fig. Though hypernuclear productions and hyperon quasi-free process can be
seen in the spectrum, the background distribution resides in all range of the missing-
mass. Main background contribution is the K~ — 77" decay event. To compare
the experimental result with the theoretical calculation for the *He(K~, 7~ )X reaction,
the background should be subtracted. Since the background distribution depends on
both the momentum and the scattering angle for the scattered particle, the spectrum is
distorted by the analysis cut of K~ — 7~ 7 decay. To deal with that, the distribution
of K~ — n~7° background is estimated using the Geant4 package and is subtracted as
explained in Sect. @l
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Figure 3.15: The distribution of the missing-mass of the *He(K ~, 7~ )X reaction at 7., = 2-14
degrees.

3.7 Cross section calculation

To calculate the cross section of the missing-mass distribution, the acceptance of the
SKS system and the efficiencies of the detectors are considered. The differential cross
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section can be written as follows.
di _ Nicat
dQ ththeamEdet fabsK fabsw fdecw fovk AQ

Here, Ng.qt and Nig are the numbers of scattered pions and nuclei in a target. Nyeqpm, is
the number of the beam track in BH1 x BH2 trigger multiplied by its pre-scale factor
of 1.28 x 10%. AQ is the solid angle of the SKS spectrometer. fopsi and fapsy are
the absorption factors for kaon and pion, respectively, and are evaluated using Geant4
simulation. fg. is the 7~ decay factor and is explained in Sect. The total detector
efficiency €ge is

(3.19)

€det = €SACESdeIn€SdcOutESK SEvtz€cdist- (3.20)

These efficiencies are summarized in Table The acceptance A2, the oversuppression
ratio fo,x table and 7~ decay factor are applied event by event.

Table 3.2: The list of efficiencies and factors.

Name  Efficiency [%]
€SAC 99.1 +£0.2
€SdcIn 99.0 £0.04
€SdcOut 96.7 £0.04

€SKS 96.2 +0.1
€cdist 100
Jabs 90.6 0.8

3.7.1 Acceptance of SKS

The acceptance of SKS is calculated by Monte Carlo simulation using Geant4. The
realistic SKS system and beam profile are reproduced in the simulation. The effective
solid angle AQ(p, 0) is defined as

0+1A0

AQ(p,0) = 271/ udcos@ (3.21)

o-1n9 Ng(p,0)

where p and 0 are the generated momentum of scattered 7~ and scattering polar angle,
respectively. N, and N, are the number of accepted and generated 7~ at each momentum
and angle estimated by the simulation, respectively. The mesh size in the simulation is
Af = 0.1 degrees and AM = 1 MeV/c?. The table of the %" ratio as the acceptance
table of the SKS system is called. The acceptance tables are ’shown in Fig. BI7 The
acceptance for the scattering events to the left of the entrance of the SKS magnet in
9-14 degrees range may rapidly change as shown in Fig. BI7 (a) and thus have a large
ambiguity. Therefore, only the scattering event to the right is analyzed in this angular
range. The acceptance table as shown in Fig. B.1I7] (¢) was average of (a) and (b), and
was applied in each event.
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Figure 3.16: The blue arrow shows the definition of the scattering to the left and the right in
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Figure 3.17: The acceptance table of the SKS system. (a) and (b) show the tables scattering to
the left and the right in horizontal plane, respectively. (c) shows the averaged table.
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3.7.2 Oversuppression by SMF

As mentioned in Sect. 242 SMF is introduced to reject the muons from the K~ —
pv decay. SMF can clearly reject K~ — p~ v decay events as shown in Fig.
However, some fraction of 7~ is killed by SMF. This is called an oversuppression. The
oversuppression ratio is estimated by Monte Carlo simulation using Geant4. The hadron
interaction and the particle-transportation were taken into account in the simulation.
Electromagnetic interaction and decay are were ignored. 7~ of 8 > 1/ index on an
SMF segment is regarded to the oversuppression. The oversuppression table is shown in
Fig. The oversuppression ratio varies from 2 to 30 %.
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Figure 3.18: The correlation between measured momenta and scattering angles. (a) shows events
with SMF veto off. (b) shows events with SMF veto on.

q T
> >
o L
<) S
g g
2 2
= =
Q (5]
£ E
o =}
= =
't
v b b by b b L Ty 0 P L co b b 1y T TT—— 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Ogs [deg ] Oy [deg.]

Figure 3.19: The oversuppression table of SMF. (a) and (b) show the tables scattering to the
left and the right in horizontal plane, respectively.



3.8. PRODUCTION CROSS SECTION OF ¥t HYPERON 39

3.7.3 Decay factor of 7~

(K, ) trigger can not record data of 7~ — pu~ v decays since they are killed by SMF.
Its decay rate have to be estimated. The decay factor fgecqy is written as

fdecay = eXp(— )7 (322)

Bryer
where L is a track length of a scattered particle measured by the SKS system. The value
of er for 7~ is 7.8 m. The factor varies from 2 to 8% depending on L.

3.7.4 Z-vertex cut efficiency

To eliminate contamination from the materials other than the target (BAC, SACI,
and the windows of the target cell), events with z-vertex within the target length are
selected. Figures and B.2T] show the z-vertex spectra in every 1 degree. The z-vertex
resolution gets worse as the scattering angle decreases. Therefore, events of the reaction
at the LHe target are lost when the z-vertex cut position is fixed. The z-vertex cut
efficiency is estimated by a fitting. Figures and B.21] show the z-vertex distributions
with the fitting functions. Red line shows a total fitting function. In the fitting function,
all materials are considered as shown by dashed lines. The fitting function was made by
folding the box-shape material distribution along the beam trajectory with the z-vertex
resolution. The z-vertex cut efficiency depends on the scattering angle as shown in
Fig. The efficiency error is came from changing of the fitting range. A function of
the z-vertex cut efficiency is obtained using a probability density function. The efficiency
is applied event by event. The error of the z-vertex efficiency is calculated by using
changing of the cross section every the missing-mass bin.

3.8 Production cross section of X1 hyperon

The ¥t production cross section is obtained via the (K~,7~) reaction using a CHy
target to calibrate momenta of both the spectrometer system. A thickness of the CH,
target is 3 cm. In the ©1 production analysis, the z-vertex cut condition is different
from the *He target run. In addition, the vertex resolution gets worse depending on the
scattering angle. The cut condition does not cut events from the reaction. The number
of total beams is about 108.

The cross section is 0.59 + 0.01 mb/sr in the angular range of fr,, = 2-14°. The
angular dependence of the production cross section via the p(K~, 7~ )X reaction is ob-
tained as shown in Fig. Filled circles show this work. The errors are small because
of the statistics. Open circles show the result of the previous emulsion experiment [50].
This result is in good agreement with the result of the past emulsion experiment.
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Figure 3.20: The Z-vertex distribution of the physics run. (a)-(f) corresponds to 6 = 2-3, 3-4,
4-5, 5-6, 6-7, 7-8 degrees. The red line shows a total fitting function. The blue line shows the
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Figure 3.21: The Z-vertex distribution of the physics run. (g)-(1) corresponds to 6§ = 8-9, 9-10,
10-11, 11-12, 12-13, 13-14 degrees. The red line shows a total fitting function. The blue line
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Chapter 4

Background estimation

4.1 Overview

The main background component for the *He(K~,77)X reaction is 7~ events from
K~ — 7~ 7% decay. Since this decay has common outgoing particle 7~ and has momen-
tum and scattering angle of similar value, it is difficult to be rejected by the trigger or
analytical methods. Therefore, we estimate the background contribution by Monte-Carlo
simulation and subtract it from the measured spectrum. The simulation is evaluated
using the empty target run, which is explained in Sects. and [£.3l The background
spectrum is calculated using this Monte-Carlo simulation which is explained in Sect. (4.4l

4.2 Empty target run

In the empty target run, the experimental setup is the same as the physics run except
for the liquid “He. Instead, the target cell was almost empty although ‘He gas at 77?7
Pa remained.

The correlation between the missing-mass X in the K~ — w1~ X reaction and the
scattering angle Ogxg is shown in Fig. To select the K~ — 7~ 7% decay events,
events in 3o region of the 7° peak in missing-mass spectrum of the K~ — 7~ X reaction
are selected. Therefore, using this relation, the decay events can be selected.

The missing-mass spectrum of *He(K~,77)X reaction assuming only the back-
ground of *He run is shown in Fig. B3l The structure of the decay spectrum in angular
range of 6 < 8° is not leaked into the missing-mass region as shown in Fig. A1l In
addition, to estimate the background distribution in the *He run, the horizontal axis is
normalized from cross section using a factor of Nigt X Npeam.-

4.3 Simulation of empty target run

A missing-mass distributions of the empty target run are simulated using Geant4. In the
simulation, the realistic SKS system (the SKS magnet, the trackers, SMF, and the target

45
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Figure 4.1: The correlation between the missing-mass of the ‘He(K ~,7~)X reaction and the
scattering angle 0, for the empty target run. The main component is K~ — 7~ 7° decay
events.

cell) and beam profile are reproduced. As for the physics processes, electromagnetic
and hadron interactions and decay reaction are included. Only the kinematics of the
K~ — 770 decay is simulated.

The simulated distribution has to be converted from the number of events to the

cross section. To scale the distribution, the relation between the yield of our experiment
doa)

N including a beam decay background and a double-differential cross section Tdo is
written as,
doay
AN = Ny, Ny AMdSh, AM ASY €yertex €other facca (41)
a

where, M is a missing-mass, N, and Ny are the numbers of beams and targets, and AM is
a missing-mass bin width, and AQ is a solid angle, and €yertex is an efficiency of z-vertex
cut, and €yper 1S a total efficiency of other contribution (detector efficiency, analysis
efficiency, and so on). On the other hand, a decay contribution in the experimental data
Ngecay 1s written as,

d?Br i1

_u _2
A]\'rdecay =M, ngab AM AQe T (1 —€ L) €other faces (42)

2B . . . _ — 0 .
where, Wg{;ab is a decay branching ratio of a K~ — 7w~ 7~ background, and L is a decay

length of a beam particle (L = fSvycr), and [1 is a distance between a position where
beams were counted and upstream of z-vertex cut, and [2 is a width of z-vertex cut.
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doa)) 1 1 1 d2Udccay . .
TArdo 18 derived from Eq. 1] using Eq. Then, 4o is written as

dUdecay N, decay ( 4 3)

dMd B Ny, Ny AM A €yertex €other facc

u 2
_ 1.d®Br(bg) ¢ " (1‘6 L) (4.4)
B Ny, dMd,y, €vertex . ‘

Ngen is defined as the number of beam particle decays, and assume that the particle
is accepted Nyee in a region of AM and AQ. Eql4l can be rewritten as,

_u _12
dadecay - 1 Br(bg) Nacc © " (1_6 L)

I 4.5
dMday, Ny, AM Ay, Ngen Evertex ( )

The branching ratio of this channel is 20.06 %.

The simulated distribution is compared with the observed data. as shown in Figs.
and L4l The horizontal axis is tuned using factor of 4 %. The simulated spectra are
well reproduced.

4.4 BG distribution for *He(K~,77)X reaction

The simulation of the He physics run is made using the same way of the empty target
simulation except for the liquid *He filling. Figure shows the simulated missing-mass
spectrum of “He(K ~, 77 )X reaction for the *He run. The region is not selected because
70 cut is not applied in case of “He run. Therefore, the decay spectrum are a large
scattering angle. Its yield was order of 10™3 in angular range larger then 8 degrees. In the
next section, the simulated distribution from the *He(K~, 77 )X reaction is subtracted.
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Chapter 5

Results and Discussion

The ground and excited states of Z§He are discussed based on the obtained missing-mass
spectrum of the “He(K ~,77)X reaction in this chapter.

5.1 Angular-averaged missing-mass spectrum

The experimental data coveres the angular range of 2° < 6 < 14°. In this section,
the missing-mass spectrum of the ‘He(K ~, 77 )X reaction over the full angular range is
discussed. Figure (.1l shows the angular-averaged missing-mass spectrum. The vertical
axis corresponds to the double-differential cross section in a unit of ub/sr/(MeV/c?). The
holizontal axis corresponds to the missing-mass in a unit of MeV/c?. The experimental
data are shown by the black histogram. The K~ — 7~ 7" decay background estimated
by the Monte Carlo simulation in Sec. 4] is shown by the red histogram. The decay
background is subtracted from the experimental data. After the subtraction of the
decay background, Fig. is obtained. The following four components are observed
in the subtracted spectrum: The peak structure around 3920 MeV /c? corresponds to
the bound state of j{He, the peak structure around 3995 MeV /c? corresponds to the
ground state of ZéHe, and the significant bump structures in the missing-mass ranges of
3925-3975 MeV /c? and 4000-4060 MeV /c? come from the A and ¥ quasi-free production
processes, respectively. The excited state of ZéHe predicted around the missing-mass of
4005 MeV /c? by the theoretical calculation is searched in the following sections.

To discuss the ¥ hypernucleus, the binding energy Bs. of the ¥ hypernucleus is
defined as

Bs, = M (3NY) — Mx (5.1)

where My is the missing-mass in the *He(K~, 7~ )X reaction, M (3NY) is the masses
of 3N and ¥. In the case of the ¥ hypernucleus, the two thresholds of the ¥ and %9
quasi-free production processes should be considered. The threshold of the ¥ quasi-free
production process at 3998.31 MeV /c? is lower than that of the X9 quasi-free production
process at 4001.05 MeV /c?. In the present analysis, By, = 0 is defined with the threshold
of the ¥ quasi-free production process. The By, spectrum is obtained from Fig. by
using Eq. 511 as shown in Fig. 5.3

51
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Figure 5.3: Angular averaged By, spectrum.

5.1.1 Fitting of the By spectrum to search for the excited state of {He

As mentioned above, the excited state of ZéHe was predicted around the ¥ thresholds
by the theoretical calculation. To search for this excited state, the fitting of the By
spectrum is performed. Details of the fitting procedure is described in this section.

The fitting of the By, spectrum is performed at By, = —55-40 MeV /c. There are the
four components: the ground state of %He, the A and ¥ quasi-free production processes,
and the hypothesical excited states of LHe. The four fitting functions are defined for the
four components.

3} hypernucler states for the ground and excited states

For the groud and excited states of %He, the same fitting functions are employed. A
simple Gaussian function is not appropliate due to the following two reasons. One reason
is that the peak shape of the Z§He state is broad due to the XN — AN conversion. The
other reason is that their shapes should be asymmetric due to the threshold effect.

The Flatte funcion is useful to take into acount these effects. The Flatte function was
developed to reproduce the resonance shape of the KK system close to the threshold
[51]. This function is employed to reproduce the resonance shapes both of the ground
and the excited states of ZéHe. The Flatte function is written as

C
-5 (BE>O)
f(Bs) = a2+(g_b)2 (5.2)
v (0

q is defined as ¢ = \/2u|Byx,|/h? where p is the reduced mass of ¥ and a core nucleus. C
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is the normalization constant. The resonance shape depends on the parameters a and b
which are related to the binding energy B and the width I' as

R (1% — a?)
B = —+v %) 5.3
T (5.3)
2h%ab
r = -+ % (5.4)
I

To estimate the errors of B and I', B and I' are used as the fitting parameters, and a
and b are calculated internally.

A quasi-free productions

An exponential function given by Eq. is employed to fit the By, distribution of the
A quasi-free production process as

g(Bs) = Caqr exp(angtBy), (5.5)

where Cpqr and apqr are the fitting parameters. apgr should be negative to reproduce
the tail shape of the distribution.

Y. quasi-free productions

The missing-mass distribution of the ¥ quasi-free production process rises rapidly from
the ¥ production threshold and has a broad bump structure. It is important how to
determine the Y production threshold in the fitting function. As described above, the
¥ quasi-free production process has the two different thresholds, the ¥ and X° thresh-
olds. Therefore, in the fitting function, an effective threshold is employed. The effective
threshold My, of the missing mass is determined by averaging the two thresholds. The
T = 1/2 component is considered to be dominant around the threshold. Then, the
T = 1/2 state is written with the 3H + £ and the *He + X states as

Ty2) = —@ PHET) + ﬁ *He X°) . (5.6)

By considering the relation, the effective threshold My, of the ¥ quasi-free production
process is assumed to be

My, = ; M (*HE') + % M (*Hex’) = 3999.22 MeV. (5.7)
Then, the effective threshold By, in the binding energy By is
By, = My, — [M (*°H) + M (£1)] = 0.91 MeV. (5.8)
The fitting function for the ¥ quasi-free production process is defined as
W(Bs) = Csqry/Bsexp (asqBh + fraBE) (5.9)
B, = By — By. (5.10)
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The binding energy By, is redefined by using the effective threshold By, as B%.. \/Bi’E
corresponds to the phase-space volume in the threshold region. The exponential func-
tion is employed to reproduce the overall shape of the missing-mass distribution of the
¥ quasi-free production process, and axqs, and By are the fitting parameters. Cyxyqr is
a normalization factor. The XN — AN conversion broadens the missing-mass distribu-
tion. This effect is included by folding the function with a Gaussian function.

2
W (By) = \/ﬂi/h(B)exp [_“B;wa)} iB (5.11)

where ooy is the parameter of the spreading effect.

Effect of the missing-mass resolution

The experimental resolution of the missing mass should be considered. The missing-
mass resolution 5.2 MeV/c? (FWHM) is estimated from the peak width of the ground
state of f‘\He. To include the resolution, the overall fitting function F(By;) is smeared by
folding with a Gaussian function.

_ 2
F(By) = \/27;/ [fes(B) + fex(B) + g(B) + I (B)] exp [(B;af)} b

(5.12)
where fos(By) and fex(Bsy) are the Flatte functions for the ground and the excited states
of 42He, respectively.

Result of fitting

F(By) given by Eq. is fitted to the By, spectrum in the binding-energy range from
—55 to 40 MeV. Figure [5.4] shows the result. The black line shows the overall fitting
function. The red, blue and green lines show the fit functions for the ZéHe states, the X
quasi-free production process and the A quasi-free production process, respectively. The
peaks at By ~ 6 MeV and By ~ —4 MeV correspond to the ground and the excited
states, respectively. The overall fitting function well reproduces the By spectrum and
the reduced X2, value is 90.0/83 = 1.08.

The best-fit parameters of the fitting are summarized in the first colmun of Table 5.1

5.1.2 Significance of the excited state of {He

In this section, the significance of the existence of the excited state of &He is discussed.
The integrated cross section of the excited state is calculated by using the fitting result.
The error is estimated by searching lower /upper cross sections corresponding to x2 + 1
by changing the Cex value. The cross section is 743I pub/sr. The significance is 30.

To estimate the significance more precisely, a null hypothesis is tested. It is assumed
that the excited state does not exist in the null hypothesis whereas the excited exists in
the alternative hypothesis. The fitting with the null hypotheses is performed without
the component of the excited state fex.



56 CHAPTER 5. RESULTS AND DISCUSSION

LB L L L L. L L. L L L L L L L L LB L L LB

He(K,TT)X e e i e e e

50

40

30

\\\\i\\\\i\\\\!

v,

20

Iy

d’o/dQ/dM [pb/sr/(MeV/c?)]

\\\\i\\\\i\%—\\i\\\\i\\\\l

\\\\i\\\\

10
0 'tl'[ﬂ"tj—il-:‘l‘\ m-'\“‘x“"! Ll A.—\";)?T.\"\';:\:'r'-\-- i—A—A ) ;__4 e n_i el i L 11
40 30 20 10 O 10 20 30 40 50 60

-B, [MeV]

Figure 5.4: Averaged By spectrum over the angular range of 2° < 6 < 14°. The red line shows
the components of the ground state of §,He. The blue and green lines show the components of the
3 and A quasi-free production processes, respectively. The black line shows the overall fitting.

Figure shows the fitting result of the null hypotheses. It fails to reproduce the
threshold region, and the reduced x2, value is 185.8/86 = 2.16.

The best-fit parameters of the fitting are summarized in the second colmun of Ta-
ble B.11

The x? value of 185.8 with Ng¢ = 86 in the null hypothesis corresponds to the p
value 2.59 x 107%. On the other hand, the y? value of 90.0 with Npgs = 83 in the
alternative hypothesis corresponds to the p value 0.28. The difference in the p values
strongly indicates the existence of the excited state. The difference in the y? values
between the null and the alternative hypotheses is 185.8 — 90.0 = 95.8. The probability
distribution of the x? difference follows the x? distribution of Ng; = 86 — 83 = 3. The
x? difference of 95.8 is quite larger than Ngf = 3. Thus, the null hypothesis should be
rejected.

5.1.3 Significance with the different fitting functions

The different fiting functions are fitted to the By, spectrum because the result is possibly
senstive to the shape of the fitting function. For this purpose, the fitting function of
the 3 quasi-free production process is changed from the square root function to a linear
function. In addition, a fitting with a slightly different value of the effective threshold
By, is tried. To see the robustness of the existence of the excited state, a simple costant
distibution for the A quasi-free production process is also tested.
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Table 5.1: Parameter list of the overall fitting function in fit(0).

Alternative Null
Parameter | Value Value
sHegs Bis —3.55 £ 0.41 —4.83+£0.18
Lgs 6.14 4+ 0.97 2.00 4 0.82
Cis (1.4140.66) x 1072 | (1.04 £0.64) x 1073
sHeex  Bex 4.43 +£0.52 -
| 4.4541.17 -
Cex (4.30 £2.51) x 1073 | -
AQF  Cags (4.974+0.28) x 1071 | (5.34£0.11) x 107!
YQF Oy 1.30 +0.14 1.82 +0.82
QUsgf (3.08 £0.27) x 1072 | (4.32+£0.12) x 1072
Bt (2.09+£0.37) x 107° | (5.82+£0.23) x 1074
Teonv 6.17 +0.95 8.134+0.38
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Figure 5.5: Angular averaged By, spectrum fitted by assuming no excited state of §He. Descrip-
tions for all lines are the same as Fig. [5.4]

(1) Liearly rising function for the ¥ quasi-free production process

The fitting with the liearly rising function H 1/92 is tried for the ¥ quasi-free production
process instead of the square-root rising function.

H(Bs) = CsqB% exp(asqeBs + BratBS),

By, = By, — By,

(5.13)
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Table 5.2: Summary of the results of the four different fitting functions.

Null hypothesis Alternative hypothesis Difference
X%uo/ndfwo Pwo X?u/ndfw Pw X12uo - X?u
fit(0) | 185.8/86 = 2.16 2.59 x 1079 90.0/83 = 1.08 2.82 x 1071 | 95.9
fit(1) | 194.7/86 = 2.26 2.14 x 10710 | 86.4/83 =1.04 3.79 x 107! | 108.3

(0)
(1)

fit(2) | 185.1/86 =2.15 3.19 x 1072 | 91.2/83 =1.10 2.52 x 107! | 93.9
(3) | 168.4/67 =2.51 1.08 x 10710 | 66.0/64 = 1.03 4.07 x 10! | 102.4

2
H'(Bs) = 1/H(B)exp <(BE_B)> dB (5.14)
\/%O'conv 20 conv

Figures and [5.7] show the fitting results in the null and alternative hypotheses, re-
spectively. The meaning of the lines are the same as those in Fig. (.4l The fitting
function for the alternative hypothesis well reproduces the By spectrum and the re-
duced x? value is 86.4/83 = 1.04. On the other hand, the fitting function for the null
hypothesis fails to reproduce the By, spectrum in the threshold region, and the reduced
x? value is 194.7/86 = 2.23. The cross section of the excited state is 103.8 & 8.7 ub/sr.
The significance is larger than 100. The x? value of 194.7 with Ng; = 86 in the null
hypothesis corresponds to the p value of 2.14 x 107!, On the other hand, the x>
value of 86.4 with Nngr = 83 in the alternative hypothesis corresponds to the p value
of 0.38. The difference in the p values strongly indicates the existence of the excited
state. The difference in the x? values between the null and the alternative hypotheses
is 194.7 — 86.4 = 108.3. The probability distribution of the x? difference follows the >
distribution with Ngs = 86 — 83 = 3. The x? difference of 108.3 is quite larger than
Ngs = 3. Thus, the null hypothesis should be rejected even if the uncertainty in the
missing-mass distribution of the ¥ quasi-free production process is taken into account.
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Figure 5.6: Angular-averaged By spectrum  Figure 5.7: Angular-averaged By spectrum
with the overall fitting assuming the liearly ris-  with the overall fitting assuming the liearly ris-
ing function for the ¥ quasi-free production and  ing function for the 3 quasi-free production and
no excited state of $He. Descriptions for all  the excited state of 5 He. Descriptions for all

lines are the same as Fig. (.41 lines are the same as Fig. 5.4
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The best-fit parameters of the fitting are summarized in Table (.31

Table 5.3: Parameter list of the overall fitting function in fit(1).

Alternative Null

Parameter | Value Value
sHegs By —3.25 +£0.51 —4.85+£0.18

Dgs 7.75 4+ 1.04 1.67 +0.76

Cls (2.36 £1.14) x 1072 | (7.58 +4.83) x 10~*
SHeex  Bex 4.27 +0.60 -

Cex 5.08 + 1.40 -

Cox (6.30 £4.41) x 1073 | —
AQF  Cagt —1.17+0.12 —0.99 +0.04

S (—2.1340.29) x 1072 | (—1.78 £0.11) x 1072
YQF  Cyqr 0.59 + 0.08 0.87 £ 0.02

Uit 0.40 + 0.06 0.59 £ 0.01

Baqf (—9.60 4+ 0.30) x 1073 | (—2.28 £0.10) x 1072

Tconv 6.28 +0.83 8.18 £0.23

(2) Different threshold of the ¥ quasi-free process

The effective threshold of the ¥ quasi-free production process might be affected by
the ratio of the cross sections of the elementary processes to produce ¥ and X°. In
Sec. B.11], the prodcuction cross section of 31 is assumed to be same with that of 3°.
When the production cross section of X1 is twice X0, the effective threshold is 0.55 MeV
which is 0.36 MeV lower than the original value. Figures 5.8 and show the fitting
results with the null and alternative hypotheses, respectively. The fitting function for
the alternative hypothesis well reproduces the By spectrum and the reduced x? value
is 111.4/83 = 1.34. On the other hand, the fitting function for the null hypothesis fails
to reproduce the threshold region, and the reduced x? value is 181.8/86 = 2.11. The
cross section of the excite state is 78.4 + 6.6 ub/sr. The significance is seem to be more
than 100. The x? value of 181.8 with Ng; = 86 in the null hypothesis corresponds to
the p value 7.79 x 1072, On the other hand, the x? value of 111.4 with Np,g¢ = 83 in the
alternative hypothesis corresponds to the p value of 0.02. The difference in the p values
strongly indicates the existence of the excited state. The difference in the y? values
between the null and the alternative hypotheses is 181.8 —111.4 = 70.4. The probability
distribution of the y? difference follows the x? distribution with Nqs = 86 — 83 = 3. The
x? difference of 70.4 is quite larger than Ng = 3. Thus, the null hypothesis should be
rejected even if the uncertainty of the threshold is taken into account.

The best-fit parameters of the fitting are summarized in Table G.4
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(3) Constant distibution for A quasi-free

A constant distribution for the A quasi-free production process is tested assuming the
extreme case of the cross section of the A quasi-free production process is much larger
than expected. Figures .10l and [5.11] show the fitting results with the null and alter-
native hypotheses, respectively. The fitting function for the alternative hypothesis well
reproduces the By spectrum and the reduced x? value is 66.0/64 = 1.03. On the other
hand, the fitting function for the null hypothesis fails to reproduce the threshold region,
and the reduced x? value is 168.4/67 = 2.51. The cross section of the excite state is
81.240.7 ub/sr. The significance is larger than 100. The x? value of 168.4 with Ny = 67
in the null hypothesis corresponds to the p value of 1.08 x 10719, On the other hand,
the x? = 66.0 with N,q; = 64 in the alternative hypothesis corresponds to the p value
of 0.41. The difference in the p values strongly indicates the existence of the excited
state. The difference in the x? values between the null and the alternative hypotheses
is 168.4 — 66.0 = 102.4. The probability distribution of the y? difference follows the x?
distribution with Nqf = 67 — 64 = 3. The x? difference of 102.4 is quite larger than
Nyt = 3. Thus, the null hypothesis should be rejected.
The best-fit parameters of the fitting are summarized in Table

Conclusion of existence

The null hypothesis is rejected in the all cases assuming the four different fitting functions
as summarized in Table It strongly suggests the exsistence of the excited state.

5.1.4 Comparison with the past experiments

The binding energies, widths, and cross sections were obtained from the four fitting
results as summarized in Table The three valiables of the excited state are measured
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Table 5.4: Parameter list of the overall fitting function in fit(2).

Alternative Null

Parameter | Value Value
sHegs By —3.25 £ 0.51 —4.85+0.18

Dgs 7.75 4+ 1.04 1.67 +0.76

Cls (2.36 £1.14) x 1072 | (7.58 +4.83) x 10~*
sHeex  Bex 4.27 +0.60 -

Cex 5.08 + 1.40 -

Cox (6.30 £4.41) x 1073 | —
AQF  Cagt —1.17+0.12 —0.99 +0.04

T (—2.1340.29) x 1072 | (—1.78 £0.11) x 1072
YQF  Cygt 0.59 + 0.08 0.87 £ 0.02

QUsigf 0.40 + 0.06 0.59 + 0.01

Baqf (—9.60 4+ 0.30) x 1073 | (—2.28 £ 0.10) x 1072

Tcony 6.28 + 0.83 8.18 £0.23
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for the first time. The systematic error is determined by the difference between the all
four fitting results. Becuase these observables for the excited state are measured for the
first time, there is no data to be compared with the present result.

The binding energy and width of the ground state obtained in this work are compared
with the results of the past experiments [25] 30} 52], 32]. These experimental results are
summarized in Table 5.7 and Fig. The present results are in agreement with other
experimental results, but it should be noted that the present values of B and I' cannot
be directly compared with the previous values because the fitting functions are different.
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Table 5.5: Parameter list of the overall fitting function in fit(3).

Alternative Null
Parameter | Value Value
sHegs Bgs —3.25 4+ 0.51 —4.85 4+ 0.18
Dgs 7.75+£1.04 1.67 +0.76
Cls (2.36 £ 1.14) x 1072 | (7.58 +4.83) x 10~*
sHeex  Bex 4.27 £ 0.60 —
Fex 5.08 £ 1.40 —
Cox (6.30 £4.41) x 1073 | —
AQF  Cagt —1.17£0.12 —0.99 + 0.04
T (—2.1340.29) x 1072 | (—1.78 £0.11) x 1072
YQF S 0.59 £ 0.08 0.87 £ 0.02
gt 0.40 £ 0.06 0.59 & 0.01
Baqf (—9.60 4+ 0.30) x 1073 | (—2.28 £ 0.10) x 1072
Tcony 6.28 £ 0.83 8.18 £ 0.23
Table 5.6: Summary of fitting results.
Ground state Excited state
~B[MeV] T [MeV]  d%/dQ [ub/st] | =B [MeV] T [MeV]  d?*c/d) [ub/st]
fit(0) | —3.4140.43 7.794+0.91 239+15 4474045 4.03+1.20 74737
fit(1) | —3.254+0.51 7.754+1.04 244+18 42740.60 5.08+1.40 104739
fit(2) | —3.444+0.40 7.884+0.80 243+ 14 4504046 534+1.28 6873
fit(3) | —3.554+0.41 6.144+0.97 178 +12 4434052 3.77+1.11 81139
3417050 77900 23977 4477080 4.03TF2  T4TH

5.2 Angular distribution

To investigate the angular distribution of the cross section, the missing-mass spectra
are divided into the six angular ranges 6 = 2—4, 4-7.5, 7.5-9, 9-10, 10-12, and 12-14
degrees as shown in Fig. 513 with the black line. The K~ — 7~ 7¥ decay-background
distribution, which is shown with the red points, shifts to the higher missing-mass region
as the scattering angle increases. The missing-mass spectrum is divided so that the
spectra are not distorted by the edge part of the K~ — 7~ 7% background distribution
in the ¥ region. At backward angles 6 > 7.5 degrees, there is almost no K~ — 77
background. It is noted that the acceptance for the scattering events to the left of the
entrance of the SKS magnet at 9-14 degrees may rapidly change and thus have a large
ambiguity as mentioned in Sec. Therefore, only the scattering event to the right
is analyzed in these angles.

The divided missing-mass spectra are subtracted by using the simulated background
distribution as shown in Fig. 5.4l The distribution of the A and ¥ quasi-free processes
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Table 5.7: Summary of the experimental results about the binding energies and the widths of
the ground state of §He.

pi— [GeV/c] B [MeV] I' [MeV] Experiment
0 3.2+£03%)] 4.6+£057]5 KEK-PS EL67 [25]
0 2.8+0.7 121+1.2 KEK-PS E167 [30]
0.6 4+1 10£2 BNL-AGS E774 [52]
0.6 44+03+1 7.0£0.7752 BNL-AGS E905 [32]
1.5 ~3.417550 7791000 J-PARC E13 (This work)
< [ g
% 16,_ % KEK.Ele vy e(:a|. ........... AN S R —
= [ | —— KEK-E1670Outa, et dl. 3 3 3 3 7
=14 | —/— BNL-E774Hayano, €t. a. |- deresemeeseeesdinnnns b
C | —A— BNL-E905 Nagee, et. dl. ]
12 | +‘ Thiswork‘ s
10/~ E
8- E
oF- .
aF .
2F E
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Figure 5.12: Summary of the binding energies and the widths of the ground state of &He reported
from different experiments.

become broader at the backward scattering angle as expected. In Fig. 514l (b), the
background subtraction is not perfect in the missing-mass range of 3940-3990 MeV /c?,
however, this error may have a small effect on the shape of the ‘éHe states.

5.2.1 Fitting of the By, spectrum

The By spectra divided into the six angular ranges are analyzed in this section. The
devided By spectra are fitted by the same fitting functions as the angular-averaged
spectrum. The pole parameters (a, b) for the ground and excited states of %He are fixed
at the same values with those used in the analysis for the angular-averaged spectrum
in Sec. B Il Since the ¥ quasi-free production process is affected by the XN — AN
conversion, the smearing parameters for the ¥ quasi-free production process are fixed
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for all of the spectra. Figure shows the By spectra in the six angular ranges
with the fitting functions. The black lines show the fitting function. The red lines
show the contributions from the ground state and the excited state of 42He, whereas
the blue and green lines show those from the ¥ and A quasi-free production processes,
respectively. For each angular spectrum, the four fittings were also performed in the
same way as the angular-averaged spectrum. The fitting function well reproduces the
By, spectra. The angular dependence of the reduced x? is shown in Fig. The
reduced x? value in Figl5.I5(a) is worse than those in the other spectra because the
spectrum at 2—4 degrees is not well reproduced in the By regions of around —20 MeV
and 5 MeV due to an oversubtraction of the background. The background subtraction
affects the amount of the A quasi-free production. The spectrum is fitted with the
different function that assumes a flat distribution of A quasi-free production in order to
estimate the unceartainty of the background subtraction.

5.2.2 Angular distribution of the cross section

The angular distributions of the cross sections for the ground and excited states obtained
by the four different fitting functions are shown in Figs. 517 and E.I8 The error bars
show statistical errors only.

Although fit(0) is carried out with the most realistic assumption, the three different
fittings are also performed as described in Sec[5.1.2] in order to evaluate the systematic
uncertainties due to the ambiguity of the spectral shapes of the quasi-free processes.
Although the magnitudes of the cross sections significantly fluctuate between the dif-
ferent fittings, the shapes of the angular distributions do not change much. In order
to estimate the systematic errors of the cross section in the normalization and around
the most likelihood value separately, the cross sections from the fit(1), fit(2), and fit(3)
are renormalized to minimize the differences from the fit(0) as shown in Figs. and
The scale factors are listed in Table 5.8 The systematic error in the normalization

Table 5.8: Scales of the angular distibutions for the three fittings.

Ground state Excited state

fit(1) 1.06 0.95
fit(2) 0.63 0.79
fit(3) 1.39 1.15

is estimated from the standard deviation of the scale factors. Assuming the four cross
sections in each angular range are independent, the most likelihood value is determined
from the error-weighted mean of the four values. The probability density function (PDF)
for the averaged cross section is obtained as a sum of the four PDF's for the cross sections
in each angular region. Each PDF is assumed to be a Gaussian function with a width is
taken from the statistical error of the cross section. The systematic error of the averaged
cross section is determined from the 68.3% confidence interval in the PDF around the
most likelihood value. Figure B.21] shows the angular distribution of the cross sections
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for the ground and excited states of %He with the systematic errors in the normalization
and around the most likelihood values. The numerical values of the cross sections are

tabulated in Table

The cross sections of both the ground and excited states decrease as the angle in-
creases. The spin and parity of each state is theoretically predicted to be 0T and 1. It
is expected that the difference in the transferred angular momenta affects the difference
in the slopes in principle, but no clear difference between the ground and excited states
is observed. It is, therefore difficult to distinguish the difference in their spins from the
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Table 5.9: Cross sections for the ground and excited states of &.He. The errors do not include

the systematic uncertainty in the normalization.

Ground state
Angle  d%0/dQ [ub/st]

Excited state
d%c /dSY [ub /st

2°0-4° 1306728 304718
4°-7.5° 35412 91.5%21
7.5°-9° 340112 11211
9°-10° 152122 451t

o o 20 11
10°-12 43130 34715
12°-14° - 1417

difference in their slopes.

5.3 Comparison with theoretical prediction

5.3.1 Shape of the missing-mass spectrum

The measured centroid energies of the ground state and the excited state are compared
with the prediction by the theoretical calculation. For the ground state, the measured
centroid energy is B = 3.4170:%7 MeV, and is consistent with both the past experimental

+0.55

value of B =441 MeV and the theoretical value of B =~ 4 MeV. It should be noted that
the theoretical calculations determine the ¥-nucleus potential to reproduce the centroid

energy in the past experiments.

The centroid energy of the excited state is determined to be B = —4.47f8:§g MeV
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in the present measurement for the first time. Because the depth of the real part of the
Y-nucleus potential affects the orbital energy of X, the centroid energy depends on the
depth of the real part. When the real part is deeper, the centroid energy is lower. On
the contrary, when the real part is shallower, the centroid energy is higher as discussed
in Sec.

The measured missing-mass spectrum at 8 = 7.5-9° is compared with theoretical
prediction at § = 8° in Figs. and [40]. The centroid energy of the excited
state is predicted to be B ~ 3 MeV when the normalization factor for the real part is
Ngr = 1.0, and B ~ 5 MeV when the normalization factor is Ng = 0.6. According to
the present measurement, Npg is likely to be in the range of Ngp = 0.6-1.0. However,
this normalization factor cannot explain the cross section because the theoretical cross
section of the excited state is larger than that of the ground state, unlike the experimental
results. Moreover, the theoretical calculation does not consider the energy dependence of
the cross section of the elementary process. The theoretical cross section also decreases
when the imaginary part of the XN potential. If the coupling to the other reaction
channel such as the A-X coupling is stronger than expected, the imaginary part should
be enhanced.

5.3.2 Angular distribution

The angular distributions of the measured cross sections for the ground and excited
states are compared with the theoretical predictions in Fig. £.241
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The calculated cross sections are significantly larger than the measured cross sections
except for the ground state at § = 2—4°. This result suggests that the imaginary part
of the Y-nucleus potential is larger than expected. The present result should provide a
new insight into the ¥-nucleus interaction.

The slope of the angular distribution of the calculated cross section for the ground
state is slightly steeper than that for the excited state. This may reflect the difference
in the transferred angular momenta between the ground and excited states. However,
the calculated slopes for the ground and excited states are both inconsistent with the
experiment. In addition, the slope of the measured cross section for the ground state is
almost same with that for the excited state. Therefore, it is difficult to distinguish and
determine the angular momenta of the ¥ hyperons in the ground and excited states in
the present analysis.

The angular distribution of the scattering cross section is also affected by the radius
of the nucleus in principle. Measurements of the nuclear radii by elastic scattering
have been widely performed. In the elastic scattering, the angular distribution of the
cross section directly reflects the nuclear radius, since the initial and final states are
the same. However, in the case of the (K, 7~) reaction with different initial and final
states, the relationship between the angular distribution and the nuclear radius is not
straightforward.

The theoretical calculation does not satisfactorily describe the angular distributions
of the cross sections for the ground and excited states and their relative strength. The
further theoretical studies are strongly desired to clarify the ¥-nucleus interaction.

5.4 Future prospect

5.4.1 Follow-up experiment

In the present study, the binding-energy spectrum of %He was obtained with a good
statistical accuracy. Because of the large widths of %He states, it is not easy to improve
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the peak fitting by accumulating more statistics in the inclusive *He(K~, 77 )X mea-
surement. The follow-up experiment should be carried out to tag the decay of the X
hypernuclei for exclusive measurements. Since the 3 hypernucleus decays by the -A
conversion, unlike the ¥ quasi-free production process, one can distinguish the ¥ hyper-
nucleus production from the ¥ quasi-free production process using a detector for tagging
the A decay. This measurement was performed in ANL, but the statistical accuracy and
missing-mass resolution were poor[53]. Measurements with high statistical accuracy and
missing-mass resolution should be performed.

5.4.2 Search for other ¥ hypernuclei

There still remain Y hypernuclei other than %He which have not been fully explored,
yet. It is possible to produce a light nucleus with a relatively strong isospin dependent
term as described in Sec. [L4. When ¥ hypernuclei with different mass numbers A
are found and their binding energies can be measured, the Y-nucleus potential can be
further restricted from the measured binding energies. Since the mass number of 3.He
is smaller than %He, the isospin-dependent term of the Y-nucleues potential is more
emphasized. For example, there is a theoretical prediction that %He can be observed via
the 3He(K ~, 7 )X reaction, as well as §He [54]. It also may be to fruitful investigate
the bound state of X N by measuring the missing mass of the d(K~, 7~ )X reaction. The
isospin-dependent term can be further understood.
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5.4.3 Spin-orbit interaction

It is theoretically predicted that the spin-orbit interaction in the XN interaction is
stronger than that in the NN interaction [55], while the spi-orbit interaction of the AN
interaction is weaker than that of the NNV interaction. If the LS splitting caused by
the spin-orbit interaction is larger than the natural width of the ¥ hypernucleus (about
7 MeV), it is possible to measure the effect of the spin-orbit interaction by precisely
measuring the mass distribution of the ¥ hypernuclear states.






Chapter 6

Summary

To investigate the XN interaction, it is necessary to examine ¥ hypernuclei. ZéHe is the
only ¥ hypernucleus ever discovered. Only the ground state of ZéHe was observed in
KEK and BNL using K~ beams with momenta at pg— = 0 and 0.6 GeV /c. The current
theoretical calculations cannot reprodece the measured missing-mass spectra unless the
Y-nucleus potential for the excited state is scaled by a normalization factor. However,
the potential for the excited state is uncertain since no excited state has been observed.
Therefore, the excited state of zéHe should be searched for to investigate the X-nucleus
interaction in more detail.

The missing-mass spectrum for the *He(K ~,77)X reaction at pg- = 1.5 GeV/c
was measured in the J-PARC E13 experiment. The liquid *He target with a thickness of
2.7 g/cm? was used. Momenta of kaon and pion were measured using the K1.8 beam line
and the SKS spectrometer systems, respectively. The SKS system has a large momentum
(pr—=1.1-1.5 GeV/c) and an angular (6;,,=2-14°) acceptances and a good momentum
resolution (Ap/p ~ 1073). The missing-mass resolution was 5.0 MeV/c (FWHM) for
the ground state of 4 He.

The K~ — 77" decay events were the main background and their missing-mass
spectrum was estimated by a Monte Calro simulation. The measured missing-mass spec-
trum was subtracted by the simulated background spectrum. The measured spectrum
was analyzed by taking into account the ground and excited states in %He and the A
and X quasi-free production processes. It was found that the measured binding energy
and the width of the ground state were consistent with both of the past experimental
resluts and the theoretical prediction. To estimate the significance of the existence of
the excited state, the null and alternative hypotheses were tested. The null hypothesis
was defined as the assumption that there was no excited state. On the other hand, the
alternative hypothesis was defined as the assumption that there was the excited state.
As the results, the reduced x? value of the alternative hypothesis was 1.08, whereas the
probability of null hypothesis was 2 x 1072, Thus, the exsistence of the excited state
was strongly suggested.

The measured binding energy of the excited state was found to be 4.47 fg:gg MeV, and
this value was within the expected range when the real part of the X-nucleus potential
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was scaled by a factor of Np = 0.6-1.0. The measured cross section of the excited state
was smaller than that of the ground state although the theoretical cross section for the
excited state was larger than that for the ground state. This fact suggests that the
imaginary part of the YX-nucleus potential for the excited state might be much larger
than that for the ground state.

The measured missing-mass spectrum for the *He(K ~, 77 )X reaction was divided
into the six angular ranges, and the angular distributions of the differential cross sections
for the ground and excited states were obtained for the first time. There is almost no
difference in the slopes of the angular distributions between the ground and excited
states. It is, therefore difficult to distinguish their spins from slopes. The slopes of the
measured angular distributions are steeper than the theoretical prediction. It implies
that the size of the hypernucleus is possibly larger than expected.

The theoretical calculation does not satisfactorily describe the angular distributions
of the cross sections for the ground and excited states and their relative strength. The
present result should provide an important insight into the ¥-nucleus interaction, and
further theoretical studies are strongly desired to clarify the ¥-nucleus interaction.
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