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Abstract

The weak decay of the 3 He hypernucleus was studied by measuring an asymmetry
of decay particles with respect to A spin polarization. The asymmetry is due to the
interference between parity conserving and parity violating amplitudes of the weak
decay. Hypernuclei has two decay modes, mesonic(A — N) and nonmesonic(AN —
NN) decay. The nonmesonic decay is the strangeness changing AN weak process.
The asymmetry of a nonmesonic decay thus provides the information on spin-parity
structure of the weak AN interaction, while the branching ratio (I'An—nn/I"Ap—np)
provides the information on isospin structure.

% He was produced by the SLi(r*, K*)§ Li reaction followed by proton emission.
The (n+, K*) reaction introduces the polarization to 3He which is caused mainly
by the polarization in its elementary n(n+, K*)A process. In 3He, A is coupled with
the *He core which has a spin-parity 07. The A polarization is explicitly same as
the polarization of 3 He. The asymmetry parameter for the mesonic decay of 3 He is
almost same as that for the free A decay, since the spin-parity of 3He 1/2% is same
as that of free A. The polarization of 3 He was determined by measuring up/down
asymmetry of the #~ mesonic decay for the first time. The obtained polarizations
were Py = 0.25+0.08%3:93 0.3940.09+0.02 averaged in the regions of the scattering
angle 0 =2~7, 7~15 degrees, respectively. The polarized hypernuclei was really
produced and the polarization was consistent with DWIA calculation based on the
elementary amplitudes for the (7+, Kt) reaction.

The asymmetry of protons from the nonmesonic decay of 3 He was measured as
Ap/k =0.11£0.08£0.01, 0.05£0.10+0.01 in the two scattering-angle regions. The
results show the asymmetry parameter is o' = 0.24 + 0.21 using the polarization
obtained by the asymmetry of mesonic decay. 3He is the simplest hypernucleus in
that can be studied experimentally, since the nonmesonic decay rate drops for 3- or
4-body hypernucleus drastically. All the nucleons and A sit in S-orbital. There is
thus little ambiguity to reduce the present asymmetry parameter. Combining with
the existing experimental data of the branching ratio, final isospin Ir=1 amplitudes
are dominant and the phase of Iy=1 and 0 amplitudes are same. While meson
exchange model predict dominance of I;=0 amplitudes due to the strong tensor
force in pion exchange potential and the phase of these amplitudes are relatively
opposite to the Iy=1 amplitudes. There is no theoretical calculation agreed with
the present asymmetry parameter as well as the branching ratio.
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Chapter 1

Introduction

1.1 Weak decay of A hypernuclei

A A hypernucleus is a nucleus which contains a A hyperon inside the nuclear matter.
Because of a new quantum number, “strangeness,” A in hypernucleus is free from
Pauli blocking. Thus the A can stay in any nuclear orbits which fact allows us to
investigate the inner region of the nuclear core.

Since the A hyperon is a lightest particle in the baryon octet, the bound states of
A hypernuclei are stable against decays due to the strong interaction. Their excited
states decay to their ground states by electromagnetic transitions. The ground state
decays only by a strangeness changing weak transition. The A in nuclear matter has
four hadronic weak decay modes:

e Mesonic decays(A — N + m: Ag ~ 100 MeV/c)

A—=p+n~ (1.1)
A—=n+q° (1.2)

e Nonmesonic decays(A + N — N + N: Ag ~ 400 MeV /c)

A+p—=n+p (1.3)
A+n—-n+n (1.4)

Here the radiative and semi-leptonic decay modes(A - nvy, A — [T or so) are not
discussed since their small branching ratios, < ~ 1073, currently require future high
intensity accelerator. The momentum transfer of the mesonic decays is about 100
MeV/c which is below the Fermi momentum of nucleons in nucleus. The mesonic
decay is thus suppressed in the nuclear matter because of the Pauli blocking effect on

1



2 CHAPTER 1. INTRODUCTION

outgoing nucleon. Contrary, the nonmesonic decays has larger momentum transfer,
about 400 MeV/c which makes the nonmesonic decay dominant for medium and
heavy hypernuclei(A > 10).

1.1.1 Mesonic decay

The interest of the mesonic decays is in the structure of A hypernucleus since the
elementary process of mesonic decay is well known by the free A decay. For p-
shell hypernuclei, the decay rate of mesonic decay has been calculated based on
shell model configuration with pion distortion[l]. The calculation demonstrated
the drastic changing of 7°- and 7~ -decay rates and their ratio depending on the
hypernuclear species. For example, the proton from the 7~-decay of }2C has to
go above the psjo-closure, while in }?B the proton is allowed to occupy a hole in
P32 orbit. Then the m~-decay rate is more suppressed for 2C. The calculation
also demonstrated the angular distribution of pions from the polarized hypernuclei,
depending on the initial and final spin states.

Recently the precise measurement of the decay rates was carried out for 4-body
A hypernuclei($He, 4H)[2]. The decay rate of mesonic decay is sensitive to the
A wave function and is able to discriminate the A-nucleus potential. The decay
rates agree with the calculation where a central repulsive core is introduced into the
potential[3].

1.1.2 Nonmesonic decay

The strong interaction between baryons has been studied from a number of nucleon-
nucleon scattering data and a few data on the hyperon-nucleon scattering with the
help of SUr(3) symmetry. Contrary the weak nucleon-nucleon interaction is hard
to access experimentally except for the parity violating part with very small effect
compared to the strong interaction. The study of the nonmesonic decay of A hyper-
nuclei gives the information on the weak hyperon-nucleon interaction. Both parity
violating and parity conserving part of the interaction can be studied in the decay
since no strong interaction participates such strangeness changing process. Thus the
understanding of the nonmesonic decay should be the first step to investigate the
weak baryon-baryon interaction.

We have two types of information from the nonmesonic decay, (1)total and partial
decay rate(I") and (2)asymmetry parameter(a). Following descriptions are overviews
of the information.
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Initial state | Final state | Matrix element | Rate | Final isospin | Parity change
1S a a? 1 no
S b 2
1P, 3(o1 —02)q b 1 yes
38, c c? 0 no
5 3D1 if-Su(q) d? 0 no
51 V3 2
lp Ye(or—o02)qg | e 0 yes
3p \/T— (o +03)q | f? 1 yes

Table 1.1: Allowed six amplitudes in nonmesonic decay process.

1.2 Nonmesonic decay rate

The nonmesonic decay process is described by six amplitudes provided that the
initial AN system is of relative S-states[4]. They are listed in Table 1.1. Three
amplitudes(c, d and e) have isospin Iy = 0 in the final NN system which give
no contribution to the neutron stimulated decay(A +n — n + n). Since proton-
neutron system has an isospin either 0 or 1, the six amplitudes contribute to the
proton stimulated decay(A + p — n +p). Assuming the Al = 1/2 rule holds in the
nonmesonic decay, simple algebra on isospin gives the relation:

{ap’ bP’ fp} = \/i{aTH b'n: fn}a (15)
where the suffixes p and n represent that the amplitudes are of proton- and neutron
stimulated decays, respectively. Then the decay rates are given by

[, = &>+ +F+d*+e*+ f2,
T, = 2(a*+b+ f?). (1.7)
Important quantity is the I'; /', ratio represented as,

‘ T _ o (I; = 1)
T, T(;=0+C(;=1)

(1.8)

since the ratio is sensitive to the isospin structure of nonmesonic decay mechanism.

In the early 1960’s, Block and Dalitz analyzed phenomenologically the decay
rates of 4- and 5-body hypernuclei(4H, 4He and {He) from emulsion data assuming
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4Z | Tam I'/T, comments Refs.
 He (1.13 £ 0.22) x [, 0.27+0.14 7”7, p, n measured | [5]
A1 (051 £ 0.16) x Ty 0.06 + 0.40 7=, 7°, p measured | [6]
2He | (0.92£0.31) x I'z- 0.93 £ 0.55 m~, p, n measured | [7]
g 1.0473:59 70, p, n measured | [7]
A 1 (0.95+£0.13+0.04) x Ty | 2.16 £ 058704 | 7~ p measured [8]
. (1.14 £ 0.20) x Ty 1.33734 7=, p, n measured | [7]
A 1 (0.89£0.15+0.03) x Ty | 1.87 £ 0.597%32 | 7, p measured (8]

Table 1.2: The counter-experimental data of I'var and ', /Tp.

AT = 1/2 rule. They concluded that the 3S; — 3P, amplitude(I; = 1) is dominant
among the four amplitudes which have the initial 3S; state and that the contribution
of the initial 1S, state is 1/2.6 compared to that of the initial 3S; state[4]. In
1980’s, the counter experiments were carried at BNL and KEK]J5, 6, 7, 8]. Results
are summarized in Table 1.2. All the result except for the 4 He indicates that the
I'n/Tp’s are 1-2. This also led to a conclusion that the Iy = 1 channel is dominant,
although the experimental errors are quite large.

After the phenomenological analysis by Bolck and Dalitz, a one-pion exchange
model was developed to describe the nonmesonic decay mechanism[9]. The model
was extended later to one-meson exchange where the heavy mesons such as K,
K*, n, p and w were included[10, 11, 12, 13]. Basic idea of one-pion exchange
model is that the nonmesonic decay could be understood in terms of the the free
A decay(A — Nm) with the exception that the pion has to be considered virtual
and is absorbed on a second nucleon bound in the hypernucleus. Most complete
work so far has been done by Parrefio et al.[13]. They included the exchange of the
all heavy mesons. Also they included realistic AN short-range correlations and NN
final state interactions and all the calculation was done in a shell model framework.
Although the contribution of the kaon exchange modifies decay rates and their ratios
drastically, the heavy meson contributions are canceled with each other. Then the
calculation is mostly determined by the pion exchange. The strong tensor force
in pion exchange potential makes 3S; —* D; amplitude(/; = 0) dominant in the
six amplitudes. Calculated total decay rates of nonmesonic decay agreed with the
experiment, however the ratios of I', /I", were far below the experiment, ~ 0.1.
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Some theoretical work attempted to describe nonmesonic decays based on the
direct quark exchange[14, 15, 16]. In this treatment, the interaction at short distance
is described by a direct quark mechanism rather than the heavy meson exchange and
superpose on one-pion exchange as a long range interaction. Inoue et al. found that
the decay rate due to the direct quark exchange are comparable to that due to the
one-pion exchange and moreover they predicted the large AI = 3/2 amplitudes in
initial 1Sy state[16]. Note that there is difficulty to apply the model to actual cases,
since the relative phase of the two amplitudes of the one-pion exchange and the quark
exchange cannot be determined. Results for light hypernuclei showed that the total
rates preferred a coherent sum while the ratio I',/T', was better reproduced with
an incoherent sum. Thus either the quark exchange model or the meson exchange
model alone is insufficient to describe nonmesonic decay mechanism.

Recently the validity of the AI = 1/2 rule for the nonmesonic decay, which is a
priori assumed in the meson exchange model, was tested from the experimental data
of the 4- and 5-body A hypernuclei[17, 5, 6]. Nonleptonic weak decays of K meson
and hyperons indicate that Al = 1/2 transitions are greatly favored over Al = 3/2
transitions by a factor 15-30. In the nonmesonic decay of A hypernuclei one can
observe short-range effect since the momentum transfer is large as 400 MeV /c, hence
the nonmesonic decay can provide information different from the other hadoronic
decays. In the analysis the decay rates whose initial states is 1S, were extracted
for both the proton- and neutron stimulated decays. The ratio of the decay rates,
which corresponds to the factor 2 in Eq. 1.7, is varied by the ingredient of the
AI = 3/2 in the weak decay. Currently existing data has no sensitivity due to the
large experimental errors[5, 6]. Further experiment will be carried at BNL[18].

1.3 Polarization of A hypernuclei

Prior to the description of the asymmetry of nonmesonic decay, I would like to men-
tion the polarization of hypernuclei. The production of polarized hypernuclei was
studied theoretically by Ejiri et al. at first[21]. They indicated that the hypernu-
clei can be polarized by the distortion effect of incoming and outgoing meson in
the (7%, K*) and (K, 7~) reactions even though the spin-flip interaction ampli-
tude is absent. In classical point of view, the direction of polarization due to the
transferred orbital angular momentum is different between near-side and far-side re-
actions or between upstream and downstream reactions(Figure 1.1). The difference
of the cross section in each side introduces the polarization of produced hypernuclei.
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(n+, K*) (K=, )

Figure 1.1: Schematic reaction diagrams for the polarization mechanism of A hyper-
nuclear production by (7t, K*) reaction(left) and (K~, ™) reaction(right). © and
® indicate the upward and downward polarizations, respectively. ¢ is the transfered
momentum of the reactions.

The momentum transfer of the (K~,n™) reaction at Px- = 750 MeV/c is much
smaller than that of the (n%, K™) reaction at P+ = 1050 MeV/c. The difference of
the mean free path between incoming and outgoing mesons is smaller in the former
reaction. Furthermore the elementary process n(K~,7~)A for the incident K~ mo-
mentum below 800 MeV/c produces little spin polarization of the A[22]. Therefore
the (m*, K*) reaction is suitable to produce the polarized hypernuclei. In Ref. [23],
the polarization of hypernuclei produced by the (nt, K*) reaction was reformulated
in terms of all elementary amplitudes[24]. The result of the polarization for the
ground state of }2C is, for example, about 50% for fx+ = 10° — 15° at P+ = 1.04
GeV/ec.

1.4 Asymmetry of nonmesonic decay

If a A is polarized, its decay products are emitted asymmetrically. Because of
parity violating in the weak process, there are p-wave contribution as well as s-wave
one. The asymmetric decay of A is due to the interference between s- and p-wave
amplitudes. The asymmetry parameter is defined as

W(8) < 1 + aP cosb, (1.9)

where W is an angular distribution of decay proton, P, is a polarization of A and 0
is an emission angle with respect to the A polarization. The asymmetry parameter
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of free A decay is[19],

ol = 0.642 £ 0.013. (1.10)

Parity violation of the weak nonmesonic decay also causes the asymmetric emis-
sion of decay particle with respect to the A polarization. The asymmetry parameter
is expressed as[20],

M _ B(V2e+d)f
P {a®+02+3(c2+d2+e+ fA)}

(1.11)

where a to f are the amplitudes in Table 1.1. Amplitudes f and d represent domi-
nantly kaon and pion exchange, respectively and are suggested to be dominant from
experiments and meson exchange model, respectively. Therefore the study of the
asymmetry parameter elucidates dominant part of the nonmesonic decay mecha-
nism.

Recently the experiment to measure the asymmetry parameter of the nonmesonic
weak decay was carried out at KEK(PS-E160)[25]. In the experiment, a 2C was pro-
duced by a 2C(nt*, K*) reaction. Because a p-substitutional state, (ps/2);' (P3/2)A,
is above the proton decay threshold, its decay into a }'B before the weak decay is
occurred(see Figure 1.2). Observed asymmetry[26] are summarized in Figure 1.3.
In order to obtain polarization of hypernuclei to decay, first the polarization of hy-
pernuclear states produced by the (7%, K™) reaction was evaluated[23, 27]. Then
depolarization in the particle and v deexcitation process was calculated[28]. Un-
fortunately, the ground state of ;>C has the polarization of only 5-7% at decaying
stage due to the M1 transition of low-lying 1~ states to ground state, although the
polarizations at reaction stage are sizable. Experimental results were reduced to a
common value for the asymmetry parameter of o)™ = —1.3 £ 0.4 for the p-shell
hypernuclei as shady region in Figure 1.3. Qualitatively, the obtained asymmetry pa-
rameter suggests equal importance of the final isospin Iy = 0 and Iy = 1 amplitudes
'and seems to contradict the phenomenological analysis of branching ratio[4], where
the Iy = 1 amplitude is dominated. The theory based on the one meson exchange
model predicts the asymmetry parameter of —0.3 ~ —0.4 for p-shell hypernuclei[13]
and the direct quark exchange model predicts —0.2 ~ 0.2[16]. However the detailed
comparison with these calculations is impossible because the experimental value has
large errors and there is no experimental support to the calculated polarization.
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1.5 KEK PS-E278 experiment

Previous experiment demonstrated the large asymmetry parameter for the weak
nonmesonic decay of 2C. However the polarization of hypernuclei was not measured
in the experiment. The p-wave contribution in the initial AN state of the nonmesonic
decay makes the discussion of the decay mechanism indirect. Thus it is highly desired
to measure the asymmetry parameter with less ambiguity. We report in this thesis
on an experiment which has been carried out at KEK(PS-E278)[29] to measure the
weak decay of 3 He hypernucleus.

The ®Li(n+, K*)$Li reaction was employed to produce 3He. A level scheme of
CLi is shown in Figure 1.4. The ground state of §Li lies above the threshold of
®He +p. The produced §Li decays into 3 He with emitting proton if the A produced
in s orbit, while the A escapes if the A produced in p orbit. This decay mechanism of
€Li was confirmed experimentally by in-flight (K~,7~) experiment at BNL[7]. The
mass spectra obtained in the experiment are shown in Figure 1.5. p-substitutional
state is diminished in the spectrum gated by decay proton which is the signature
of hypernuclear production, while the ground state and s-substitutional state are
enhanced. Since there is no low-lying excited state in 3He, The ground state of §Li
exclusively produces the ground state of 3 He.

The cross section and the polarization have been calculated for the 8Li(r*, K+)
reaction at 1.05 GeV/c¢[31]. Although there is an ambiguity due to the structure of
8 Li, the polarization of 3He in the ground state region is expected to be 0.25-0.5 at
the scattering angle of 8 = 10 — 18°. This value is 1.5~2 times larger than that of
2C(n+, K*) case. The polarization of 3 He is equal to that of A in a nucleus since
the spin-parity of *He core is 0*. Thus there is no ambiguity to derive the A spin
polarization in the nucleus.

The A polarization is necessary to extract the asymmetry parameter of the non-
mesonic decay with Eq. 1.9. For the }2C and {!B cases, there was no way to ob-
tain the polarization experimentally and the theoretical calculation was employed.
In the present experiment, the asymmetry of mesonic decay of 3He can be used
to determine the polarization of 2He. The asymmetry parameter of mesonic de-
éay of 3He is expected to be almost same as that of free A decay[31]. The large
branching ratio(I'x- /Ty = 0.44 & 0.11[7]) and large asymmetry parameter(af_ee =
—0.642 + 0.013[19]) gives the polarization of 3He with enough precision to derive
the asymmetry parameter of the nonmesonic decay.

Since the nonmesonic decay is occurred inside the nuclear matter, the effect
of final state interaction cannot be avoided. The correction on the asymmetry
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parameter due to Fermi motion and intranuclear cascade is estimated to 5% which
is much smaller than 20% for }2C case[32].

The features of the measurement of 3 He are listed below.

e The expected polarization is 1.5~2 times larger than the previous }2C experi-
ment.

e Polarization of A in 3 He is unambiguously equal to that of 3 He

e Polarization of the 3 He can be given by observing the asymmetry of pions from
the mesonic decay of 3He. In the previous experiment theoretical calculation
was employed to derive the A polarization.

e The effect of final state interaction on observed asymmetry is small as 5%,
while that is 20% for }2C case.

e There is only a relative s-wave in initial AV system of the nonmesonic decay,
since the 3He is a s-shell hypernucleus. This makes the comparison with
theoretical calculation simple. '

These superior features promise to improve the measurement of asymmetry param-
eter of the nonmesonic decay.
The purpose of the present experiment is to obtain

(1) the polarization of the 3He by observing the asymmetry of the mesonic decay,
(2) the asymmetry parameter of the 3 He nonmesonic decay and
(3) the branching ratio of the mesonic and nonmesonic decay.

In this thesis, We focus on the asymmetry of the 3He weak decay and present the
results of the subjects (1) and (2) above. Chapter 2 describes the experimental appa-
ratus. In Chapter 3, the procedures for the data analysis are described. The results
are presented in Chapter 4. The results are discussed in Chapter 5. Concluding
‘remarks are given in Chapter 6.
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Chapter 2

Experimental Apparatus

The experiment, KEK-PS E278, to measure the asymmetry of decay pions and
protons from the polarized 3He was carried out at the K6 beam line of 12 GeV
proton synchrotron in KEK. The ®Li(r+, K*) reaction at P,=1.05 GeV/c was used
to produce polarized §Li. The momenta of scattered kaons were measured by the
SKS spectrometer which was developed by the collaboration of INS and KEK for
previous experiment, E140a. The SKS covered the scattering angle from —18 to 18
degrees enough to introduce polarization to the A hypernucleus.

Decay particles were detected by two symmetric counter systems above and
below the target. Each counter system consisted of Silicon Strip Detectors(SSD),
MultiWire Proportional Chamber(MWPC), Range Shower Counter(RSC) and 36
Nal detectors and covered 30% of the total solid angle. RSC consisted of 32 sets of
plastic scintillator sheet(l mm) and lead sheet(0.2 mm) to measure both the total
energy and the range of decay particles. The energy loss information measured by
SSD was used for identification of decay protons and pions with the total energy
and the range information. The tracking information from SSD and MWPC was
used for the correction of the path length in SSD and RSC. Nal detectors are used
for 7% detection.

This chapter describes the experimental apparatus of E278 experiment.

2.1 K6 beam-line

The K6 beam line is a general-purpose high-intensity beam line which can supply
various mass-separated secondary beams in the momentum range between 0.5 and
2 GeV/c[33]. The primary proton beam was extracted for 1.7 sec in each 4.0 sec
synchronized to the KEK 12GeV PS operation cycle. The secondary pion beam was

13
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Momentum range 0.6—2.0 GeV/c
Production target Pt(¢#6 mm x 60 mm)
Central production angle 0°
Beam length 30.0 m
Solid angle acceptance 1.9 msr
+60 mrad(H), +10 mrad(V)
Momentum bite(Ap/p) +2.4%
Electrostatic separator length 6 m, gap 10 cm

field 40 kV/cm
Beam characteristics at the beam end:

Magnification —1.1(H), —1.4(V)

Dispersion 0.34(cm/% Ap/p)

Image size 0.4 cm(H), 0.9 cm(V)

Divergence +57 mrad(H), +3.6 mrad(V)
7t (7~) Yield at 1 GeV/c ~ 107/10'2 primary protons

Table 2.1: Parameters of the K6 beam line.

produced on a production target. A platinum rod of ¢6 x 60 mm? was used as the
production target in this experiment. Figure 2.1 shows a schematic view of the K6
beamline. The beamline is comprised of two dipole magnets(D1, D2), ten quadruple
magnets(Q1—Q10), a sextuple magnet(SX), an electrostatic separator(DC separa-
tor) with two correction magnets(CM1, CM2), and four slits. The slits are installed
between D1 and Q1(acceptance slit), between Q2 and Q3(intermediate focus slit),
between SX and Q5(momentum slit), and between Q6 and Q7(mass slit). The
parameters of the K6 beam line are summarized in Table 2.1.

Figure 2.2 shows the beam envelopes calculated with TRANSPORT[34] for the
(r*, K*) beam-transport condition. It is a special feature of the K6 beamline that
there is a vertical focus point at the intermediate focus slit to reduce the background
beam halos.. The beam was achromatically focussed at the experimental target. The
measured beam size was typically 6.0(H)x7.5(V) mm? in rms.

The central beam momentum was set at 1.05 GeV/c where the cross section
of the elementary n(x*, KT)A process is almost at maximum(Figure 2.3). The
measured momentum distribution is shown in Figure 2.4. The beam intensity at
the experimental target was 3.0x 108 /spill. The proton and positron contaminations
in the beam were measured to be typically 10 and 4%, respectively. The muon
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condition calculated by TRANSPORT.
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Name | Plane | Tilt | Drift space | Active Area | Resolution
Angle (mm) HxV (cm?) | (0 mm)
z—1 0° 2.5 24.0x15.0 0.35
BDCl ju—u' | —15° 2.5 24.0x15.0 0.35
v—1v' | 15° 2.5 24.0x15.0 0.35
v—2v' | 15° 2.5 24.0x15.0 0.35
BDC2 | u—u'| —15° 2.5 24.0x15.0 0.35
z—1 0° 2.5 24.0x15.0 0.35
z—1 0° 2.5 24.0x15.0 0.35
BDC3 | u—u'| —15° 2.5 24.0x15.0 0.35
v—v | 15° 2.5 24.0x15.0 0.35
v—v | 15° 2.5 24.0x15.0 0.35
BDC4 | u—u' | —15° 2.5 24.0x15.0 0.35
z—x 0° 2.5 24.0x15.0 0.35

Table 2.2: Specifications of the beam drift chambers.

contamination was measured as 6% in E140a experiment[35].

2.2 Beam Spectrometer

The beam spectrometer system consisted of a QQDQQ magnet system with four sets
of drift chambers(BDC1~4) and trigger counters(Figure 2.5). The trigger counters
comprise a Freon-gas Cerenkov counter(GC) for positron rejection, a segmented
scintillation counter(BH) and beam defining scintillation counter(BS). BS was used
as time-zero counter. The proton contamination in beam was rejected by Time-Of-
Flight(TOF) between BH and BS in on-line trigger.

The beam momentum was measured by the QQDQQ system with the drift cham-
bers by using a transport matrix, particle by particle. In order to minimize the mul-
tiple scattering effect on the momentum resolution, the (z|f) term of the transport
matrix was tuned to be zero to the first order. A vacuum chamber was installed
between BDC2 and BDC3 in the magnets. In addition, the tracking drift chambers
were made as thin as possible in substance.

Specifications of the beam drift chambers are shown in Table 2.2. The four
chambers have the same structure as that shown in Figure 2.6. To be used under a
high counting rate, the sense-wire spacing was made to be short(5 mm), as shown in
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Figure 2.5: Schematic view of the beam spectrometer system.

Figure 2.8. Each chamber included six layers of sense-wire planes(zz'uu'vv'), where
vertical and +£15° tilted wire planes are denoted by z, u and v, respectively. The
primed planes were placed at the position shifted half-cell from accompanied planes
in order to solve the left right ambiguity.

The sense and potential wires were made of gold-plated tungsten(¢$12.5um) and
gold-plated copper beryllium(¢50um), respectively. The cathode planes were made
of 7.5um kapton foils coated with 0.1uym aluminum on both sides and 0.0015um
chromium for preventing oxidization of the aluminum coating. The gas mixture was
Ar(79%)+C4H10(17%)+Methylal(4%) at atmosphere pressure.

The read-out electronics of the pre-amplifier and the amplifier/discriminator are
equipped with two-stage pole-zero cancellation and one baseline restorer for a high-
rate capability(Figure 2.7). A typical intrinsic resolution was ¢ = 350um for one
plane as shown in Figure 2.9, although the design value of the resolution is 250 um.
The figure shows the sum of drift length for a pair planes, where the width of peaks
represents v/2 times the intrinsic resolution.

Specifications of the three trigger counters are given in Table 2.3. BH was divided
into seven vertical segments(Figure 2.10) in order to reduce the counting rate of each
segment. The photomultipliers attached to the BH had additional high voltage(HV)
supplier, so-called booster, on last three dinode stages besides of the main HV
supplier to keep their gain under the high counting rate.
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Name | Material PMT Volume(cm) etc.
GC | Freon gas | R1584-02 $20 x 29(L) n=1.00245
BH Plastic R1450 | 19(H)x9(V)x0.5(T) 7 segments

3-stage-booster
BS Plastic H3173 | 4(H)x2(V)x0.5(T) | 2-stage-booster

Table 2.3: Specifications of the beam trigger counters.

Momentum resolution 0.1 % FWHM at 720 MeV/c

Maximum central momentum 1.1 GeV/c
Bending angle 100°(central trajectory)
Momentum acceptance +10 %
Angular acceptance 100 msr
Flight path ~5 m(central trajectory)

Table 2.4: Design parameters of the SKS spectrometer.

The beam defining counter, BS, was used as the time-zero counter. Although it
was not segmented, it is sufficiently good time resolution(~ 200 psec) with booster
on last two dinode stages, because the transmission of QQDQQ magnet was about
1/3 in typical (7*, K*) run. Figure 2.11 shows the TOF spectrum between BH and
BS in (7%, K*) run. The width of peak represents time resolution of both counters.
K™ peak in the figure come from the background (K+, K*'X) process which was
enhanced due to the K+ tagging system of scattered spectrometer.

2.3 Scattered particle spectrometer

The superconducting kaon spectrometer(SKS) was designed and constructed for the
purpose of studying A hypernuclei via the (7%, K*) reaction[36]. In order to perform
the spectroscopy with high statistics, it has outstanding characteristic features such
as a good momentum resolution(0.1% FWHM) and a large angular acceptance(100
msr) as shown in Table 2.4.

Figure 2.12 shows schematic views of SKS. The spectrometer comprises a sector-
shape superconducting dipole magnet with five sets of drift chambers(SDC1~3,4XY)
for momentum measurement and three kinds of trigger counters for particle identifi-
cation: a scintillation counter wall(TOF), two silica aerogel Cerenkov counters(AC1
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Maximum magnetic field 3T
Maximum field on conductors 4.5 T
Stored energy 10.6 MJ
Pole gap 49.75 cm
Coil cross section 15 x 12 cm?
Conductor NbTi/Cu
Ampere turns 2.1 MA-T
Maximum current 500 A
Inductance 86.9 H
Cold mass coil 4.5t
Shield 044 ¢t
Weight of yoke 263 t
Total weight 280 ¢
Heat lead at 4 K 5W
Content of liquid He 156 L

Table 2.5: Parameters of the SKS magnet.

and AC2), and Lucite Cerenkov counter wall(LC).

In order to realize a large acceptance and a good momentum resolution, the
configuration of a single sector-shape superconducting dipole magnet with a large
aperture was adopted[37, 38]. Unlike a conventional high resolution spectrometer
used in nuclear physics, there are no precise focus planes. The parameters of the
SKS magnet are summarized in Table 2.5. Under (7#+, K*) condition, the magnet
was operated in the 2.2 T mode(272 A), where the central trajectory corresponded
to 0.72 GeV/c.

The momentum was determined by reconstructing a particle track with the
Runge-Kutta tracking method[39] particle by particle using a magnetic field map
measured prior previous E140 experiment. Table 2.6 shows specifications of the drift
chambers. Since SDC1 and SDC2 were exposed to the beam, the cell structure of
them was the same as that of BDC, which were designed to be used under a high
f:ounting rate. A typical intrinsic resolution was ¢ = 250um for one plane as shown
in Figure 2.13.

The sizes of SDC3, SDC4X and SDC4Y are larger in order to match the large
angular and momentum acceptances. The SDC3 has only one plane to measure
horizontal position(z) so as to make it as thin as possible. The SDC4X and SDC4Y
have six sense wires in a cell, as shown in Figure 2.14. In each cell, the sense wire
are staggered by +200 pm in order to solve left right ambiguity. The staggering
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Figure 2.12: Schematic top view of SKS.

Name | Plane | Tilt | Drift space | Active Area | Resolution
Angle (mm) HxV (cm?) | (o mm)

z—2 | 0° 2.5 40.0x15.0 0.25
SDC1 |u—1u' | —15° 2.5 40.0x15.0 0.25
v—v | 15° 2.5 40.0x15.0 0.25
v 15° 2.5 56.0x15.0 0.25
SDC2 |z -2 0° 2.5 56.0x15.0 0.25
v’ 15° 2.5 56.0%x15.0 0.25
SDC3 T 0° 21.0 100.0x100.0 0.25
SDC4X x 0° 21.0 100.0x100.0 0.25
SDC4Y Y 90° 21.0 100.0x100.0 0.25

Table 2.6: Specifications of the scattered particle drift chambers.
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Figure 2.13: Typical distribution of the sum of the drift length for pair planes
measured for a 720 MeV/c 7t beam.

of the sense wire can be clearly seen in Figure 2.15. This figure shows a distribu-
tion of (AL3 + ALs)/2 — AL, in SDC4X, where AL, represents the drift length
of the n-th sense wires in a cell. The two peaks correspond to the left and right
hand sides of the sense wires. The width of a peak represents the intrinsic posi-
tion resolution(typically o = 250um). The sense and the other wires are made of
gold-plated tungsten(¢20um) and gold-plated aluminum(¢#80um), respectively. The
gas mixture for SDC3, SDC4X and SDC4Y is Ar(50%)+C,Hg(50%) at atmosphere
pressure. The two outermost sense wires in a cell had worse resolution than the
other wires since they were noisier because of their incomplete field shape. The
readout system was the same as that for BDC.

Table 2.7 shows specifications of the trigger counters for the scattered particles.
In the trigger, a combination of three kinds of Cerenkov counters discriminate T,
K and p; BLC and AC for n/K, LC for K/p. On the other hand, in the offline
analysis, the time-of-flight measurement between TOF wall and BS offers the finest
event selection. Furthermore, the ADC data were used for particle identification at
the first stage of analysis.

Figure 2.16 shows a schematic view of the TOF counter, a scintillation counter
wall comprising fifteen independent vertical segments. Fast photomultiplier are at-
tached to both ends of a segment. Figure 2.17 show a time-of-flight spectrum be-
tween BS and TOF wall measured a 0.72 GeV/c nt beam with a correction of the
momentum and the flight path in SKS. A typical time resolution is 200 psec in rms,
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Name | Material PMT Volume(cm) etc.
BLC | Lucite | H3173(UV) | 25.6(H)x6(V)x1(T) n=1.49
TOF | Plastic H1949 105(H) x100(V)x 3(T) 15 segments
AC1 | Aerogel | R1584-02 | 105(H)x120(V)x9(T) n=1.06
AC2 | Aerogel | R1584-02 | 140(H)x140(V)x12(T) n=1.06
LC Lucite H1949 140(H) x140(V)x4(T) | n=1.49, 14 segments

Table 2.7: Specifications of the beam trigger counters.

including that of the two counter and the time jitter of the circuit modules. The
timing offset parameters were determined in the off-line analysis using 7+ beam data
periodically measured; they were found to be stable in each experimental cycle. The
photomultiplier gains were stable during the experiment.

Figure 2.18 shows a schematic view of the AC1 counter. The structure of AC2 is
essentially the same as that of AC1, except for the sizes. These are threshold type
Cerenkov counters and veto pions with a threshold of 0.4 GeV/c. The refractive
index was set to be 1.06 so as to fit the momentum region. The inner surfaces of
the counter boxes were covered with aluminized mylar sheets[40]. In general, for
m/K separation in the 1 GeV/c momentum region, the refractive index must be
just between those of gas and liquid, as shown in Figure 2.19. Silica aerogel is an
irreplaceable solid material as a Cerenkov radiator filling this refractive index range.
Although liquid helium and liquid hydrogen have appropriate refractive indexes,
they are hard to handle.

Figure 2.20 shows a schematic view of the LC counter. It was a threshold type
Cerenkov counter comprising fourteen independent vertical segments. Protons were
discriminated from pions and kaons using this counter. The threshold momentum
for protons is about 0.85 GeV/c. In order to reduce the position dependence of
the pulse height, the lucite contained 10 ppm of wavelength shifter(bis-MSB), by
which directional Cerenkov photons were diffused. Because the wavelength shifter
scintillates, LC is slightly sensitive to protons: typically 10% at 0.7 GeV/c.

The previous E140a experiment measured only inclusive spectra of the (7, K*)
reaction although the data taking rate was close to the limit of the ability of the data
taking system employed. In the present experiment, we have twice more volume
of target and twice more data from the decay counter system. Therefore it was
important to reduce the trigger rate more tightly. The background was mainly
related to the beam 7+ which reacted on the yoke of SKS magnet as well as on
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Figure 2.16: Schematic view of the TOF wall.
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Figure 2.17: TOF spectrum between BS and TOF for a 720 MeV/c 7t beam cor-
rected with a flight path and momentum obtained by SKS tracking.
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Figure 2.19: Threshold refractive index for Cerenkov radiation as a function of the
momentum.
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Figure 2.20: Schematic view of LC.

target. A differential type Lucite Cerenkov counter, BLC, was newly installed right
after the target. The coincidence of two photomultiplier attached to the both ends
of counter was used for rejection beam related events. Figure 2.21 shows a schematic
view of the BLC counter. The critical angle for total reflection is 8, = 42.15° which is
suitable to discriminate 7+ and K+ around 720 MeV/c as shown in Figure 2.22. To
obtain uniform efficiency over the large acceptance of the SKS magnet, —18° ~ 18°,
the counter was bended and the center of curvature was placed at the target. Since
the dominant part of Cerenkov light is in UV region, UV transparent Lucite and
photomutipliers were selected and silicon oil, KF96H-50M (Shin-etsu), was used to
couple them. The transmission of the silicon oil is better than the other material
such as optical cement or optical grease in UV region[41].

2.4 Decay counter systems

The decay counter systems were installed above and below the target symmetrically
as shown in Figure 2.23. Each system consisted of Silicon Strip Detectors(SSD),
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Figure 2.23: Schematic view of decay counter systems.

Name | Counter type/PMT Coverage(cm)/Segmentation | Measurable
SSD Silicon Detector 6.2(X)x6.2(Z) x0.05(T) AE, z-position
1 mm strip
MWPC | Proportional Chamber | 20(X)x20(Z)x3 layer z, T, z-position

2 mm spacing

DH Plastic 21(X)x20(Z)x0.2(T) z-position
H3165 14 segments

RSC Plastic/Lead 30(X)x30(Z)x38.4(T) total E, Range
H1161, H4139 2 segments

'CTC Plastic 40(X)x40(Z)x2(T) AE

H1161 2 segments

Nal Nal 38(X)x38(Z)x30(T) E,
H1161 6x6 segments

Table 2.8: Specifications of the elements of decay counter system.
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Figure 2.24: Schematic diagram of readout electronics for SSD.

MultiWire Proportional Chamber(MWPC), Range Shower Counter(RSC) and 36
Nal detectors and covered about 30% of the total solid angle. The energy loss
information measured by SSD was used for identification of decay protons and pions
with the total energy and the range information from RSC. The tracking information
from SSD and MWPC was used for the correction of the path length in SSD and
RSC. Nal detectors are used for 7° detection. The specifications of each counter
element are summarized in Table 2.8. Here x, y and z represent horizontal, vertical
and beam direction, respectively.

The size of SSD were determined so as to cover the 99% enriched ®Li target, which
has the size of 40(X)x20(Y)x60(Z) mm?®. Figure 2.24 shows a schematic diagram of
read-out electronics. The signal from 62 strips were read by ADC individually. The
gain of the amplification was adjusted so that the full range of ADC corresponded
to the energy deposit(AFE) of 4 MeV.

Figure 2.25 shows a schematic view of MWPC. MWPC had three anode planes
and four cathode planes. Each anode plane had 96 wires to measure 2, z and 2
positions, in order from target side. The gap between the anode plane and the cath-
ode plane was 4 mm. The anode wire were made of gold-plated tungsten(¢20um).
The cathode planes were made of 12 um carbonated alamid film. The gas mix-
ture was Ar(90%)+CH,(10%) at atmosphere pressure. The read-out electronics
are schematically shown in Figure 2.26. The preamplifier module for the beam
drift chambers was used, but SPIDER read-out system was used instead of ampli-
fier/discriminator module and TDC(TKO Dr. T). The SPIDER system consisted
of two part, SPIDER-NET and SEM. The signals from preamplifiers were amplified
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Figure 2.26: Readout system for MWPC.

and discriminated by SPIDER-NET. The channel ID’s of the wire whose discrim-
inated signal was in the gate provided by SEM were send and stored into SEM.
The threshold for the discrimination were adjustable on SEM. Figure 2.27 show the
efficiencies as a function of high voltage on cathode plane measured by #* beam at
500 MeV/c. Figure 2.28 shows the efficiencies as a function of gate timing measured
on the (7%, K*) condition. The arrows in the figures are setting position.

DH was located next to the MWPC’s. DH was divided into 14 segments to
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Figure 2.29: Schematic view of RSC.

provide coarse z position for tracking the decay particles. Each segment had a
dimension of 1.5(z) x 0.25(y) x 25.0(z) cm?. 1/2” photomultipliers were attached
to the ends on upstream side, since there was no space on downstream side.

Figure 2.29 shows a schematic view of RSC. RSC, which had 32 layers of 0.2 mm
lead/1 mm plastic scintillator sheets, provided the information of total energy(FE)
and range(R) of decay products. RSC was divided into two segments along z direc-
tion. Each segment covered 30(X)x15(Z) cm? area. The scintillation photon was
read by 2” photomultiplier attached to the both ends of segments for £ measurement
and by 64 channel multi-anode photomultiplier through a fiber bundle attached to
each plastic sheet individually for R measurement. Each fiber bundle consisted of
sixteen 1x1 mm? optical fibers so as to fit a anode pad, which had a size of 4x4

mm?.

CTC was the next counter of RSC. CTC was divided into two segments along z
direction. The size of each segment was 30(x)x15(z)x1(t) cm3. CTC was used for
tagging the particles passing through RSC, whose range and energy were not able
measured, and also used as a veto counter for Nal.

Nal array was installed most outside of the decay counter systems for decay «°
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detection. Each Nal array consisted of 6x6 segments whose seize was 6.5x6.5%x30
cm?®(Lg = 11.6). This thesis does not touch the analysis for Nal.

2.5 Trigger system

High intensity beam, as its rate of a few million per second, caused enormous back-
ground trigger via pion-nucleus reactions, such as (w7, 7'X) and (7, pX) whose cross
section are typically three orders of magnitude larger than that for the (7+, K¥)
reaction. Therefore a powerful trigger system was of vital importance for the exper-
iment. In the present system, the (7%, K*) trigger comprised three kinds of trigger
counters in the beam spectrometer(BH, BS and GC), and four kinds of trigger coun-
ters in SKS spectrometer(BLC, TOF, AC1-2 and LC), as mentioned in the previous
sections.

Figure 2.30 shows a trigger diagram. The BEAM was defined by GC x BH x BS.
Mean timer modules were used to remove the incident position dependence of the
trigger timing for BH and BS. The proton contamination in the beam was rejected
by a timing coincidence between BH and BS with a coincidence width of about 5
nsec. The time difference between pions and protons was about 10 nsec.

The (nt, Kt) trigger(PIK) was defined by BEAM x BLC x TOF x AC1 x AC2 x
LC. Mean timer modules were used to remove the incident position dependence
of the trigger timing for TOF and LC. Besides of above two trigger (7+, 7+ X)



38 CHAPTER 2. EXPERIMENTAL APPARATUS

Name | Definition Rate/spill [Prescale Factor
BEAM | GC x BH x BS 3.0x108 2x10°
PIK BEAM x BLC x TOF x ACI x AC2 x LC 90 1

PPX BEAM x TOF x LC x RSC 45 70

Table 2.9: Definition of the on-line triggers. The typical rate per spill and prescale
factor used for the data taking are also shown.
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Figure 2.31: A diagram of the data-acquisition system.
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trigger(PPX) was employed for monitoring a spurious asymmetry of decay counter
systems. The trigger was defined by BEAM x TOF x LC x RSC.

The trigger timing was determined by BS. In order to avoid time jitter by several
circuits modules, the BS signal was taken a coincidence again after the trigger logic
was constructed as shown in the trigger diagram. It determined the gate timing of
the TDC and ADC modules, except for SDC3, SDC4X and SDCA4Y, for which the
TOF timing determined the gate timing to avoid flight time difference in SKS.

In the normal run condition, PIK trigger and prescaled BEAM and PPX triggers
were taken simultaneously. Typical trigger rates are summarized in Table 2.9.

2.6 Data acquisition system

Figure 2.31 shows a diagram of the data acquisition system. First, event by event,
raw data were fed into the TDC and ADC modules of the KEK-TKO standard[42].
Their digitized data were then stored in VME memory modules(MP). During a spill-
off period, those accumulated data were written on an 8mm tape device after being
processed by a CPU module where OS9 operating system was running. A CAMAC
crate is also connected to the system to handle scaler data spill by spill. A typical
data size was about 600 long words per event after zero-suppressing. A typical dead
time was 3% for a trigger rate of 150 counts/spill. For online monitoring, the raw
data were transferred to a workstation through a DR11 module. The data acquisition
task in VME was independent of the data monitoring tasks in the workstation.

2.7 Data summary

The data were taken for two enriched(95%) °Li targets whose thicknesses were 2.77
g/cm? and 1.24 g/cm?. The thinner target were used to check the excitation energy
spectrum of § Li produced by the ®Li(n™, K*) reaction, since the effect of the multiple
scattering and the energy loss struggling in the target was less than the thick target.
Total number of beam particles is listed in Table 2.10 for two targets.

Target Thickness (g/cm?) | Number of beam 7+ | PIK trigger
6Li 2.77 9.28 x 101! 2.66 x 107
(95% enriched) 1.24 1.07 x 10! 1.74 x 107

Table 2.10: Data summary.
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Chapter 3
Analysis

In this chapter, procedures of data analysis from the raw data are described. The
analysis stage is divided into two parts: a (7+, K*) reaction part and a decay particle
part.

The hypernuclear mass(Mpy) was calculated by a kinematical relation of the
(rt, K*) reaction,

My = \/(Bx + Ms — Ex)? — (p2 + pk — 2pxpx cos 6), (3.1)

where M, is the SLi target nuclear mass, # is the scattering angle, and p,, px,
E. and Ex are the momentum and energy of #* and K, respectively. Thus the
variables, p,, px and 8, had to be measured experimentally. Sections 3.1, 3.2 and
3.3 give the procedures to determine these three variables. Since the obtained raw
data included a number of background events, event selection was playing important
role to reduce background level. Section 3.4 describes the procedure of the event
selection.

The present decay counter systems were sensitive to 7~, p and 7° coming from
three decay modes of hypernuclei,

A—=p+n, (3.2)
A—n+n0 (3.3)
A+p—=n+p. (3.4)

In order to derive the asymmetry of each decay mode, decay particles had to be
well identified. In section 3.5, decay particle identification using the present decay
counter systems is described.

41
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3.1 Momentum of a beam particle

The beam momentum was calculated from beam drift chamber data as follows. At
first, straight tracks were defined locally at the entrance of QQDQQ by BDC1 and
BDC2 and at the exit by BDC3 and BDCA4 using least square method. For a multi-
hit event, all possible combinations were examined. Next, the tracks at the entrance
and exit of the QQDQQ were connected using a third order transport matrix which
was calculated by ORBIT[43]. The particle’s momentum(pgs) was determined by
least square fitting with a chi-square defined as

X%{s Nhitl_ = Z (Pz - fz(—)?m)> + i (Pz - gi(}—{‘out)) ,(35)

i=1 Wy i=13 wy
(if hit) (if hit)

X-)out = M(?inad); (36)

where P; and w; denote the hit position and resolution of the i-th plane(1-6 for

BDC1 and so on) and Ny represents the number of hit. The position for the
trajectory at the i-th plane is denoted by fi(?in) and g,-(?out). ?in and X}m‘t
represent the horizontal and vertical positions and their derivatives at the reference
point for the transport matrix(z, y, dz/dz and dy/dz). ?m was calculated using
the transport matrix(M), momentum of particle(d = p/po) and _)?in. A typical x%s
distribution is shown in Figure 3.1. The event whose x%¢ was equal or less than 20
were accepted.

3.2 Momentum of a scattered particle

The momentum of a scattered particle was calculated from the SDC data as follows.
At first, tracks at the entrance and exit of the dipole were defined locally by SDC1-2
and SDC3-4. For the SDC2, TDC information was not used and only the position of
hit wires were used to find out the track. Since the SDC was tilted 30° along to the
beam axis, it is difficult to calibrate the relation between the drift length and drift
time. For SDC1 and SDC2 tracking, the effect of the magnetic field on the trajectory
was taken account by hit-position shifts of about 2 mm from a straight track. For
multi-hit events, all possible combination were examined. The consistency with the
position of the TOF and LC hit segments was examined in defining the track at
SDC3 and SDCA4.

Next, the momentum was determined from those hit positions by reconstructing
trajectory. The trajectory was reconstructed by the Runge-Kutta method[39] using
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Figure 3.1: Typical distribution of x%¢ for (m*, K*) data. The arrow represents a
cut point.

a measured magnetic field map[44]. In this method, the the chi-square defined
below was minimized by iteration to optimize five parameters: the momentum and
four independent variables concerning to the trajectory at the target. The chi-
square(x% ) is defined by

Nhie tracking data 2
X%KS = . o — % ) (3.7)
Npit — 5 = W;
where Ny is the number of chamber planes having hits, zi"**™ and zd* are the

hit positions on the i-th hit plane in the tracking and the data, respectively, and w;
is the position resolution of the i-th hit plane. The iteration was terminated either
when the variation of x% s was less than 1073, when the number of iteration reached
200 or when the X%, reached 10!°. Figure 3.2 shows a typical x%x¢ distribution
for (+, K*) data. The event whose x%x¢ was equal or less than 25 were accepted.

3.3 Scattering angle

The scattering angle was determined by two tracks respectively defined in BDC3-4
and SKS tracking. Figure 3.3 shows typical horizontal and vertical scattering angle
resolution; they are 3.3 and 5.6 mrad in rms, respectively. Because of the special
wire configuration of the drift chambers, the vertical resolution was worse than the
horizontal one.
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The scattering angle resolution was important for rejecting background events
associated with beam particles scattered into very forward angles. Figure 3.4 shows
dz/dz of the tracks obtained in BDC3-4 and SDC1-2 for all (v+, K™) events. A large
peak in the figure corresponds to the beam events. To minimize computation time
the track candidates whose dx/dz were same with that of BDC3-4 track candidates
were rejected before tracking whole SKS spectrometer.

3.4 Event selection

Background particles other than K+ could be separated by TDC, ADC information
from TOF and LC. Figure 3.5 show two dimensional scatter plots of TDC and ADC
for TOF and LC. Boxes in the figures represent for the event selection at the first
stage of data analysis in order to save computation time. After these selection the
background events were reduced with a factor 10 as shown in Figure 3.6. Here the
scattered particle mass(M,.,) was calculated using

Mo = %\/1 - 132, (38)
L
/8 - C—A_t’
where p is the momentum determined by SKS tracking, 3 is the velocity determined
by the time-of-flight(At) and flight length(L) between BS and TOF wall obtained

(3.9)
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Figure 3.3: Typical distributions of the horizontal(left) and vertical(right) scattering
angles measured by BDC3-4 and SKS tracking for 720 MeV/c 7+ beam trough data.
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Figure 3.4: Difference of dz/dz between BDC1-2 and SDC1-2 track candidates for
all (7+, K*) events.

from TDC information of each counter and the SKS tracking, respectively.

A vertex position of the reaction was used to identify the event which had a
reaction in the target. The tracks obtained from BDC3-4 and SKS tracking were used
to determine the vertex position where the distance of the closest approach(DCA)
of each track were minimum. Figure 3.7 shows the distribution of vertex position
for (#*, K*) data. In addition to the target, BS and BLC are shown in the z
vertex distribution(Zyrx). The large tails came from forward events, as shown
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Figure 3.6: Scattered particle mass spectra for (7%, K*) data without(left) and
with(right) ADC-TDC cut on TOF and LC.

in Figure 3.8, because the Zyrx resolution was worse for the forward scattering
angle. Arrows in Figure 3.7 represent the cut point for event selection. Furthermore
the cut on DCA was applied to select the track candidates of beam and scattered
particle(Figure 3.9).

The cuts used to select (#*, K*) event are:

1 ADC and TDC information from TOF and LC:
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Figure 3.7: Distribution of z(Top-Left), y(Top-Right) and z(Bottom) vertex for
(r*, K*) data. Arrows represent cut points.
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Figure 3.9: Distance of the closest approach between the tracks of beam and scat-
tered particle. The arrow represents the cut point.

1.0 < TOF(ADC) < 2.3

14.0 < TOF(TDC) < 23.0 nsec
0.1 < LC(ADC) < 0.75

14 < LC(TDC) < 26 nsec

Each ADC were calibrated as that the pion peak was equal to 1.0.
2 Time-of-flight between BH and BS(see Figure 2.11):

o —1.5< ATgy_Bs < 1.5 nsec
3 Difference between dz/dz’s of the tracks defined by BDC3:4 and SDC1.-2:
L ](da:/dz)Bch4 - (dﬂ?/dz)gpcml > 10 mrad

for all the combinations of track candidates
4 Chi-squares of QQDQQ and SKS tracking:

o x%s <15
® Xixs <25

5 Scattering particle mass:
e 400 < M, < 650 MeV/c?
6 Reaction vertex(XVTX, YVTX and ZVTX):

o —275 < Xyrx < 21.0 mm
e —24.3 < Yyrx < 16.5 mm
e —95.0 < Zyrx < 80.0 mm
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7 Distance of the closest approach(DCA) between two tracks defined by BDC3-4
and SKS tracking:

o DCA <6 mm

3.5 Decay particle identification

3.5.1 Energy calibration

All the elements of the decay counter systems were calibrated by the cosmic ray
data. Figures 3.10 to 3.13 show the measured energy deposit on each counter. Solid
lines in the figures indicate the results of the GEANT simulation for 4 GeV u*
particles as the cosmic ray. For the full simulation for the decay counter systems
later, saturation effects for highly ionizing particles were included for scintillators
with Birk’s law[45].

SSD

The energy resolution of SSD is mainly determined by electrical noise and Landau
fluctuation since the thickness of SSD was 500 pum. After the correction for path
length, we obtained the resolution of 58 keV at FWHM. The electrical noise was
42 keV derived by the width of pedestal and the effect of the Landau fluctuation
is estimated as 43 keV for the cosmic ray. The simulation which includes constant
energy resolution of 42 keV reproduces the measured ADC spectrum for the cosmic
ray. The threshold energy was set to 60 keV.

DH

Figures 3.11 show a pulse height distribution for cosmic ray and its position de-
pendency as a function of z position measured by MWPC and SSD. This position
dependence was corrected by exponential curve as a solid curve in the figure. The
width of a cosmic ray peak is 0.16 MeV at FWHM while the mean energy deposit is
0.42 MeV. In the simulation, the resolution was included as 15.3(%)/y/AE(MeV).

RSC

The energy deposit in RSC is obtained as

C/ADCrigns - ADCiet, (3.10)
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where the ADCignt lerry and C' are the pulse heights of the phototubes on each end of
RSC measured by ADC, and coeflicient for gain adjustment . The obtained energy
deposit has no position dependence along the z direction as well as the x direction,
although the light collection is not symmetric along the z direction as shown in
Figure 2.29. The resolution of RSC for the cosmic ray is 4.6 ~ 5.9 MeV at FWHM
with the correction for the path length in RSC. In the simulation, the resolution

was included as o(%)//AE(MeV). The o was 29.3, 35.6, 30.4 and 31.5 % for each
segment.

CTC

The CTC is the last counter for the charged particles, p and 7~, from hypernuclear
decays. Figure 3.13 shows the energy deposit distribution on CTC for cosmic ray.
The width of the peak is 0.9 MeV at FWHM. In the simulation, the resolution was

included as 53.0(%)/y/AE(MeV).

3.5.2 Decay particle tracking

In order to obtain good resolution of particle identification, we measured the tracks
of the particles and corrected the energy deposit on SSD. In the analysis, tracks
were defined in z — y and z — y planes independently. The vertex of the (x*, K)
reaction, the z plane of MWPC and DH were used to find out the tracks in z — y
plane. SSD and two z planes of MWPC were used to find out the tracks in z —y
plane. The method of least squares was employed and for the multiple hit events
all the candidates were tested and the minimum chi-square track was accepted.
To reduce background tracks, we required the tracks crossing RSC segment whose
pulseheight was above 5 MeV.

3.5.3 Particle Identification

The energy loss dE/dz in the medium is given by Bethe’s formula[46] as,

dE  (Zine\* 2m, 32 § C
(%) o) -1 W

where Zeq, Zine and (8 are the atomic number of medium, the charge number and

the velocity of the incident particle. I is equal to the logarithmic mean ionization
potential of the medium, which is usually given as a parameter. C/Z,.q4 and §/2
are the well known corrections accounting for the inner shell electron effect and the
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Figure 3.14: Two dimensional plot of the total energy(E;) versus the energy deposit
on SSD(AE) for the (7%, K*) data(left). The same plot using energy deposit on
SSD with path length correction(right). The solid line indicates the Bethe-Bloch
calculation.

density effect. The velocity 3 is related with the kinetic energy(E) as,

p \/(E—l—m)2—m2
P=%vm™ E+m '

(3.12)

Therefore there is clear correlation between the mass and the dE/dz for the charged
particles(with energies below the minimum ionizing energy) and this correlation can
be used to identify the particles.

Figure 3.14(left) shows the two dimensional plot of total energy(Ej) versus the
energy deposit on SSD(AFE). The E; was the sum of the pulse heights of SSD,
RSC, CTC and the pulse heights were calibrated by cosmic ray as mentioned in
Section 3.5.1. DH was not used for the Ey because of its non-linear response for
klarge energy deposit. Two loci corresponding to the protons and the pions are
shown. Once the path length correction was applied on AE by tracking the decay
particles, the loci were sharpened as in Figure 3.14(right). The solid line in the
Figure 3.14(right) indicates the prediction for the E4 by Eq. 3.11 with the measured
AE. The discrepancy is mainly due to the attenuation of the pulseheight of RSC for
large local energy deposit. Besides more, in low energy region, the materials between
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SSD and RSC such as the wrapping film for counters reduced measured total energy.
In the following analysis on particle identification, we added the ¢,,,AF on Ey to
take into account the invisible energy deposit in DH and the other materials. %;,, is
the parameter and depends on the thickness of the material.

In order to separate the pions and the protons, PI(particle identification) function
was defined as

Fgap = FEAE(Eda AE) = OllOg(Ed + tin,,AE) + ,BlOg AE + 7, (313)

where «,  and -y are the parameters which was determined so that the width of the
proton’s peak was minimum. Figure 3.15 shows Fgag distribution for the (#+, K™)
events.

Decay pions from A and A hypernuclei have a negative charge. They are absorbed
into the nucleus before decaying to pu~. The 7 absorption is followed the release
of their mass energy, and deposit a large fraction of the energy. This makes the
resolution of the particle identification worse. In figure 3.15, the distributions of
Fgag function in the two Ej; region are shown. The pion peak is shifted toward
the proton peak in high E,; events. For those events, we used range instead of total
energy to identify the particles.

The release energy following the 7 absorption concentrates around stop point of
the incident =, since the emitted protons or nuclei have short range due to their
small energy. Thus the range reflects the incident energy better than the measured
pulse height. Figures 3.16 show the separation using the range(R) and the AE. PI
function by R — AF method(Frag) was defined in same manner with the £ — AE
method as

FRAE = FRAE(R, AE) = alogR + ﬁlog AE + Y. (314)

In the higher energy region the Frag gives better resolution of particle identification
than the Frag. On the other hand, in the lower energy region, Frag is not so
effective due to the lack of the collection efficiency of scintillation photon in the
multi-anode phototube.

We set the particle windows in the PI functions to obtain the yield of decay pions
and protons as in Table 3.1. The low energy protons from nonmesonic decay are
considered to be die to the intranuclear collisions, in other word the final state inter-
action. These protons modified the measured energy and angular distributions from
those at the stage of nonmesonic decay occurred. Therefore the energy threshold
for the protons was set higher than the sensitivity of our decay counter systems.
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Window Cut on PI function | Cut on Total Energy(MeV)
proton window —0.4 < Fpap <05 30 < Ey <50

—0.8 < Frag 50 < E4
pion window —4.0 < Fpap < -04 10 < By <50

Fpap <08 50 < E,

Table 3.1: Definition of particle window in PI function.

Methods | E4 (MeV) | ¢, (%) | ¢r (%)
10< E; <50 0.86 1.20
30 < Fy <50 1.05 2.57
R—-AF |50 < Ey 3.61 5.08

E - AFE

Table 3.2: The leakage factors ¢, and ¢, obtained by two gaussian fitting on measured
distribution of PI function.

3.5.4 Resolution of pérticle identification

To discuss the resolution of the particle identification, we evaluated the fractions
of leakage from the proton window to the pion window, or vice versa. Table 3.2
summarizes such quantities derived by fitting the PI functions with two gaussian in
certain energy regions(Figures 3.17, 3.18). For the Fgag the pion peak has the tail
in higher value side. This is due to the pion absorption. In order to take it into
account, the gaussian which has different width in lower and higher side was used
to fit the pion peak. The factor c,(c,) is defined as the ratio of protons(pions) in
the m(p) window to those in the p(w) window.

The number of events observed in the windows(N;bs, NP2b3) are expressed in terms
of the net contribution of protons or pions in the windows as

N\ (1 e\ [N
()= o)) o

After the calculations, one can derive the formula applicable to evaluations of the
asymmetry as
A - NgbsA;bs _ chzbsAgrbs
P Ngbs — e, Ngbs
A - N;:bs A;)rbs -¢ N:bs Azbs
T Nobs _ Cp N;bs !
™

(3.16)
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where Ap(Ar) and A%(A%*) are “net” and “observed” up/down asymmetry (Y, —
Yiown/ Yup+ Yiown) of the decay particles. The second order of ¢, and ¢, are included.



Chapter 4

Results

The (7,7t X) events were analyzed to study the instrumental asymmetry of the
decay counter systems. The instrumental asymmetry in the present decay counter
systems is shown to be small. The rest of this chapter is devoted to the production
of hypernuclei by the SLi(r*, K*+) reaction and their asymmetric weak decay.

4.1 (7*,7%'X) reaction

The asymmetries(A) of the decay particles are derived from the ratio(R) of the yield
on upper and lower counter systems as

R — YUpper(") YLower(+) — (1 - A)2
YLower(_) YUpper(+) 1 + A ’

where Yupper(zower)(£) stands for the yield of the upper(lower) counter systems at

(4.1)

the positive(negative) scattering angle in the horizontal plane. To reduce systematic
errors, we took the (7%, K*) data at the positive and negative scattering angle
simultaneously. The direction of the polarization is determined by the scattering
angle of the reaction. In our notation the scattering angle defined as the direction
of the polarization is upward at the positive scattering angle. Then the ratio(R)
cancels out the spurious asymmetries which are, for example, caused by

o difference of the acceptances of the upper and lower counter systems,

e misalignment of the beamline, the target and the decay counter systems,

e difference of the acceptance of the scattered particle spectrometer for the pos-
itive/negative scattering angle.

To monitor how this cancellation works, we analyzed the (7+, 7' X) data which was
taken in the normal (7%, K*) run simultaneously.

99
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Figure 4.1: Missing mass spectrum of the (7*, 7+’ X) reaction.
Hori'zontal Yvpper/ Yiower VE | A%+ Adchs
Scattering Angle | 6 <0 Ok >0
Proton |2 <10kl <7 | 433/496 | 390/440 |0.992 | 0.004 +0.024
7< 0| < 15° | 425/477 | 475/524 | 0.991 | 0.004 % 0.023
pion | 2<0x] <70 [1298/1457 | 1123/1246 | 0.994 | 0.003 + 0.014
7 < |0x| < 15° | 1284/1372 | 1456/1500 | 0.982 | 0.009 + 0.013

Table 4.1: Asymmetry of decay particles from the (7+, 7+ X) events.

The missing mass spectrum of the (r+,7+') reaction is shown in Figure 4.1.
Since the momentum acceptance of SKS spectrometer has only £10%, the shape
of the spectrum is determined by the acceptance. The central momentum of the
spectrometer is about 700 MeV /¢, which corresponds to A production on nucleus.
Thus the most of the (7, 7+ X) events come from the A production followed the
pions and protons emitting from A decay. Such pions and protons are expected
to have no up/down asymmetry, since there is no weak interaction involved in the
reaction. Therefore the analysis of the (7%, 7%'X) events provides the information
on the spurious asymmetry of the decay counter systems.

Table 4.1 shows the pion and proton asymmetries by the (7+, 7+’ X) reaction in
two horizontal-scattering angle regions. We introduced the excitation energy(E£K)
which was evaluated from the momenta of the beam and the scattered pion and the
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scattering angle under the kinematics of the(nr*, K*) reaction. To monitor the
asymmetries in same acceptance of the spectrometer with the ground state region
of the (7%, K*) reaction, we used the events whose EX’¥ were in the region of
—20 < EX'® < 20 MeV. The errors for the asymmetries, AA%3, were estimated

from the statistics. The instrumental asymmetry was found to be at most 1% in
each case and thus the cancellation works well.

4.2 Excitation energy spectrum

The single spectrum of the excitation energy in the éLi(n*, K*) reaction is shown in
Figure 4.2(top). The ground state of §Li is clearly seen in the spectrum. Because of
the large momentum transfer, the dominant part of the cross section of the reaction
goes to the highly excitation energy region, which is characterized by the so-called
quasifree(QF) A production.

Middle and bottom spectra in Figure 4.2 are that in coincidence with decay pions
and decay protons, respectively. In the proton gated spectra, the ground state and
s-substitutional state(Ex ~ 20 MeV) are enhanced because the energetic proton can
be emitted only by the nonmesonic decay of the hypernuclei. The protons from the
mesonic decay cannot be detected by our decay counter systems because of its low
energy(~ 5 MeV). The protons from the decay of A produced by the QF process
might have large energy, however the decay counter systems have no acceptance
for such protons boosted forward by the A momentum. On the contrary, the p-
substitutional state is strongly suppressed in the proton gated spectrum, because
the state is above the A emitting threshold.

One of the advantage of using the (7+, K'*) reaction is that the reaction produced
hypernuclei in the ground state more than the p- or s-substitutional state. In the
previous (K ~,7~) experiment at BNL the ground state of § Li was hardly seen in the
pion gated spectrum(see Figure 1.5). On the other hand, in the present experiment
the ground state is well separated from the substitutional states. It is important to
determine the polarization of the produced hypernuclei as mention in Section 1.5.

4.3 Asymmetry of decay particles

Table 4.2 shows the yields of the decay protons and the decay pions in the ground
state region of §Li(—4 < Ex < 4 MeV). Here “Upper” and “Lower” are the location
of the decay counter systems, and 8 stands for the horizontal scattering angle of the



62 CHAPTER 4. RESULTS

5000-'1lllllll]llllllllllI'l'lllll-
L Single ]
4000 [~ gﬂﬂmfgﬁ
> X ]
S 3000 - lllt -
) X - ]
o [ £ ]
S [ ]
|2 I
2 2000 - 1 -]
£ [ ]
S [ xf ;
1000 — ::5:5‘ f ~
[ I - ]
0 I I I I
e RS ma s s m e
800 [— -~
| pi—gate ]
600 [— I
% i ]
= [ ]
€ 400} —
3 - ]
=] L p
3 I .
O
o L. N E
200 [— -
£ mrié
- X
13 | -
100:—p_gat‘e ]
> ]
=2 ]
v
(=]
S
2
=]
3
Q
(& ] 4
M IR EPRPE S

10 20 a0 40

Ex (MeV)

Figure 4.2: Excitation energy spectra of §Li are shown. Middle and bottom are the
spectra in coincidence with decay pions and decay protons.
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Horizontal Yupper/ Yiower VE | A%+ A Avts
Scattering Angle Ok <0 Ok >0
Proton 2< |0kl < 72.2/86.8 80.0/70.8 | 0.858 | 0.08 + 0.06
7 < |0k| < 15° 42.8/48.6 48.2/49.2 | 0.948 | 0.03 + 0.08
Pion 2< |0kl <7 | 169.2/144.6 | 127.4/179.8 | 1.285 | ~0.13 & 0.04

7 < |0k| <15° | 139.0/87.4 | 101.4/143.6 | 1.501 | —0.20 & 0.05

Table 4.2: Asymmetries of decay particles in the ground state region of §Li.

Horizontal A% - A A% 4 A A0bs

stat SYs

Scattering Angle

2< |0k <7 0.10£+£0.07£+0.01
Proton
7 < |0k] < 15° 0.044+0.10+0.01
Pion 2<|0k| <7 —-0.16 =£0.05 £ 0.01
7 < |0k| < 15° —0.25 +£0.06 £0.01

Table 4.3: The asymmetries of decay particles with the corrections(see text).

(nt, K*) reaction. R and A°* are defined in Eq. 4.1. The continuous backgrounds
in the excitation spectra are already subtracted in the table.

Systematic errors for the observed asymmetries were monitored by Li(n+, 7+’ X)
reaction and were evaluated to be less than 1% for both the pion and proton(see Sec.
4.1). To obtain real asymmetries, the following corrections have to be applied.

e The misidentification of decay particles can modify the measured asymme-
tries. In terms of the leakage into the PI window, discussed in Sec. 3.5.4, the
measured asymmetries can be corrected by Eq. 3.16.

e The measured asymmetries are attenuated due to the finite acceptance of the
decay counter systems. This attenuation factor was estimated by a Monte
Carlo simulation including the geometrical configuration, the efficiencies and
the resolutions of the counter elements. The simulation shows that the atten-
uation factor of the asymmetry is 0.804.

The asymmetries with these corrections are shown in Table 4.3.
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Horizontal
Py
Scattering Angle

2<|0k| <7 | 0.25+0.087593

7 < |0x| < 15° | 0.39 £ 0.09 + 0.02

Table 4.4: The polarization of A in the 3 He determined by the measured asymmetries
of mesonic decay.

4.4 Polarization of }He

The polarization(Py) of A in the 3He can be derived by the asymmetry of the
mesonic decay(A) with the asymmetry parameter(a,-) as

A,r = CQp- PA. (42)

In order to determine the polarization experimentally, we applied the asymmetry
parameter for the free A decay(af_“ = 0.642 £ 0.013) as that for the mesonic decay.
Table 4.4 shows the polarizations in two horizontal-scattering angle regions. The
quasifree events and the higher excited states of §Li might be in the ground state
region due to the excitation energy resolution. The contribution to the asymmetries
was estimated by that in the higher excitation energy region and was taken into

account as systematic errors.

4.5 Asymmetry of nonmesonic decay of 3He

The nuclear effects on the initial and the final state of the nonmesonic decay can
modify the measured asymmetry from the asymmetry for two-body AN weak in-
teraction. These nuclear effects are due to the Fermi momentum of A and the
rescattering of emitted nucleons The effects tend to decrease the asymmetry. The
Monte Carlo simulation was employed to evaluate the attenuation due to the nuclear
effects within the same framework in Appendix of Ref. [8].

Figure 4.3 shows the energy spectra of the proton from proton- and neutron-
stimulated nonmesonic decay of 3He. Here the evaporation process was ignored
since the residual nucleus has only three nucleons and the low energy proton from
the process cannot be detected our decay counter system. The gross shape of the
spectrum for Ap — np decay is determined by the Fermi momenta of initial A
and proton. The dashed lines in the figure represent the protons emitted by the
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Horizontal Ak
Scattering Angle
2< |0k} <7 |0.11+0.08+0.01

7 < |0x| <15° | 0.05+0.10 £ 0.01

Table 4.5: The asymmetries of the nonmesonic decay of the 3He. k represents the
attenuation factor due to the nuclear effects in the initial and the final state of the
nonmesonic decay.

scattering between decay products and nucleons in nucleus. It is important to know
how much these protons were counted into the observed asymmetries, since the
attenuation is mainly due to such kind of protons.

GEANT simulation for the decay counter system was carried out with the ob-
tained energy spectra of protons above. The ratio of the proton- to the neutron-
stimulated nonmesonic decay was assumed as unity. Figure 4.4(left) shows the result
of the simulation. The histogram represents the sum of the total energy deposits
on SSD, RSC and CTC. Because the energy deposits on the target and DH was
not measured, the measured energy was smaller than the original energy(E,). The
distribution of the original energy is shown in Figure 4.4(right) where the entries
were gated by the experimental threshold, 30 MeV. The effective threshold energy
was about 50 MeV. The plot in the figure represents the measured energy spectra
in the ground state region of the (#+, K*) reaction. The counts of the simulation
are normalized by the number of the protons whose energies were above 10 MeV.

The dashed lines in the figures are the contribution of the protons which is
scattered by nuclear cascade process before escaping from nucleus. The present
energy threshold eliminated almost of such protons, however there was still a finite
fraction of it. Same analysis with that for the experimental data turned out that
the attenuation factor was 0.935. Table 4.5 shows the asymmetries A,/k in the two
horizontal-scattering angle regions.
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from the experimental data and the histogram is the GEANT simulation. Right
histogram presents the energy which the proton has originally. The experimental
threshold, 30 MeV, corresponds to the ‘original’ energy of about 50 MeV.



Chapter 5

Discussions

5.1 Polarization

The cross section and polarization have been calculated for the ®Li(n*, K*) reaction
at 1.05 GeV/c[31]. In the calculation, DWIA calculation was applied on the basis of
the elementary amplitudes for the (7%, K*) reaction, which include both spin-flip
and spin-nonflip amplitudes. For the initial nuclear and final hypernuclear wave
functions the Cohen-Kurath model was employed. The calculation is summarized
in Table 5.1. The main component of the ground state is the 2] state of the doublet
which has (ps/2)p(s1/2)a configuration mainly. The 1, partner has smaller cross
section because the state is excited dominantly through the spin-flip interaction.
In general, particle decays of hypernucleus reduce its polarization[28]. In the
case of the 27 state of the §Li, a proton is emitted with a ps/, partial wave. Such
a stretched transition does not modify the polarization. On the other hand, the
polarization of the 17 has opposite direction to that of 27 state. The depolarization
factors for the proton emission of the 17 state is —0.5. Therefore the final polar-
ization of 3 He has same direction with the 2] state. This is naturally understood
because the spin polarization of A has same direction for the 27 and the 17 states.
There are the 1; and 0~ doublet around the 5Li + p threshold. These sates has
(p1/2)p(51/2)a configuration mainly. The calculation predicted the excitation energies
of the states around 6 MeV. The excitation energies, however, depend on the models
in the calculation, and they could be around 4 MeV. The 3He polarization of the
states is small as 0.03(6=6°)-0.05(14°). Therefore, if the ground state can not be
separated from the 15 and 0~ doublet due to the finite excitation energy resolution,
the measured polarization is reduced because of the small polarization of the doublet.
Table 5.1 shows the averaged polarization in two cases, one is for the ground state
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state(§ Li) 6=6°6=10°|6=14° | § = 18°
4 (ub/st] | 0.78 0.71 0.55 0.34
i P ~0.443 | —0.566 | —0.590 | —0.570

P(3He) | 0222 | 0.283 | 0.295 | 0.285
do[ub/st] | 6.90 5.17 3.23 1.64

27 P 0.249 | 0.385 | 0.490 | 0.568
(0.42 MeV) | P(3He) | 0.249 | 0.385 | 0.490 | 0.568
o [ub/st] | 0.97 0.90 0.70 0.44

15 P 0.127 | 0.159 | 0.163 | 0.154
(6.12 MeV) | P(3He) | 0.127 | 0.159 | 0.163 | 0.154
07 do(ub/st] | 3.43 2.44 1.44 0.68

(618 MeV) | P _ _ _ _
de(b/st) | 7.68 | 588 | 378 | 1.8
P(He) | 0.246 | 0373 | 0462 | 0.519
do[ub/sr] | 12.08 | 9.22 5.92 3.10
P(He) | 0.167 | 0253 | 0314 | 0.354

1q+27

all

Table 5.1: Calculated cross section(do/d$?) and polarization(P) of low-lying §Li hy-
pernuclear state are shown. P(3He) represents the polarization of } He after proton
emission.

. P,
Scattering angle co P
g ang BTy o exp
2<0g <7 0.181 0.123 0.25 + 0.08%.03
7 <0 < 15° 0.368 0.250 0.39 + 0.09 =+ 0.02

Table 5.2: Polarization folded by the SKS acceptance(P,;) and that measured in
the present experiment(P,,p) are shown.

doublet only and the other is for four states all.

~ In the experiment, the polarization is derived from the up/down asymmetry of
the 3 He mesonic decay. The measured polarization reflects that in the vertical direc-
tion. The calculated polarization is defined along the axis perpendicular to the plane
of the (w*, K) reaction. Since the present spectrometer, SKS, has a finite vertical
acceptance, the direction of the polarization could be tilted and the measured po-
larization is therefore reduced. The calculated polarization was folded by the SKS
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Figure 5.1: The observed asymmetries A/k = o, P, as a function of polarization of
A. Squares are indicate the calculated polarization.[31]

acceptance as shown in Table 5.2. The present values are quite consistent with the
calculation. The experiment prefers the polarization averaged over the ground state
doublet only. This implies that the second doublet is highly excited so that the con-
tribution of the doublet cannot seen in the ground state region(—4<Ex<4 MeV),
where the experimental resolution of the excitation energy is 4.2 MeV(FWHM).

5.2 Asymmetry of nonmesonic decay

The present results are summarized in Figure 5.1. The circles are indicates the
asymmetries of the nonmesonic decay and the polarization which derived by the
asymmetries of the mesonic decay. The theoretical calculation for the polarization
is indicated by the squares.

. The intrinsic asymmetry parameter(a:;V M) is useful to discuss the asymmetry of
nonmesonic decay. It is defined from Eq. 1.9 as

W (r) — W(0)

Ak = e TW(0)

— ANM
= ap PA,

(5.1)
af™ = Ay /k/Py.
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Then the weighted mean of o™ between two data points gives oY ™ = 0.24 + 0.21
for the 3He, as shown in Figure 5.1 by shaded region.

5.2.1 Comparison to other experiments

The present result, positive and relatively small asymmetry, indicates that either
the final isospin Iy = 0 amplitude(c, d) or Iy = 1 amplitude(f) is small, and the
relative phase of these amplitudes are same. As discussed in Sec. 1.2, the ratio of
the neutron- to proton-stimulated decay(I',/T',) is sensitive to the isospin structure
of the decay mechanism. Experimental value of I',/T', ~ 1 indicates dominance of
I; = 1 amplitude and minor contribution of the Iy = 0 amplitude to the decay rate,
since the final neutron-neutron system is permitted to have final isospin 0. Another
possibility of the smallness is the large contribution of the initial *Sy amplitudes(a, -
b), although the phenomelogical analysis for 4- and 5-body hypernuclei predicted
small. Both the a and b amplitudes have final isospin 1 therefore the existing I', /T,
do not contradict also in this case.

The asymmetry parameter for p-shell hypernuclei has opposite sign of the present
result. The p-wave contribution in initial AN system possibly changes the asymme-

try.

5.2.2 Comparison to calculations

In the one pion exchange model, the calculated asymmetry is —0.2 ~ —0.4[48, 13]
depend on the model. The magnitude is consistent but the sign is opposite with the
present results. Large contribution of 3S; — 3D; amplitude(d) and relative opposite
sign between S} — 3P, amplitude(f). Once the heavier mesons such as p, K, K*, 7
and w are included, the calculated value is changed 30%[13]. However the experiment
can not be explained, rather the discrepancy is increased. The contributions of heavy
mesons cancel among each other, therefore they can not modify the large amplitude
of pion exchange so much. Same things happen on the branching ratio I, /T’,. The
calculation estimates about 0.1 but the experiments lies around unity. This is again
due to the large contribution of amplitudes d, whose final isospin is 0.

There is another approach to the nonmesonic decay, that is the model based on
direct quark exchange[16]. In this model, the interaction at short distance is de-
scribed by a direct quark mechanism and superposes on one-pion exchange as a long
range interaction. The calculation provides the range 0.20~—0.44 and 0.12~0.79 for
the asymmetry parameter and the branching ratio, respectively. The limits of the
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ranges correspond to the sums of two interactions, direct quark and pion exchange,
with relative phase is positive and negative. The obtained asymmetry prefers posi-
tive case, while the branching ratio prefers negative case. Although the model is still
in the developing stage, there is some interesting feature, which is the large contri-
bution of Al = 3/2 amplitudes for initial ' Sj state and the large amplitudes for final
isospin 1 even if the AI = 1/2 only case. This might be a possibility to solve the
consistency between theory and experiment on the nonmesonic decay phenomenon.

5.2.3 Future Prospect

In this thesis, only the asymmetry of weak decay has been reported. In the experi-
ment, we accumulated about 600 and 1100 events in coincidence of decay pions and
protons in ground state region. This statistics is 4 times of the previous BNL ex-
periment. Our data can revise, for example, the existing I', /T, ratio(0.87 £0.37[7})
with better precision.

Currently the experinient to study the inverse process pn— pA is under prepa-
ration at RCNP[49]. The analyzing power of the reaction cross section with longitu-
dinally polarized proton beam gives the interference of parity conserving and parity
violating amplitude. It is the same quantity as the asymmetry of the nonmesonic
decay of hypernuclei. Large polarization of proton beam as ~0.8 and careful design
of detector system to overcome the huge background from the strong interaction
should allow direct study of weak baryon-baryon interaction. It can be solve the
problem on the nonmesonic decay.

The present experiment demonstrated the asymmetry of 7~ mesonic decay with
respect to the polarization of the 3 He hypernucleus. The angular distribution of 7~
depends on the initial and final spin-parity state of hypernucleus. Accordingly it
opens a new field of hypernuclear spectroscopy with high intensity pion beam such
as the JHF project in the near future.
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Chapter 6
Conclusion

e The experiment, KEK-PS E278, to measure the asymmetric weak decay of
2He was carried out at the K6 beamline of 12 GeV proton synchrotron in
KEK. The SLi(r*, K*) reaction at P,=1.05 GeV/c was used to produce po-
larized §Li which decays into 3He with emitting proton. The momentum of
scattered kaons were measured by the SKS spectrometer which was developed
by the collaboration of INS and KEK for previous experiment, E140a. The
SKS covered the scattering angle from —18 to 18 degrees enough to introduce
polarization in the A hypernucleus. We newly installed the decay counter sys-
tems above and below the target in order to measure the up/down asymmetry
of decay products.

e The analysis of (7+,7*'X) data, which was taken in normal (7+, K*) run
simultaneously, shows the systematic error for the measured asymmetry was
less than 1% for both pion and proton. The simultaneous measurement of
positive and negative scattering angle canceled out the spurious asymmetry
caused by the difference of the efficiency of decay counter systems, that of the
acceptance of the SKS spectrometer in positive and negative scattering angle
and the misalignment of our apparatus.

e In the excitation energy spectrum of §Li, we can clearly see the ground state
peak where the 3 He is produced exclusively. This is the advantage of using
the (7+, K*) reaction. The large momentum transfer populates the ground
state more than the p- or s-substitutional state. Also in the spectrum gated
by decay pion, the ground state is well separated from quasifree events and
highly excited states. It is important to determine the polarization of the
produced hypernucleus, because the polarization derived by the asymmetry of
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decay pions.

The polarization of the 3He was derived by the measured pion asymmetry.
Obtained values are Py = 0.25 + 0.0873:03, 0.39 & 0.09 £ 0.02 averaged in the
two scattering angle region, x = 2 ~ 7, 7 ~ 15 degrees, respectively. The
polarized hypernuclei was really produced and the polarization was consistent
with DWIA calculation based on the elementary amplitudes for the (z+, K+)
reaction.

The asymmetry of the proton from the nonmesonic decay of 3 He was measured
as Ap/k = 0.11£0.08+0.01, 0.05£0.10+0.01 in the two scattering angle region.
The results shows the asymmetry parameter for nonmesonic decay is oM =
0.244:0.21, which is small and has opposite sign with comparing to the previous
p-shell hypernuclei experiment. Combining with existing experimental data of
the branching ratio, final isospin Iy=1 amplitudes are dominant and the phase
of Iy=1 and 0 amplitudes are same. While the meson exchange model predict
the dominance of I;=0 amplitudes due to the strong tensor force in pion
exchange potential and the phase of these amplitudes are relatively opposite
to the Iy=1 amplitudes. There is no theoretical calculation agreed with the
present asymmetry parameter as well as the branching ratio.

We have four times decay events comparing with the previous BNL experiment.
Although the analysis for 7% detectors has not been done yet, it is promising
to provide the branching ratio I', /T, with better precision.

The present experiment demonstrated the asymmetry of 7~ mesonic decay
with respect to the polarization of the 3 He hypernucleus. The angular distri-
bution of 7~ depends on the initial and final spin-parity state of hypernucleus.
Accordingly it opens a new field of hypernuclear spectroscopy with high in-
tensity pion beam such as the JHF project in the near future.

The experiment to study inverse process pn— pA is under preparation at
RCNP. The analyzing power of the reaction cross section with longitudinally
polarized proton beam gives the interference of parity conserving and parity
violating amplitude. It is the same quantity as the asymmetry of the non-
mesonic decay of hypernuclei. The experiment should allow direct study of
weak baryon-baryon interaction. It can be solve the problem on the non-
mesonic decay.
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