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Abstract

I constructed a Cylindrical Detector System(CDS) for the study of S=-2 nuclear
system, and carried out BNL-AGS-E906 experiment at the D-line of the AGS ac-
celerator in Brookhaven National Laboratory. The title of E906 experiment was
‘Experiment to Detect Double-Lambda Hypernuclei by Observing Characteristic
Pi-Mesonic Decay*.

The CDS was optimized to detect 7~’s from weak decay of hypernuclei whose
momentum were comparably low; 90~140(MeV/c). The momentum resolution was
finally achieved to be 8.2MeV /c(FWHM) for 100MeV /c.

During a run in 1998, 1.1x10° (K—, K*)reaction was identified among 0.9x10!?
K~ incident, and a number of sequential 7 ~decays from S=-2 nuclear system were
detected by CDS. Among them, the sequential decay mode of a double-lambda
hypernucleus, 4 ,H —4 He+7~, 4He —3 He+p+7~ was identified. The momentum
of 7~ from },H —4 He+ 7~ is measured to be 116.4+1.4(stat.)+1.2(syst.)(MeV /c).
Asuuming that the 4 , H mainly decays into an excited state of 4 He*(Ex=1.15(MeV)),
this gives a 4 \H mass of 4106.2 £0.94(stat.)£0.80(syst.)(MeV), which corresponds
to a AA bond energy ABjpof 0.47 +0.94(stat.)£0.80(syst.)(MeV).
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Chapter 1

Introduction

A hypernucleus is a nucleus in which constituent nucleons are replaced by hyperons
(A,Z or Z). Until now, about 30 hypernuclear species of single strangeness system
(S=-1) have been discovered and their properties have been studied by a series of
experiments. Theoretical attempts to explain the S=-1 system in a unifying way
with NN system have been considerably successful. Through those studies we can
also get information on the interaction between hyperon and nucleon (YN).

On the other hand, we have few experimental data about the system containing
two strange quarks; the strangeness -2 (S=-2) system. It’s mainly due to the dif-
ficulty of production of such a system, so that higher statistics were not expected.
It is rather difficult to obtain detailed information of AA interaction from these
experimental data, even though it is crucial to study A-A, Z-nucleon interaction
experimentally for understanding the baryon-baryon interaction extended to S=-2
system in a unified way. Furthermore, the study of the system is an important step
to understanding multi-strangeness systems, S=-3, -4,...., multi-strange nuclei, as
well as strange quark matter which is expected in QCD.

It is certainly necessary to study the S=-2 system with higher statistics than
ever, so we proposed a unique way for the spectroscopy of S=-2 system using the
Cylindrical Detector System (CDS) and a high intensity K~ beam at AGS. Our
proposal was approved as E906 at AGS Accelerator of Brookhaven National Lab-
oratory (BNL-AGS-E906), whose title is ”"Experiment to Detect Double Lambda
Hypernuclei by Observing Characteristic pi-Mesonic Decay”. The main purpose of
this experiment is to determine the mass of double-lambda hypernuclei with high
statistics by measuring the momentum of sequentially decaying pions via weak in-
teraction. We can get high intensity K~ beam in the D-line experimental hall at the
AGS, and abundant AA hypernuclei are expected to be produced in the large amount
of (K, K") reaction on a target nucleus followed by AA conversion processes.

In the following section, I briefly review the study of S=-2 system and summarize
production process and decay of AA hypernuclei. In the last section, I will explain
the principle of our experiment.
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1.1 Strangeness=-2 system

One of the most intriguing predictions for S=-2 objects is an H-particle. R.L. Jaffe
predicted a possibility of flavor-singlet stable state 'H-dibaryon’ consisting of 6-quark
(uuddss) with mass smaller than 2M, by 80 MeV[1]. Such a strange quark system
originates from the color magnetic interaction of QCD. Many calculations followed
with a variety of predicted masses [2][3][4][5][6].

Many experiments to search for a bound H-particle directly have been carried
out so far. There is no conclusive evidence, but they can eliminate the possibility
of such a tightly-bound H-particle predicted by Jaffe. KEK-E224 group recently
published a report suggesting an H-dibaryon resonance state, that is, enhanced
production of AA pairs near 2 A mass threshold [7]. They claimed that the data was
not reproduced well by any theoretical predictions without A-A interaction, but it’s
hard to get more information due to their limited statistics.

On the other hand, a AA hypernucleus, containing A-A (uds — uds), has the
same quantum number as H-particle. If we know the mass of AA hypernuclei, we
can extract the information on A-A interaction. This is the most feasible way to
measure the magnitude of the A-A interaction.

Moreover, the existence of AA hypernuclei can limit the region of the mass of
H-particle. If the mass of H-particle, My, is far lighter than 2M,, AA in nuclei
decays into H-dibaryon through strong interaction, and AA hypernuclei will not be
observed. To the contrary, if My is heavier than 2M,, H-dibaryons can decay to
AA hypernuclei. If we detect AA hypernucleus and measure the mass of its nucleus,
we can deduce lower limit of My,

My > 2Mp — Baa

where Baais the binding energy of AA inside the nucleus.
Historically, only three observations of AA hypernuclei have been reported in
emulsion experiments.

Table 1.1: Species of AA hypernuclei and the magnitude of interaction between A-A
inside the nucleus, ABxx.

ABpp (MeV) References

10 Be 43404 M.Danysz [8]

SaHe 47+05 | D.J.Prowse [9]
%Be | —-49+07

or 3B | 49407 S.Aoki[10]

Table 1.1 shows species of the observed AA hypernuclei and the magnitude of
interaction between AA inside the nucleus, ABax. ABaa is calculated to be the
difference between the mass of #,Z and the mass of 4 7'Z + A.
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Danynsz’s data is the first reported event in 1963. This emulsion plate was
processed again later by Fowler et al., and the result reported in his thesis was
published by Dalitz et al. [11]. ABaa value in Table 1.1 is the one from this paper.

In ref [9], it was reported that a § , He event was discovered in emulsion stack be-
hind the 2~ bubble chamber at Brookhaven National Laboratory. The § ,He system,
named as 'lambpha’ by Bando et al [12], is very important, because this nucleus is
the lightest triple-closed shell analogous to «, and it is expected to be a cluster unit
in multi-strangeness systems. However, only a schematic drawing of the star event
was presented on this letter by Prowse and other necessary data were not, so that
it gives no confirmatory evidence. In ref [11], they examined consistency between
these two events; they checked whether the two ABaj values can be accounted for
by the same Vjia(r) potential. There are no reasonable potentials that allow them
to be compatible.

The third event was discovered at KEK-E176 experiment (a hybrid-emulsion
method). It was published by S.Aoki et al. [10]. This event has been interpreted
as two kinds of candidate, 34 Be or }} B, because the second decay of the single-A
hypernucleus was a non-mesonic decay and therefore the unique assignment of the
species was not made. The sign of ABj, depends on the species.

It is very frustrating that these data are insufficient or inconsistent with each
other. Under such a circumstance, theorists are also arguing about the sign of inter-
action between A’s. We have several theoretical models treating the baryon-baryon
interaction with meson exchange. Models that are successful in fitting NN+YN will
not necessarily be able to describe the A-A interaction. Only a model among the
OBE models, so-called Nijmegen model F, predicts the sign to be attractive.

We have also little information on =~ hypernuclei. The potential well depth was
claimed to be 24 MeV based on the emulsion experiments in 1960’s [13], however
these data have not necessarily interpreted as an evidence of =~ hypernuclei. An
experiment KEK-E224 tried to produce Z~ hypernuclei in the (K7, K") reaction
on '?C target, but did not show a clear peak due to low statistics. Nevertheless,
the missing mass spectrum around the threshold region of quasi-free production of
=~ was compared with a theoretical calculation and a conclusive remark that the
potential well depth should be less than 20 MeV [14][15]. A similar conclusion has
been made based on an experiment AGS-E885 in the (K™, K*) reaction on *C
target [16].

1.2 Double-lambda hypernuclei

1.2.1 Production of double-lambda hypernuclei
Production process of AA can be written as a two step reaction.
K +p— Kt+="
Z74+p— AA+Q(28MeV)

._.3_




CHAPTER 1. INTRODUCTION

After =7 is produced from (K~,K*) reaction as a doorway to S=-2 production,
there may be two mechanisms to produce AA hypernuclei, which is shown in Fig
1.1.

e Stop =7 process

e Direct process

In the stopped Z process, quasi-free =7 ’s are emitted in the (K=, K*) reaction
and brought to rest by ionization loss in the target material. After = -atom is
formed, the Z7is eventually absorbed by the nucleus. Z7in the nucleus will be
converted into AA via strong interaction, Z~p — AA.

In spite of its Q value (28 MeV), absorbed =7 ’s form AA fragment with a rela-
tively large probability. In Table 1.2.1, KEK-E176 scanned events are classified. In
this experiment, an emulsion stack sandwiched between silicon micro-strip detectors
was exposed in a 1.66 GeV/c separated K~ beam.

Table 1.2: Classification of KEK-E176 scanning data

Total number S=-2 S=-1

Capture in 31 DH 1| SH 8
light nuclei TH - 2! VR 8

” DH or TH 1 ‘
Capture in 47 VR2 <3| VR 18
heavy nuclei
Direct process 240 2(7) 1
Py+ >1.0GeV/c
Direct process 1400 3 70

P+ <1.0G8V/C

DH : double-A hypernuclei

TH : twin hyperfragment

SH : single-A hypernuclei

VR : events with total visible energy release > 28MeV
VR2: events with total visible energy release >160 MeV

In the direct process, only light fragments can be identified.

In the specific cases the AA compound state is formed with a “sticking” proba-
bility of more than 10%. The =~ emission probability is about 70~80% of the total
quasi-free events and about 0.3% of the quasi-free events will be converted to a AA
compound state with a typical stopping probability of Z~ in the target of 3% [17].

On the other hand, the remaining 20~30% of the quasi-free = production will
be followed by the secondary reaction of a Z”inside the same nucleus, such as

— 4 —
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= - atom
formation

Two A -
Fragments

Figure 1.1: Double-lambda hypernuclear production process
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= p — AA. In this case two A’s may have a chance of being trapped, leading
to a AA hypernucleus production which is the so-called direct process. A theoretical
attempt[18] to estimate the production rate of the AA compound nucleus via such
a process gives about 0.3% per quasi-free reaction for a '2C target. This assumed
a Z-nucleus potential depth of 15 MeV. The (K~, K%) reaction may also directly
produce = nuclear state , if any, and the =~ nuclear state will be converted into a
AA hypernuclear state with some probability.

In any case, the AA compound nucleus will subsequently decay into hyperfrag-
ments containing one or two hyperons per fragment, for example §,He and 4 ,H (Fig
1.1).

1.2.2 Decay of double lambda hypernuclei

A A hypernucleus decays via weak interaction. The decay mechanism is classfied
into two; one is “mesonic decay”, decaying with pi meson emission, the other is
“nonmesonic decay” without pi meson emission. Because of the Pauli suppression
due to the small momentum available to the nucleon, the mesonic decay is dom-
inated by the nonmesonic one, in particular, for heavy nuclei. Nevertheless the
probability of mesonic decay of light hypernuclei is larger, so that the probability
of AA hypernuclei decaying with sequential emission of two m mesons is expected to
be considerably large.

In the decay of light hypernuclei, three-body decay spectra generally predomi-
nate. Fig 1.2 shows the observed 7 ~decay spectrum of 4 He three-body decay taken
in the experiment compared with a theoretical 7~ spectrum I'y- (1He)/T'a [19]. They
took into account the final-state nuclear interaction and the pion distortion in order
to realistically calculate the pionic decay to the continuum. These calculations have
been successfully applied to describe the decay of 4H, 3 He and so on.

¥ T L} T T ¥ 40
5 - 135
E 0.04} L
= 430
L < /,-{
= 003} Vi 25
5 Ve g
£ 20 2
5 002} 2
> 15
S
] 01} 10
5
0 i 'y 1

. : 0
140 145 150 155 160 165 170 175
Pion total energy [MeV]

Figure 1.2: The observed 7~ decay spectrum of 4 He three-body decay taken in the
emulsion experiment compared with a theoretical 7~ spectrum of I', - (1 He)/T'2[19].
The dashed line is the spectra without smearing and the bold line is the one with
1.0 MeV smearing in Lorentzian weight.
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Figure 1.3: A theoretical 7~ spectrum of I';- (§,He)/T"s

In the case of AA hypernuclei, the situation may be the same as in A hypernuclei
case; for example, §,He will only decay into a 3-body final state. Fig 1.3 shows
an expected 7~ spectrum of §,He by a similar treatment [20], which produces an
almost monoenergetic pion spectrum (about 100 MeV/c with 1.7 Mev/c FWHM).

Even if the hypernuclei would decay into three-body, we can identify the species
of decaying nuclei by observing 7 “momentum. The production of AA hypernucleus
and its mass can be measured by two pions coming from sequential mesonic weak
decays.

1.3 Experimental principle of E906

The experimental method for identifying AA hypernuclei is based on the observation
of the sequential decaying charged 7~ from AA hypernuclei in coincidence with the
decaying 7~ from single-A hypernuclei which are well known.

. One of the characteristics of our experiment is that the AA hypernuclei can be
identified only by measuring the momentum of 2 7~’s without investigating the
reaction vertex precisely as is done in the emulsion experiment. Momentum of 7~
gives information about species of hypernuclei. This method will lead to a new
spectroscopy of double-A hypernuclei by using high intensity kaons in the future.

For example, I explain the case of {4, H.
4AH will decay as follows:

AAH — 4He+ m~ — 3H+p+ 7"

L—*He3+p+7r‘ l——'He3~}—7r“
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Figure 1.4: The AA bond energy ABa, is plotted as a function of the weak decay
pion momentum p, from 4,H decay to the ground state of 4 He.

The momentum of 7~ from 3H is 114.3 (MeV/c). As Fig 1.2 shows, 7~ from 4 He
three-body decay is well-known. Branching ratios of 7~ are ~0.34T"y and ~0.30Ty
for 3H and 4 He, respectively. If we measure another pion momentum in coinci-
dence with the pion from single A hypernuclei decay, we can obtain the mass of
double-lambda hypernuclei. Fig 1.4 shows the relation between ABaa and decay-
ing 7 “momentum to two-body final state. Calculated branching ratios of 7~ decay
rates are large enough to be observed; ~ 0.25I'y and ~ 0.52I'y for two-body and
three-body decay of 4 ,H, respectively.

We used a °Be target for E906 because the possible AA compound nucleus has
7Z<3 and the available species of the final hyperfragment are limited. Furthermore
it is well known that °Be can be considered as two alphas plus a loosely bound
neutron, so that the @ value for AA conversion process might be consumed in alpha
particle breakup, leading to a high sticking probability for the AA pair [21]. 4, H is
one of possible candidates in our experiment.

A theoretical calculation, assuming the direct production process, shows that
the production rate of 3, H in °Be target is extreamely large [18]. According to this
suggestion, we also expected to detect 3,H. The momentum of 7~ from 3, H is
predicted to be around 134 MeV /c, and {He, which is the daughter nucleus of 3 \H,
undergoes 3-body decay, giving a 7~ momentum about 98 MeV /c.

Fig 1.5 shows an experimental result and a theoretical calculation of the 7~
momentum from 3He. The expected momentum of 3 ,H, 134 MeV /c, is far from the
7~ from other hypernuclei except for 1H.
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Figure 1.5: The observed 7~ decay spectrum of 3He three-body decay take in the
emulsion experiment and the dotted line shows a theoretical calculation [20].

Our proposal was approved and the CDS construction was started in 1995, the
experiment was carried out starting 1997. We took the data for the production
mainly in 1998. Details of the cylindrical detector system, design and construction,
are described in the next chapter, Chapter 2. Chapter 3 shows the experimental
setup in the D-line experimental hall of BNL-AGS. The procedures for the data
analysis are shown in Chapter 4, which consists of three sections. In Section 4.1,
the Helical-track Reconstruction Module (HRM), which is an analysis program, is
briefly explained. Then the calibrations and performance evaluations of CDS are
described. Section 4.2 shows the beam line analysis; an explanation of identifying the
=~ production via (K=, K*) reaction. In the last section, Section 4.3, the evaluation

of the sequential pion production of the AA hypernuclei is described. In Chapter 5
a discussion of the results are presented, and in Chapter 6 the final conclusions are

summarized.




Chapter 2

Cylindfical Detector System

I played a main role of the planning and constructing the cylindrical detector sys-
tem(CDS). The CDS comprises four main components, a cylindrical drift chamber
(CDC), a z-position chamber (CDZ), a hodoscope (CDH) and a solenoid magnet.
CDS was optimized to detect decay pions whose momenta lie in the range from 90
to 140 MeV/c..

Fig 2.1 shows a schematic view of CDS.

CDC plays the role of the central chamber which traces the helical track of
charged particle. CDZ also gives the Z information of the track just outside the CDC.
Hodoscopes which surround the CDZ provide time-of-flight (TOF) information for
the event trigger. The CDS solenoid magnet provides momentum analysis for the
decay particles.

I oversaw the operation of the CDS during most of the experiment. As words
cannot do justice to the difficult experience this was, I will stick to the technical de-
scription only, giving the design principle and construction in this chapter. The CDS
performance; momentum resolution, analysis efficiency and so on, will be described
in the chapter 4.

2.1 Design principle of CDS

The primary aim of the CDS was to provide the best possible momentum resolution
for the decay pion.

As is the case with detecting low momentum particles, multiple scattering inside
the central chamber is not negligible. To minimize the effects of multiple scattering,
we reduce the amount of material inside of chamber. This was accomplished by
using a helium-based gas mixture and aluminum field wires in the CDC.

It was also desirable to fill as many layers as possible into a limited space, because
we need more sampling points for better momentum resolution and recognition
efficiency of tracks. The final CDC design called for 12 layers of two different types;
axial layers, in which the sense wires are arranged parallel to the CDC axis, and
stereo layers, in which the sense wires are inclined with respect to the Z axis.




CHAPTER 2. CYLINDRICAL DETECTOR SYSTEM

Z—Chamber

Figure 2.1: A schematic drawing of Cylindrical Detector System

The uncertainties in track momentum and direction due to multiple scattering
and measurement errors are given by approximate expressions developed in [22].
These contributions to the momentum resolution are generally expressed by the
following formulas.

5PT 2 6PT 2 5PT 2
( Pr ) - ( Pr )m ¥ ("ﬁ;)ms (21)
(é.%) = _[_).7: . Ire . 720 (2 2)
PT m 0.3 LgampleB N + 5 ’
-+« from number of sampling point and position resolution

O0Pr 0.05 1.43

il = . 2.3
( PT )MS ﬂB LsampleXrad ( )

- - - from Multiple scattering
where Pr is transverse momentum (GeV/c), 0,4 is spatial resolution, Lsgmpe
is sampling length, N is No. of sampling points, B is magnetic field (T), X,.q is
radiation length within sampling area.
If we assume the following parameters, Pr=100 MeV/c, 0=200 pum, Lggmpe=20
cm, N=12, B=0.5 T, X,,4=640 m(for gas mixture He:CoHg=50:50),

. (%ﬂ)m =2.16 x 1072

. (éf:r: = 1.52 x 10™2

Pr )MS

These two effects are added in quadrature to give

(L

7 ) =264 x 1072 (2.4)
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Since the final momentum is obtained from p; as p=p;/cosa, where « is a dip
angle , we also need a good dip angle resolution. For this purpose, we installed the
Z-chamber surrounding the CDC and several super layers of stereo wires in the CDC.
If CDZ resolution is 2 mm in sigma, the contribution of the dip angle resolution is
less than 1.0% even at 45deg. In conclusion, from equation (2.4) I estimate that
total momentum resolution is 6MeV/c (FWHM) around 100 MeV,

Secondly, as it is necessary to detect simultaneously two pions in a sequential
decay, CDS must cover a large solid angle. In a cylindrical geometry, the angular
acceptance is expressed as

Rinner )
L./2

Taking account of the forward spectrometer acceptance, we have to make the
total length L, shorter than 1 m. We chose an inner radius Rinner of 30 cm and
total length L, of 88 cm, so that the acceptance will be larger than 60% of 4.

Finally, since we want to simplify the tracking algorithm and AP,/P, x AB/B,
the uniformity of the magnetic field must be better than 1% or the magnetic field
should be measured within this accuracy. We designed the solenoid magnet to have
an almost uniform field; its variation is within 0.5% in the effective area of the drift
chamber.

AQ = (1—28/7) x 47,8 = tan™( (2.5)

2.2 Cylindrical drift chamber(CDC)

The momentum of a decaying 7~ from hypernuclei is relatively low; the momentum
region is between 90 and 140 MeV/c. To minimize the effect of multiple scattering,
we select low Z material inside the chamber.

e Al-based wire for the field wire (80 pm).

¢ Helium:Ethane=>50:50 mixture for chamber gas.

Al field wire

As field and sense wire are localized in the chamber, it is difficult to get a realistic
estimate for their contribution to multiple scattering. The density of the chamber
gas (He:CyHg=50:50) is 0.77x 1072 g/cm®. The amounts of Al and W wire, averaged
over the chamber volume are 0.55x107 g/cm® and 0.28x1072 g/cm?, respectively,
which are comparable with the density of the chamber gas (Table 2.2). In this case,
the contribution of the wire to multiple scattering is small.

At the beginning we intended to use pure Al wire assembled by a clipping tech-
nique, but 80 pm Al wire was so thin that the wire was broken as soon as it was
clipped. Eventually, we used Au-plated Al wire assembled by soldering.
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Table 2.1: Density and radiation length of materials inside of the chamber

{ LX‘); Radiation length[g™!/cm?] [ p; Density of material[g/cm?] %Q [m] ‘
Al 24 0.55 x1073 430
W 6.8 0.28 x1074 240
He:CyHg=50:50 0.49 [ 0.77 x1073 640

Helium-based chamber gas

Helium has the largest radiation length of all gases except for hydrogen (Table 2.2).
We use helium-based gas for drift chamber, so that we can keep the radiation length
large inside the chamber.

Table 2.2: Radiation length of gases

| Radiation length [m] |
He 5300
Ar 110
C,Hs 340
He:C3yHg=50:50 640
Ar:CoHg=50:50 82

On the other hand, there exist well known difficulties in handling He based gas
for the drift chamber. The properties of gas mixtures have been well studied [23].
For Helium:Ethane=>50:50 gas, the electron drift velocity is saturated and almost
constant, about 4 cm/usec over 2 kV/cm*atm (Fig 2.2). The solid curve are a
calculation of Peisert and Sauli [24].

From this figure, one notices that the drift velocity changes by about 1% when
the gas mixture rate changes by 1%. Its influence in spatial deviation is about 100

pum for about 1 cm drift length. In order to control the rate of gas mixture, I designed

a gas flow system with a mass flow meter, whose accuracy of the flow rate is within
+ 0.5%, (Fig 2.3). For stable operation of the chamber, filtering for deoxygenation
and dehydration was used in order to remove impurities from the gas.

Layer design

As described in the begining of this section, we need more sampling points for a
better momentum resolution and reconstruction efficiency. I tried to cram as many
layers as possible into a limited space. Cylindrical chamber has 12 layers of two
kinds:

e Axial Layer: sense wire is pitched parallel to Z axis, beam direction.
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Figure 2.2: Electron drift velocity ‘
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e Stereo Layer: sense wire is inclined to Z axis.

Axial layer and stereo layer comprise 6 layers, respectively (Fig 2.4). Dot, circle
and small dot represent the position of sense wire, field wire and shield wire, re-
spectively. Because the stereo layer is inclined to the Z axis, we get Z information
of particle tracks. CDS has two segmented groups of three stereo layers, so that we
can reconstruct three dimensional information of tracks by the CDC alone.

Parameters of the wire configuration are given in Table 2.2. The overall number
of cells is 576.

Table 2.3: CDC wire configuration parameter

Layer | Radius | #cells/Layer | Cell size | Stereo | Angle HV
(mm) (mm) (degree) | (kV)

1 82 36 13.6 U 3.4 2.0
2 100 36 16.6 A% 4.1 2.0
3 118 36 19.6 U’ 4.9 2.0
4 134 36 23.4 A 0.0 2.3
) 148 36 25.8 A 0.0 2.3
6 162 36 28.2 A 0.0 2.3
7 194 60 20.2 Vv 4.9 2.0
8 213 60 22.0 U 5.3 2.0
9 231 60 24.0 Vv’ 58 2.0
10 247 | 60 25.8 A 0.0 2.4
11 259 60 27.2 A 0.0 2.4
12 271 60 . 284 A 0.0 2.4
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Practical CDC wire configuration
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Figure 2.4: Practical CDC wire configuration

Readout

Preamplifier boards for CDC are put on the end plate, arranged like a radioactivity
warning sign as shown in Fig 2.5. I design the board with 96 channels preamplifier
mini cards in total, which are grouped in 6 segments consisting of 16 channels.
Each sense wire is connected to a preamplifier mini card, which is so-called Radeka-
Amp. Radeca-amp was originally developed in the department of instrumentation
of BNL and the cards which we use for CDC are manufactured in Japan. The
output from preamplifier is sent to the post-amplifier board, on which the signal is
discriminated after being post-amplified. Discriminated signal is sent to the LeCroy
R1877s Fastbus multi-hit TDC, which digitizes the time information as 500 psec per
channel. :

Structure

The size of the cylindrical chamber is 298 mm in radius and 920 mm in length. Fig
2.5 shows a schematical overview from the beam direction. Fig 2.6 shows a drawing
of a side-view.

The two end plates are identical; an end plate is made of aluminum of 20 mm
in thickness. A hole with radius of 50 mm is made in the center of the end-plate
for incoming K~ and outgoing K* particles. The end-plate has about 3600 small
holes into which insulator feedthroughs made of Delryn are put. The diameter of
feedthrough is 4 mm, a brass tube of 1 mm in diameter is stuck into the feedthrough
and the wire is assembled by soldering in the tube.

The end plates are supported by a cylindrical wall made of CFRP (Carbonized
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Fiber Reinforced Plastic), 5 mm in thickness. Two posts are placed on both sides of
CDC, which support the Al-end plate with the CFRP wall. The post has a channel
where preamplifier boards of the Z-Chamber are put.

We use an gold-coated aluminum wire with diameter of 80 pum for the field wire
and an gold coated tungsten wire with diameter of 20 um for the sense wire.

2.3 Z chamber

We place the Z-Chamber just outside CDC in order to get additional Z information
of path of particles (Fig 2.5). A conceptual design is shown in Fig 2.7. The Z-
Chamber comprises one layer of MWPC with two sheets of cathode readout.

There are two identical planes, one located on the upper side and the other on
the lower side of CDC (Fig 2.5). The cathode comprises 18 um Au-Cu strips on a
Kapton sheet of 35 um in thickness. The width of the strip and the spacing between
adjacent strips are 5 mm and 0.5 mm, respectively, which is shown in the Fig 2.8.

One sheet has 160 strips of 880 min length. The cathode strips are oriented
normal to the anode wire which are parallel to Z direction. The anodes are made of
a gold coated tungsten wire, 30 um thick. The pitch of the anode wires is 2.64 mm.

The chamber body consists of inner and outer FRP (Fiber Reinforced Plastic)
cylinders with 920 mm long and 2 mm thick. The radii are 298 mm and 310 mm,
respectively. The total gap between two cathode planes is 8 mm.

The chamber gas is Ar based gas(Ar:Ethern=>50:50). An operational voltage is
2400 V.

We use the same preamplifier card as CDC’s for each strip. I design the Z-
Chamber preamplifier board which has 16 channels preamplifier cards. 40 pream-
plifier boards are installed in the channel of the CDC’s posts. The output from
preamplifier is sent to the post-amplifier board, RPV-022-a, which are developed by
the KEK-E246 group and provided by REPIC Co. Ltd.

Instead of the twisted pair cable, a board using a logic delay IC chip was designed,
which delays the signal from post-Amp board by 300 nsec. It gives a better linearity
of the pulse height than the delay cable. The boards are assembled directly on the
back plane of the crate for the post-Amp’s. The signal amplified by post-Amp is
sent to the counting house and put into the FASTBUS 1885F ADC, which analyzes
the pulse height with 12 bits information.

This chamber could not be used during the physics run due to breaking down
of many field wires. The difficulty with this chamber was due to the dimensional
precision required for the FRP. The deformation of the frame leads to dislocation
of the anode wires, and gives the wires the unexpected strains caused by electrical
force. A wire was finally broken by a critical discharge.
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2.4 Hodoscope

A hodoscope we called CDH surrounds the CDZ and was used for the TOF mea-
surement and the trigger.

CDH consists of 22 logs of plastic scintillators which are made of BC-408, pro-
vided by BICRON. A log is typically assigned to cover 15 degrees in ¢. I designed
two types of logs with different dimensions; Fig 2.9 shows the two different CDH
scintilalator cross section. A type is the normal type, B type, which is a little bit
small, is put on both the up- and down-side of the CDC posts. Each scintillator log
was 980 mm long.

It was necessary to put the PMT inside the solenoid magnet due to the limited
space of the target area of the D-line. Since the PMT’s were inside the magnetic
field, we adopted a fine-mesh PMT (H6614) provided by Hamamatsu Photonics.
Because it uses a fine-mesh dynode, fewer electrons escape due to magnetic flux, so
that good gain can be maintained inside the magnetic field. The fine-mesh PMT
gave sufficient gain which I expected.

“The PMT’s are assembled on both sides of the scintillator with a kind of light
guide made of Lucite.

2.5 Solenoid magnet

Fig 2.10 shows a drawing of the solenoid magnet. It is 1180 mm wide, 1180 mm
high and 1280 mm long. The radius of the inner cylinder is 356 mm. It is cooled by
water. Specifications are listed in the next table.

Table 2.4: Specification of Solenoid Magnet

Maximum Magnet Flux - 5 (kGauss)
Number of Turns 216 (turns/coil)
Maximum Current 2250 (A)
Voltage 73 (V)

Power Consumption 165 (KW)
Cross-section of Conductor 20 x 20 x¢ 8 (mm)
Resistance 28 (mQ2)
Length x Width x Height | 1380 x 1180 x 1180 (mm)
Weight 7.2 (t)

We had to make some holes on the endplate in which PMT’s of the hodoscope
are put. In order to design the yoke, I used the computer code, named TOSCA, for
calculating the magnetic field. By changing the shape of the return yoke and hole,
I investigated the change of the magnetic field. I found a shape of the return yoke
and the hole, which satisfies the homogeneity of 1% in the CDC volume. A typical
result of the calculation is shown in Fig 2.11.
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I measured the field strength all over the magnet volume with an NMR probe.
The contour plot of the measured magnetic field is shown in Fig 2.12. Comparing
Fig 2.12 with Fig 2.11, both profiles are quite similar.

Actually, the magnet’s homogeneity is better than the calculation. For example,
Fig 2.13 shows a variation rate along the line (0,0,z); z from 0 cm to 45 ¢m in 5 cm
step, normalized to the value of the center of the magnet; (0,0,0). Its variation is

within 0.5%.
Fig 2.14 shows an excitation curve, i.e. magnetic flux vs. supplied current.
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Figure 2.6: A drawing of the CDC & Z-chamber (the side view)
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Z Chamber Schematic View
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Figure 2.9: Drawings of cross section of the CDH scintillator
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Figure 2.11: A typical result of the calculation of the magnetic field for XZ plane
with TOSCA

XZ plane
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Figure 2.12: A contour plot of the measured magnetic field inside the solenoid
magnet; XZ plane
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Chapter 3

Experiment

3.1 Overview

Experiment E906 was carried out at D-6 line of the Alternated Gradient Acceralator
(AGS) at Brookhaven National Laboratory. The D-6 line experimental hall was built
in 1990 for experiment E813 (H dibaryon search).

Fig 3.1, shows a schematic layout of the experimental setup which includes 1) a
magnetic spectrometer to identify the reaction K™p — K*Z", and 2) a Cylindrical
Detector System to measure the sequential decaying 7~ from S=-2 system.

GDS

solenoid
FC

1.8GeV/c \
K’ beam N BD2
i |ii (target A : ;Bm
ID1 102 ID3  FCO FD1 FD2 FD3 ,
tooo0 v 2 8 4 5 8 T & @
—_— > ¥ -
beam |ine CDS K"spectrometer

Figure 3.1: A schematic drawing of D-6 line experimental hall of AGS

In Fig 3.2, a schematic view of 2 GeV/c K~ beam line is shown. The beam
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line delivered 1.8 GeV/c K~mesons to create = hyperons with K-p — K*=" reac-
tions in the targets of Be and CH2. In the beam line, three scintillator hodoscopes
(MP,MT and IT), an aerogel Cerenkov counter (IC) and three drift chambers (ID1-
3) were installed for identification and tracking of the K~ beam. The outgoing K*
was analyzed with a magnetic spectrometer placed downstream of the target. The
magnetic field was 1.4 Tesla at the center of a dipole magnet (48D48). The field
direction was horizontal and thus outgoing particles were bent up vertically. The
K* was identified by the measured momentum and velocity calculated from the
time-of-flight (TOF) data and the path length. The momentum was derived from
the trajectory which was reconstructed with five drift chambers (FD1-3 and BD1-2).
The TOF information was obtained from data on a time-of-flight array (BT) which
was installed at the end of the spectrometer. Background particles in the K* iden-
tification were mainly pions and protons. Two aerogel Cerenkov counters (FC and
BC) differentiated the K* from the 7*. A lucite Cerenkov counter (FCO) eliminated
the knock-out protons by incident K™’s. T'wo scintillator hodoscopes (FP and BP)
were used to form a primary on-line trigger.

We installed CDS in the target section to detect the decaying particle from
(K~,K*) reaction in the target.

Most beam line and spectrometer elements had been fabricated for experiment
E813, and some were rebuilt or modified to be suitable for our experiment.

3.1.1 2 GeV/c K~ beam line

We obtained a high intensity 1.8 GeV/c K~ beam at D-6 line experimental hall of
BNL-AGS. Details of this beam line are given in [25].
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Figure 3.2: A schematic view of the BNL-AGS 2GeV/c K~ beam line

A schematic view of 1.8 GeV/c K~ beam line is shown in Fig 3.2. The beam
line elements include three dipoles (D1-3), nine quadrupoles (Q1-9), six sextupoles
(81-6), five octupoles (O1-5), two velocity selectors with separated E and B fields
(E1,2 and CM1-4), and collimaters (4-Jaw, HS and MS1.2).


http:tupot.lI

3.1. OVERVIEW

Primary protons accelerated to 24 GeV/c by the AGS are incident on a 9 cm-
thick platinum target located at the entrance of the first dipole (D1). Secondary
particles are transported with extraction angle of 5 deg and a momentum acceptance
of £3% (FWHM). After the velocity is selected with two stages of separators (CM1-
E1-CM2 and CM3-E2-CM4), they are delivered to the final focus point (FF) In
Table 3.1 are summarized the design parameters of the beam line.

Table 3.1: Design parameters of the AGS 2 GeV/c kaon beam line

Beam line-length 314 m
Momentum range up to 2 GeV/c -
Production target material platinum

lengthxwidthx height 9.0x0.7x1.0 cm?®
Central production angle 5 deg
Momentum acceptance +3% (FWHM)
Separators; E1 and E2 voltage 750 kV

size 4.5 m long, 10 cm gap
Solid angle 6.2-6.5 msr
momentum acceptance (MS1=3 mm,MS2=4 mm)

During the run of fiscal year 1998, K~ flux was, typically, more than 2.0 x 10°
/spill and 7 /K ratio was about 2, when 10x10'? primary beam hit the production
target, and the two separators were running at 700 kV each with the mass-slit
openings of 0.14” for MS1 and 0.19” for MS2.

3.1.2 Spectrometer Instrumentation
Spectrometer Magnet(48D48)

A BNL 48D48 dipole magnet(48” pole length by 48" width) with a gap of 80 cm was
used for the spectrometer. A booster coil was added to reach the desired field with
minimum field degradation due to the wide gap. The central magnetic field was set
to0 1.4 Tesla in the experiment. The field direction was horizontal and thus outgoing
particles were bent vertically.

Scintillator Hodoscope

In Table 3.2 are summarized the specifications of five scintillator hodoscopes, MP,
MT, IT, FP and BP. The hodoscopes MP and MT were installed downstream of the
first mass slit MS1 (see Fig 3.2). The primary function of MP was the determination
of the beam momentum by measuring the X position of the particle, whereas that of
MT is the measurement of the time-of-flight of the beam to IT. The hodoscope IT
with the intrinsic resolution of 60 psec in sigma provided the reference timing signal,
as the start counter, for all the detectors. For our experiment, a downsized IT was
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fabricated. For particles produced at the target center, the out-of-beam elements
(#1-#11) of FP gave a vertical angular coverage of —13.2 < 0y < —1.5deg, and the
top four elements (#12-#16) of FP were not used due to the incident beam hitting
the modules directly, whereas BP gave a horizontal coverage of |0x| < 6.4 deg.

Table 3.2: Specifications of the scintillator hodoscopes. The orientation is indicated
by the direction of hodoscope slats (V:vertical, H:horizontal).

Orientation Segmentation Dimension of each element
‘ length x width x thickness (cm?)
MT \Y 72 1.5 x 3.7 x 0.6
MP \Y 9 1.5 x 0.7 x 0.3
IT H 1 10.0 x 4.0 x 1.0
FP H 16 24.0 x 1.5 x 04
BP \Y

6 180.0 x 21.0 x 1.0

Drift Chambers

The spectrometer was instrumented with three drift chambers (ID1-3) to measure
the track of an incident beam particle and five drift chambers (FD1-3 and BDI1-
2) to reconstruct the track of an outgoing particle through the magnet. Table3.3
shows the specification of these drift chambers. In the outgoing channel, a particle
was bent vertically in the spectrometer, and the vertical position of the hit was
related to its momentum. Therefore, FD1-3 and BD1-2 were designed with a plane
configuration of y-u-v to have a better resolution in Y measurements. In contrast,
ID1-2 were designed with a plane configuration of x-u-v to give a better resolution
in X measurements which were related to the beam momentum. ID3 was especially
fabricated for E906 experiment because we don’t have enough space to put another
chamber in the upstream of the Solenoid magnet. In order to get a better vertex
resolution of (K™, K*) reaction, it was installed in just front of the target inside
the CDS. ID3 were designed to have 4 planes with a configuration of u-u’,v-v’.
The gas mixture used to operate all of these drift chambers was 77% argon, 20%
isobutain and 3 % methylal, which had been shown to have good chamber aging
characteristics.

The two beam drift chambers ID1-2 were identical and so were FD1 and FD2.
The drift cell of these chambers were designed for operation at a high beam rate.
Sense wires were positioned with a 5.1 mm (0.2”) spacing and thus the maximum
drift distance was 2.5 mm, giving the maximum drift time of 50 nsec. ID3 is a small
" chamber, whose sense wire spacing is 4.23 mm and maximum drift distance was 2.1
mm. giving the maximum drift time of 40 nsec. The chamber FD3 was installed
inside the magnet for better determination of the momentum. It provided fast
outputs of Y hits for a second-level trigger, which is described later. The chambers



3.1. OVERVIEW

BD1 and BD2 had the active area of 124 cmx224. They had a similar design of
drift cells with sense wires placed with 2.0 cm spacing. The position resolution in
sigma of these drift chambers were 0.2 mm for ID1-2 and FD1-2, 0.3 mm for FD3
and 0.4 mm for BD1-2. '

Cerenkov Counters

We installed four Cerenkov Counters to separate the kaons in =~ production from
the background, pion and proton.

In order to separate K~ from 7~ in the 1.8 GeV/c beam, the aerogel Cerenkov
counter IC with a refractive index of 1.03 was used. Before the fiscal 1997 run, we
fabricated the down-sized new IC. Fig3.3 shows a schematic drawings of IC.

Side View i Front View

e Iron Frame

Beam E Z Asrogel Block —_____|
_Deam |

waygl,

Black Plastic Film

Millipore /

76 mm 254 mm

Figure 3.3: A schematic drawing of the new IC

For the separation of outgoing K~’s from 7~ ’s, two aerogel Cerenkov counters
FC and BC, both with index of refraction n of 1.04, were install in the spectrometer.
FC is located between FP and FD1. The function of BC, located downstream of
the magnet, was the rejection of background pions, muons and electrons originating
from in-flight decay of incident K~’s and also from secondary interactions of non-
interacting beams. )

FCO0 was installed in front of FC to eliminate the knock-out proton , that ap-
peared to be a K*from the (K™, K*) reaction. Fig 3.4 shows a schematic drawings
of FCO.

In Table 3.4 are summarized the specifications of each counter. We had good
quality dry aerogel for IC and FC. As for IC, the radiator cell was viewed by four
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Figure 3.4: A schematic drawing of the FCO

PMT and the four readout signals summed up to detect the Cerenkov photon. We
use the 2” PMT’s (Hamamatsu H1161) for IC in order to reduce the thickness of
elements in beam direction. As for FC, the four 3” Finemesh PMT’s (Hamamatsu
H6155-01) were used and the four readout were summed up as well as IC. They were
installed in the iron box to prevent loss of transparency due to water absorption.
They were operated in beam at high counting rates, equipped with PMT’s with
booster power supplies to hold potentials. Booster power was supplied to the last
three dynodes for IC, and the last four dynodes for FC.

For FC and BC, the high voltages supplied to each PMT were adjusted to give an
equal gain for a detected photon and the position of the single photo-electron peak
in ADC spectrum was monitored by flashing green LED’s installed in the devices.

The aerogel blocks used for BC were manufactured by the Air-glass Company
in Sweden. Aerogel blocks were kept in dry nitrogen gas to prevent from change
in transparency, but device performance had been worse due to deterioration from
hydration until 1997’s run. We dried all of the radiators of BC before starting 1998’s
run. Each PMT of BC was placed inside a 1/4”-thick magnetic shield of iron. The
use of a pu-metal pipe extended by about 3”7 from the cathode surface was effective
in reducing the magnetic field effect on the performance of the PMT. A collar of
aluminized mylar was installed in front of the PMT to increase the light yield[26].
Output pulses from 40 PMT’s were linearly added.to obtained ADC spectrum. -

The aerogel radiator cells of these devices were coated with highly reflective white
paper(Milipore) to prevent loss of Cerenkov light.

FCO was a differential Cerenkov counter using a lucite block. Fig 3.4 shows a
schematic view of FC0O. The block was shaped from a part of the sphere whose
diameter was 70 cm. The thickness was 1 cm. Three PMT’s were mounted on FCO
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through light guides. The device was also installed in an iron box. It was designed
and built for experiment E906.

The devices were tested with the 48D48 magnet on. Based on studying the
threshold of the IC’s ADC spectrum, 15% 7~ contamination for 1.8 GeV/c incident
was allowed in order not to lose kaons beam. Studying the counts below the applied
threshold of ADC spectrum, inefficiencies for 1.4 GeV /c pions were less than 2.5% for
FC and 2.0% for BC. Identifying the scattered particle by studying the correlation
between IT-BT time of flight information and the momentum analyzed by 48D48
spectrometer, inefficiency for 1.4GeV/c proton is 70% for FCO, where K~ efficiency
is about 92 %.

Time-of-flight Array(BT)

The time-of-flight array BT was located at the end of the spectrometer to measure
TOF’s of outgoing particles. The typical flight length was 7.9 m from the target,
giving TOF difference of 1.8 nsec between the K* and 7% at a momentum of 1.25
GeV/c. Details of the design and the device performance were described in Ref[27].
The array consisted of 40 logs of plastic scintillators(BICRON BC-408). Each scin-
tillator log was 200.0 cm long, 8.5 cm wide and 5.0 cm thick. Each end was directly
coupled to 2”-diameter PMT(Hamamatsu H1949) without a light guide. The signal
from each anode was discriminated and the timing signals were then read by Kinet-
ics F432 FASTBUS TDC and also by LeCroy FERA/FERET system to provide a
fast conversion of signals for the second-level trigger.

The whole array was tested with the beam by changing the field of the magnet,
and the TOF resolution averaged over 40 elements was found to be 130 psec in
sigma. By unfolding the resolution of the START signal (60 psec), the intrinsic
timing resolution of 110 psec in sigma was obtained.

3.1.3 Trigger

The event triggers were formed by using signals from the hodoscopes (IT, FP, BP,
CDH), the Cerenkov counters (IC, FC, FCO0, BC). In Table 3.5 are summarized the
definitions of event triggers used for the data taking in the 1998 run, typical event
rates per spill and adopted prescale factors.

Triggers for (K™, K™*) reactions were KK and KKCDH. The main trigger was
the KKCDH trigger which means that at least one decaying particle was detected
by the CDS following (K~, K*) reaction in the target.

In the run, events with different types of triggers were taken simultaneously with
appropriate pre-scale factors which are shown in Table 3.5. For each event, a bit was
set with a CAMAC input register for distinguishing the trigger types of reactions
in the off-line analysis. The rate for the KK trigger was typically 350 per 1.0x10°
K~ ’s incident on the target, while it was reduced to 140 for the KKCDH trigger.
As I mentioned in the Cerenkov section, KSCAT included a lot of protons knocked
out by incident K~. Further reduction of the trigger rate was achieved by rejecting



CHAPTER 3. EXPERIMENT

proton events with the second-level trigger based on a front-end computer. The
rejection was done based on TOF difference between protons and kaons. The bottom
half of the FD3 y-y’ planes were segmented to give 16-bit information of vertical
hit positions by which the momenta of outgoing particles were roughly determined
combined with BT. Signals from BT were digitized by the LeCroy FERA/FERET
system to provide fast TOF information of hits. With this second-level trigger, the
event rate was reduced to 30, and the live time of data acquisition system was more
than 80% of the total running time.

3.1.4 Data Acquisition and Monitoring

The data acquisition system had been developed based on the one used in the
CERN NA36 experiment[28]. The kernel of the system was a pair of VME-based
microprocessors (FIC 1&2), one for the event readout and the other for the event
building and output to an Exabyte 8mm tape drive. The latter served also for on-
line monitoring. The device signals were processed mostly with FASTBUS ADC’s
and TDC’s. Discriminated signals from the drift chambers of the beam line and the
spectrometer, about 2400 channels in total, were digitized by LeCroy 1879 pipeline
TDC’s. We use LeCroy 1877 multi-hit TDC’s for CDC’s discriminated signals. -
Outputs from PMT’s, about 150 channels in total, were divided into two; one fed to
a LeCroy 1885F ADC for pulse height measurements and the other fed to a Kinetics
F432 high resolution TDC (25psec/ch) for timing measurements. A signal from
CDZ was measured with LeCroy 1885F ADC’s for pulse height. The DAQ system
included also several CAMAC modules to process scaler data and the trigger bits.
Scaler information was read out either event-by-event or spill-by-spill, depending on
the purpose.

For on-line monitoring, a sample of data was transferred to a VAX computer
through a dual-ported Q-bus/VME memory from BIT3. The data were also trans-
ferred from the host computer to other workstations linked through Ethernet. The
on-line monitoring was made with a package called “IDA (Interactive Data Ana-
lyzer)” The IDA had various processes running at a time. One of such processed
was called “OPERATOR?” to control the event analysis (start and stop the analysis, -
for example). A program called “HVIEW?” displayed histograms defined by users.
There were also programs such as “EVIEW” to display a view of each event and
“NORMON?” for monitoring of scaler information.



3.1. OVERVIEW

Table 3.3: Design parameters of drift chambers used in the experiment.

Plane Orient-  Sense wire Active area  Location Sigma

ation Spacing(mm) #channel XxY(cm?) Z(cm) (mm)
u-u’  120deg 5.08 24x2

ID1  v-v'  60deg 5.08 24x2 12.2x10.6  -92.3(cm) 0.2
' x-x’ Odeg 5.08 24x2
u-u’  120deg 5.08 24 %2

ID2 v-v’ 60deg 5.08 24x2 12.2x10.6  -77.7(cm) 0.2
x-x'  Odeg 5.08 242

ID3  u-uw’ -45deg 4.23 10x2 5.5%x1.5 -20(cm) 0.2
v-v’  4bdeg 4.23 10x2
u-u’  210deg 5.08 48 %2

FD1 v-v’  150deg 5.08 48%2 21.2x24.4 78.7(cm) 0.2
y-y'  90deg 5.08 48 %2
u-u’  210deg 5.08 482

FD2 v-v’ 150deg 5.08 48 %2 12.2x10.6  112.4(cm) 0.2
y-y’  90deg 5.08 48 x2
u 150deg 12.7 64

FD3 y  90deg 12.7 64 45.7x81.3  191.4(cm) 0.3
y’ 90deg 12.7 64
Y 30deg 12.7 64
y  90deg 20.0 112

BD1 u 120deg 20.0 128 114.0x214.0 415.5(cm) 0.4
v 60deg 20.0 128
y’ 90deg 20.0 112
y 90deg 20.0 112
u  120deg 20.0 128

BD2 v 60deg 20.0 128 114.0x214.0 498.3(cm) 0.4
y’ 90deg 20.0 112
v’ 60deg 200 128

The sense wires of x’ plane are located at the position shifted from the sense wires
of x plane by the half size of the cell. The notation for other planes is same as this.
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Table 3.4: Design parameters of aerogel Cerenkov counters

IC FC FCo BC

Effective area (XxYcm?) 11.5%2.0 25.0x25.0 18.0x18.0  126x189
Total thickness(cm) 5.8 9.0 1.0 9.0
Refractive index 1.03 1.04 1.5 1.04
Threshold momentum for 7/K  0.56/1.97 0.49/1.74 - 0.49/1.74
(GeV/c)
PMT Hamamatsu Hamamatsu Hamamatsu Burle

R1161UV  H6155-01UV  R1161UV 8854
Number of channel 4 4 3 40

Table 3.5: Definition of the on-line triggers. The typical rate per spill and prescale
factor used for the data taking are also shown

Bit Definition Rate/spill Prescale factor
KBEAM ITNIC 1.0x10° 4x104
PIBEAM : ITNIC 2.0x10° 1x108
KSCAT FPNBPN(FC UBC) - -
PISCAT FPNBPN(FCUBC) - -
PIPI PIBEAMUPISCAT 3800 -
PIK PIBEAMUKSCAT 350 -
KPI KBEAMUPISCAT 1500 200
KK KBEAMUKSCAT 350 20
KKCDH hold KKNCDH 140 -
KKCDH passed 2nd-level KKNCDH 30 1
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Chapter 4
Analysis

In this chapter, the procedures for the data analysis are described. The experiment
for the AA hypernucleus is decomposed into two measurements; identification of
=~ produced via (K, K*) reaction and measurement of the sequential decaying 7~
from the AA hypernuclei. The performance of each measurement is evaluated based
on the data collected in 1998.

At first, the calibration procedures and the evaluation of the performance of the
CDS are explained in Section 1. Section 2 shows the identification of =~ produc-
tion by 48D48 spectrometer system. In the last section, the identification of AA
hypernucleus is described. '

4.1 Calibration of the CDS

In this section, calibration of the CDS is explained. As I mentioned in Chapter
2, it was unfortunate that Z-chamber could not be operated due to break-down
of many wires. The CDC calibration process is mainly described here. We took
several sets of the calibration data. The cosmic ray data is used to determine the
XT functions of CDS. We study the various performances of the CDS with the data
of 7~ elastic scattering with a slat target made of polyethylene. The momentum
scale was calibrated by the momentum of % from I* stopped in the target.

4.1.1 Helical-track Reconstructing Module (HRM)

An analysis program; Helical-track Reconstructing Module (HRM), for the CDS was
developed mainly by T. Tamagawa, who is a member of E906. This software roughly
consists of three parts; the track finding, the fitting and the vertex reconstruction.
The track finding part gives the data set which constitutes a track by matching
the possible hit pattern, and prepares the several candidates of the initial track
parameter for each track. The fitting part starts fitting with these initial parameters
and derives the fitted track parameters by the least square method. The vertex
reconstruction part categorizes the event according to the topology. For example, an
event contains two negative and one positive tracks is categorized into the candidate
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of Z~. The category of AA hypernuclei consists of those events which have only two
negative tracks.

An event display was implemented using HIGZ package of CERNLIB. We can
easily survey the whole system; an example of the event display is shown in Fig 4.1.
This shows a typical event of =~ decay.

TOP VIEW CDS EVENT DISPLAY

EVENT STATUS
MAGNET OH
RUN 4940
et 215
TRACK, INFURMATION
G P(Me) P RCH N3
41 W78 20 24 "
- - -1 183 o7s 32 "
-1 BR4 882 8O 2
Tl VERTEX INFORMATION
> s el x Y z del Iv(GaV)
R 22 101 ~2.38  0.27 ARIL)
.
- JE
\
SIDE VIEW ‘ XY VIEW

Figure 4.1: An example of the event display

4.1.2 XT function process with cosmic ray data

Just before starting the physics run, we took several sets of the cosmic ray data
with the solenoid magnet turned on. We used this to determine the XT function of
the CDC, which is the relation function between the drift time (T) of the electron
and the drift length (X). The function is calibrated for each layer. A cosmic ray
was triggered by two CDH segments facing each other across the CDC. We accepted
only those rays which traversed the CDC from one side to the other completely and
left more than 22 layers hit for the calibration.

XT functions were processed by repetition of the following procedure. At first,
drift circles of hit cells are assumed by a trial XT functions. Secondly, a track
is reconstructed by fitting a set of drift circles except for a remarked layer’s drift
circles, and the closest distance “X” between the reconstructed track and the sense
wire of the remarked cell are calculated. In the third, the pair of X and time
information from TDC are accumulated for each layer. A number of XT pairs
is plotted in two dimmensioanl histogram, and the scattered image is fitted by
a function to make a next trial XT function. The fitting function is : X(T) =
A0+ Al x T+ A2 x T? + A3 x T? + A4 x sqrt(T)
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This procedure was iterated until the average of residual of all layers was un-
changed. In Fig 4.2, a typical scatter XT plot is shown.
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Figure 4.2: A typical XT plot; layer 4 Figure 4.3: The residual of layer 4

The final XT function gives the residuals of each layer, Fig 4.3 shows a histogram
of the residual of layer 4.

The results of the residuals is summarized in table 4.1. The residuals in the table
4.1 include the contributions from multiple scattering and the tracking error at the
respective layer. When we assume the momentum of cosmic ray to be 1 GeV/c,
the effect from multiple scattering is equivalent to 60 pm in the spatial resolution.
The approximate formula of the tracking error is given in [29], which is a function
of the layer’s geometry. This formula gives the tracking error at an arbitrary point
along the track, and the error is calculated to be 35% of the intrinsic resolution on
average. When we account for these effects, the intrinsic resolution is estimated to
be 230 pm.

At last, I should mention that, since we could not supply enough voltage on
layer 12, the efficiency of layer 12 was unfortunately so small that layer 12 did not
participate in the tracking.

Vertex resolution

The vertex resolution was studied with 7 scattering on a slat target. The target
was made of polyethylene and is shown schematically in Fig 4.4.

Incident 7~, whose momentum is 1.4 GeV/c, scatters elastically with a proton
in the target. CDS then detects two tracks of proton and #~. The vertex point is
reconstructed by assuming the center of two points which give the closest distance
between two tracks projected on the X-Y plane. A histogram of the 1econst1ucted
target image in z direction is shown in Fig 4.5.
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Table 4.1: A result of the residuals of all layers

# Layer | Residual(pm)

1 272

2 263

3 254

4 198

) 203

6 185

7 281

3 328

9 375

10 209

11 209
12 -

Ave. - 252

The cut conditions are that the reduced chi-square of the fitting is less than 5 and
the vertex information in x and y direction is inside the target region. This shows
the slat target image very clearly, which gives the vertex resolution of z direction is
3.7 mm in sigma. This corresponds to 200~240 pm of the CDC’s intrinsic resolution
in r-¢ plane. ’

The vertex resolution in x-y plane was given by the image of the frame of the
silicon strip detector(SSD). We tried to introduce the SSD’s to get the vertex reso-
lution better, but in vain. The environment in experimental hall, temperature and
humidity, is very hard for the SSD’s to be operated properly.

SSD’s still were installed during taking the data with the slat target and the
7~ beam was broad enough to scatter in the frame of SSD’s, whose thickness is 2
mm. Fig 4.6 shows a histogram of the vertex in y axis which originates from the
SSD’s frame. The image gives a sigma of 1.2 mm, which corresponds to a vertex
resolution of 1 mm in the y axis.

The geometry of CDS is symmetry in the r-¢ plane, which means that the reso-
lution in the x direction is the same as in the y direction. A Monte Carlo simulation
was done: it gives us the same vertex resolution in x as in y.

4.1.3 Momentum calibration of CDS

The momentum scale of CDS is calibrated by observing the 7+ from the decay of
stopped/in-flight % produced in the (K=, 77) reaction with a CH, target. A &%
was produced via a (K™, 77) reaction with the incident K~ whose momentum was
1.4 GeV/c. The momentum of outgoing 7~ ’s was analyzed by the 48D48 spec-
trometer system. The particle originating from in-flight K* decay also goes into
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TOP VIEW

unit (mm)

Figure 4.4: A schematic drawing of the slat target

the spectrometer, and contaminates the 7+ spectrum. Fig 4.7 shows spectra of the
reconstructed missing mass, assuming the K”“p — 7~ X reaction. The left-hand
side spectrum consists of the all data, which shows a peak on top of the broad
background. The right-hand side is the spectrum where the outgoing momentum is
gated from 1.12 to 1.24, where we select the % around 1.19 GeV /c2

The stop position of X% in the target is estirhated using a calculation of the
stopping range. The X% decay event leaves only one positive track in CDS, which
is not enough to reconstruct the depth of recoiled £*stopping in the target. There-
fore, the range of £* was calculated with the missing momentum using the Zieglar
formalism, which gives more precise energy loss information for low energy particle.

Fig 4.8 shows a momentum spectrum of 7 from % decay, where the peak of
the missing mass less than 1.19 GeV/c? is gated. Events in the lower half of missing
mass is expected to stop in the target more easily.

"It consists of a peak of the stopped-£* and a broad bump from in-flight de-
cay. The component of in-flight decay shows a slightly asymmetric shape with a
tail to higher momentum, which is caused by the CDS acceptance. When the his-
togram from 0.14 to 0.22 GeV/c was fitted with two gaussians, it gives a centroid
of stopped L*peak; 184.7 £ 1.9 MeV /c and the width; 7.07 £ 1.91 MeV /c, whereas
the momentum of 7% from ©* decay is known to be 184.6 MeV/c.

In searching for AA hypernuclei among 27~ data, a large enhancement is ob-
served, which corresponds to the decay from the twin hypernuclear production, 4H
and 3H; This gives two more calibration points for the 7~ momentum. The details
will be described in the Chapter 5.
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Figure 4.5: A histogram of the slat target image in z direction

4.1.4 Total momentum resolution of the experiment:

For this experimental principle, we cannot ignore the contribution of energy loss
correction to the momentum resolution. The energy loss in the material has some
straggling by statistical nature and the vertex resolution also affects the amount
of energy loss correction. An estimate of these effects as a function of the particle
momentum is shown in the top of Fig 4.9. A distribution of energy straggling is
evaluated by an average flight length in the target of 1 cm. The vertex resolution of
1 mm in sigma was taken into account to estimate the error of energy loss correction.

Adding these two effects to the resolution, which has been shown in Chapter 2,
in quadrature gives the total momentum resolution. The bottom of Fig 4.9 presents
a result where the dip angle is 60 degrees. The X% decay data was also plotted
in this figure; the data point of the £ calibration agrees with the curve within a
sigma.

According to this estimation, the momentum resolution at 100 MeV/c 7~ is
expected to be 3.6 MeV/c in sigma.

4.1.5 Efficiency of the track reconstruction by CDC

The CDS track reconstruction efficiency was studied using the 7~ -p elastic scattering
data set.

At first, the hitting efficiency of each layer was studied. Table 4.2 shows the
hitting efficiency of each layer; Ef fnir. where Ef friy = %Loﬁ Ngoog means the
number of good events where all layers have the hit information except for a specific
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Figure 4.6: A histogram of the vertex in y direction which is caused by the SSD’s
frame

layer, and Nyinq means the number of events where a corfesponding hit is found at
the respected layer. This gives the possibility of the event in which all layers have
hit information to be 0.744.

Table 4.2: Hitting efficiency of each layer

layer | Ef fnit | layer | Ef frit
1 0953 | 7 | 0.993
0.995 | 8 | 0.996
0999 | 9 | 0.992
0.951 | 10 | 0.993
0.928 | 11 | 0.926
0.987 | all | 0.744

S Uk W N

Secondly, we studied the tracking efficiency of HRM, Ef firocx using a data set of ‘
the excellent events, which only consist of two “back to back” excellent tracks with
11 layers hits, and the total off-line analysis efficiency. Ef f is given.

When HRM is going to find a track, we required a tracking criterion in order to
keep the tracking quality better. The criteria are the number of the hit layer is at
least 9 and layer 1,2,5,8,10 and 11 always have hit information. Table 4.3 shows all
of allowed hit configurations that can satisfy the requirement, and the probability of
taking these configuration; Py, is derived by the Table 4.2. Ef fiqcr is the tracking
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Figure 4.7: histogram of the missing mass of (K~, 7~ )reaction

efficiency of passing the following conditions; HRM can recognize the existence of
track, reduced chi-square of fitting is less than 5, the reconstructed track points to
the hit CDH and the sign of particle agrees with the PID by the TOF information.

In tabel 4.3, the Ef firqex of excellent events is shown to be 0.810 is shown,
which is derived with analyzing the mock data of the excellent track generated by
a simulation code. The simulation code generates the mock data which consists of
the set of layer#, cell# and drift length. HRM can read the mock data and analyze
it as well as the real data. HRM cannot necessarily succeed in reconstructing the
track, even though the excellent event requires all layers to be hit. The Ef firack’s
missing one or two layer is derived by tracking with masking the correspond layer
information of the real excellent data.

This study gives us the total off-line analysis efficiency per track to be 64.7 %.

4.1.6 Timing resolution of CDH

The timing resolution of the CDH'’s is also studied with the slat target data. The
time-of-flight information between the reaction vertex and CDH was given by sub-
tracting the TOF from IT to the vertex from the TOF from IT to CDH.

Fig 4.10 shows a scatter plot of the measured momentum vs. the reconstructed
beta with the TOF information, where the kinematics line is also shown.

Fig 4.11 shows a histogram of residual of CDH timing information. The residual
is given by subtracting TOF information from the reconstructed time with the path
length and the particle momentum. The histogram also shows the fitted results and
gives the width as 250 psec in sigma.
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Figure 4.8: A histogram of the 7+ momentum from Tt decay

4.2 Identification of = Production

Even though the second-level trigger suppressed the contamination of knock out
proton in KKCDH trigger on-line, the event rate of (K~, K*) reaction is only 3 %
of the the acquired data. The K* events are selected at the off-line analysis based
on the identification of the outgoing particle.

First, the data are processed with a simple tracking routine to analyze the mo-
mentum of the outgoing particles, and roughly select the reconstructed mass of
the particle with information of time-of-flight between IT and BT. The data size
is reduced to 1/20 and they are stored in a hard disk of the analysis computer.
Secondly, events are further selected with a more precise tracking routine for better
determination of the momentum and also for rejection of background events.

In the 1998 run, the primary protons were delivered to the production target
with typically 7x10? per spill. The accumulated number of K~’s on the target was
0.9x 102 for about 800 effective beam hours. Among them, the number of (K=, K*)
reactions was about 1.1x10°.

4.2.1 Data Reduction

The events of 2~ production are purified by rejecting background events, which are
originated from protons of (K™, p) reaction and particles misidentified as K*.

In the data reduction, a routine called PEANUT is used to determine the mo-
mentum of the outgoing particles, P,,;. PEANUT is based on a first order transport
theory. The transport matrices, which consist of partial derivatives of outgoing track
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Figure 4.9: An estimation of the momentum resolution

parameters as functions of incoming track parameters, are prepared for each section
of the spectrometer acceptance divided into 480. A track in a small region of phase
space is approximated with a linear extrapolation from a central track in each sec-
tion. A Monte Carlo simulation indicates that the error of the momentum obtained
with this method is less than 0.3% of the true value.

Combining the analyzed momentum with the information of time-of-flight from
the vertex of the (K=, K*) reaction to BT, TOF,,:, the mass of the outgoing par-
ticles, massoyt, is reconstructed. Here the reaction vertices are determined by the
hit of the drift chamber of upstream and downstream the target(ID1-3 and FD1-2).
TOF from IT to the vertex, TOF;7y,, is calculated with the K~ momentum. A
subtraction of the TOFiry,, from the measured TOF from IT to BT, TOFirpr,
gives TOF,y;.

TOFy = TOFirgr — TOFirots (4.1)
PEANUT also gives the path length of outgoing particle, Lyathout, then the beta,

beta g, was calculated.

Lyathout
b t out = pathou )
“tout TOFO’LLt X C (4 2)

Finally, the mass of the outgoing particle is given by,
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Table 4.3: A summary of tracking efficiency

layer JB 4 6 7 9} th‘t }Efftrack Eff }

no missing 0.744 0.810 0.603
X 7.2E-04 | 0.789 0.001

X 3.8E-02 | 0.724 0.028

1 missing P 1.0E-02 | 0.759 0.008

x 49E-03 | 0.791 0.004
x | 5.9E-03 | 0.791 0.005

X X 3.7TE-05 | 0.723 | 2.7TE-05
X X 9.7E-06 | 0.735 | 7.1E-06
X X 4.7E-06 | 0.787 | 3.7E-06
2 missing | x x| 5.7TE-06 | 0.784 | 4.5E-06
x x 2.5E-04 | 0.713 1.8E-04
X x | 3.0E-04 | 0.713 | 2.2E-04
X X 6.6E-05 | 0.733 | 4.8E-05
X x | 7.9E-05 | 0.741 | 5.9E-05
0.805 0.647
mMasSoys = Pout (4.3)

The region 0.3 GeV/c? < massqy < 0.75 GeV/c? was selected for further anal-
ysis. We use the loose condition in this stage in order not to lose the data.

4.2.2 Data Selection

After the events is roughly selected and the data size is reduced in the first stage,
we analyze the data more precisely for further rejection of background and a better
determination of the momentum. We use a routine called WALNUT, which analyzes
the, momentum more precisely than PEANUT. It is based on the Runge-Kutta
method, so that it takes more CPU time.

Fig 4.12 shows a plot of momentum vs. TOF for the outgoing particles. This
shows that the K*’s are clearly identified. Fig 4.13 shows a histogram of the mass
of the outgoing particles. The cut condition is also shown in the figure, the events
were selected in the region of 0.4 GeV/c? < masspw < 0.7 GeV/c2.

Fig 4.13 is obtained using a part of data before the data reduction to emphasize
the distribution of pions and protons. The contamination of misidentified pions or
protons in the selected region was evaluated to be less than 1%. The contamination
originated from the in-flight K* decay is estimated to be 3.7%. Therefore, the total
background contamination in the selected K* events was estimated to be ~4%.
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Figure 4.10: A plot of measured momen- Figure 4.11: A histogram of the residual

tum vs. reconstructed beta with TOF in- of the timing information between CDH

formation and calculated timing.

We select the events, of which the (K, K*) reaction vertex is in the target. The
reaction vertices are reconstructed by the drift chambers upstream and downstream
the target(ID1-3 and FC1-2).

Fig 4.14 shows a scatter plot of the vertex of (K , K*) reaction and the projected
histograms on x and y axes. The small bumps apparent on each side of the plot
originate from the aluminum target installation bar. A box with a solid line in
the figure shows the dimension of the target, which also presents a cut condition;
| Xvtz| < 2.54cm and |Yii,| < 0.64cm. A target cut in z direction is |Zy,| < 50cm,
that is three times larger than the length of the target, taking into account of the z
vertex resolution of 3.5 cm in sigma.

After selecting the good (K~, K*) events, the missing mass is reconstructed. Fig
4.15 shows a spectrum of the reconstructed missing mass assuming the K~ p — K*X.
We see the peak of =~ production around 1.321 GeV/c?, which is smeared out by
the Fermi momentum of °Be.

The amount of Z7’s identified in the 1998 data is approx1mately 1.1x105. Se-
quential decaying two 7~ is searched for among =~ production events, the details
are described in the next section.

4.3 Identification of AA hypernuclei

In this section, I describe the way to identify AA hypernuclei. First of all, the
event which contains two 7 7’s track in the CDS and the vertex of two 77’s is
in the target region are selected from the =~ production events. Secondly, the
events due to quasifree =~ production are simulated by a Monte Carlo method.



4.3. IDENTIFICATION OF AA HYPERNUCLEI

1
i
|
i
1

g

praton

Counts/ 20 GeV/ic®
8

[

8
"'—"\_.___._'
1

:
% , | _ ™ I L! } !
=t Pl e vy

06 o8 1 hz A Uie v e e e ) 0.2 .4 0.6 0.8 1 12
Womentum GeVh GeV/ie
Momentum vs TOF Mass of outgoing particie

Figure 4.12: A scatter plot of TOF vs. Figure 4.13: A histogram of the mass of
momentum of the outgoing particles the outgoing particles

The simulated results are tested by comparing some histograms with these derived
from the acquired data. Thirdly, I search for the S=-2 nuclear system production
and make an interpretation of the structure in the histograms. This leads to the
identification of a hypernucleus; 4 ,H.

Note that, in this and the following section, “w1” and “m2” denotes the higher
and lower momentum 7~, respectively.

4.3.1 Events of 2 7~ track in CDS

The criteria to select the 27~ events are based on the vertex information and the
particle identification.

As with the data of pr~ elastic scattering, the vertex is assumed to be the
center between two points which gives the closest distance(DCA) between two tracks
projected on the X-Y plane. Fig 4.16 shows the histograms of 2 7~ vertex in x, y
and z axis, where the solid lines show the target edge. The histogram in y axis shows
thé broad tail which likely comes from the =~ free decay. The identified Z~ tends
to go up and forward due to the K* acceptance, so that the vertex distribution in y
axis seems to be shifted upward. The histogram of 27~ vertex in z axis also seems
to be shifted to a little bit forward.

Fig 4.17 shows a histogram of the distance between 2 points, DC A. The line in
the figure shows the cut condition; DCA < 2cm .

A simulation to estimate the S/N ratio as a function of DCA has been performed.

Fig 4.18 gives the simulated DCA distribution of AA hypernuclei events, indi-
cating that the events are concentrated in the region of less than 2 cm. The cut
condition of DCA is chosen to be 2 cm, which corresponds to five times sigma of
the vertex resolution, in order not to lose the events.
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Figure 4.14: A scatter plot of the vertex of (KT, K*) reaction

Fig 4.19 shows the simulation result for the variation of signal percentage, back-
ground percentage and the S/N ratio as a function of DCA cut; circles show the
survival percentage of the signal, stars show the survival percentage of =~ free de-
cay background and triangles show the ratio of signal to background in an arbitrary
unit.

Fig 4.20 shows the scatter plots of analyzed momentum vs. reconstructed beta by
TOF information, where the solid line shows the cut condition. The data is shifted

toward a delayed timing, which is expected for the weak decay of AA hypernuclei as = -

well as the background =~ decay. Hence the cut conditions are set to be asymmetric;
0T OF’s are +20roF and -oroF, respectively , where orop is 250 psec.

4.3.2 Monte-Carlo simulation for estimating the quasi-free
=~ decay background

The 27~ events contain the 77 ’s from the quasi-free =~ decay. The quasi-free
=~’s, which do not contribute to AA conversion, decay and some of them leave 2
7w~ tracks without proton track when the proton stops inside the target material
and/or escapes from the CDS acceptance. A Monte-Carlo simulation was done in
order to estimate the process. For the Z~ production in the (K, K") reaction,

Fermi momentum distribution of proton in ?Be is realistically treated [30]. The
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momentum distribution of K~ incident is also taken into account using the acquired
data.

Fig 4.21 shows a simulated result of K* momentum in the (K~,K™*) reaction,
and the acquired data is also plotted. The simulated K* momentum distribution
can reproduce the acquired K* histogram well.

Fig 4.22 shows simulated results of 27~ momentum distributions of 3 track event,
which consists of two 77 ’s and one proton. The acquired 7~ ’s momentum distri-
bution by the CDS is also plotted in the figure. Left-hand figure shows the 77’s
momentum distribution from A and right-hand figure shows the 7~ ’s momentum
distribution from =~. These also show the good agreements each other.

Fig 4.23 shows a result of the simulation; a histogram of 71 momentum where
72 momentum is less than 110 MeV/c. The solid line presents a fitted result by a
function; F(p).

6
F(p)=>_ Aix(p—0.13)"
i=0

The obtained background is normalized by the acquired number of =~by CDS.

CDS collects the =~ events consisting of one positive and two negative tracks,
which can reproduce the mass of Z~. By comparing the number of =~ events in
the simulation data to the actually collected number of =~ by CDS and taking
into account the tracking efficiency, the simulated background level is absolutely
normalized.

By definition, the following four equations are given.
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Figure 4.16: Histograms of the 27~ vertex in x, y and z axes.

Asim = = Nsim =

Acps= = Nepsz X Eff? ek ¥ Ef fatrack
Asim 2r = Nsim 27

Acpsan = Ncpsor X Eff2paek

Neps =z/2p and Acps =/2pi stand for the number of the each event in the CDS
acceptance and the number of the events actually acquired, respectively. Ngim =/opi
and Agm =/2pi mean the same for the simulated events. Ef f_iqc and Ef fyirack are
the tracking efficiencies of negative and positive track, respectively. These efficiencies
are 65% independently of charges.

The equations, Ngm = = Neps = and Ngim 2 = Neps or, finally lead Acps on
to the following relation;

1 y Acps = A
im 2
Eff+track Asim = s =t

Acps 2x

In the follwing analysis, the background level is always calculated using this
formula.
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Figure 4.17: A histogram of the distance between 2 points.

The =~ stopping rate is also estimated by the Monte-Carlo simulation, Fig 4.24
shows two histograms, the left figure is a histogram of kinetic energy distribution
of =7, eZ~, where the histogram of the stopped =~ is overlaid and the right figure
presents the stopping ratio of =~ in the target as a function of eZ~.

The total stopping ratio in this simulation is given to be 3.3 %, which is consistent
with a result of experiment KEK-E224. This shows that the S~ whose e=~ is larger
than 100 MeV hardly stops in the target. When the event eZ~ < 100 MeV is
selected, not only the stopped-=~ process is enhanced but also the background from
the quasi-free can be suppressed efficiently. In the following section, searching for
the AA hypernuclei is done in a region of ez~ < 100 MeV.

4.3.3 Searching for AA hypernuclei

In addition to the criteria which were described in the sub-section 4.3.1, we select
the events with F=- < 100 MeV for reason of the background suppression. A two
dimensional plot of 71’s momentum vs. 72’s momentum from these events satisfying
this requirement is shown in the Fig 4.25.

A 71’s histogram, where the 72 with less than 110 MeV/c is gated, is given in
the Fig 4.26. The solid line is also shown in this figure which presents the estimated
background from =~ decay. ‘

By overlaying the normalized background estimation on a 71 histogram, some
excess counts are observed. The excess counts are concentrated in the region from
90 to 140 MeV/c, where the decaying 7~ ’s from any hypernuclei are expected. The
production of S=-2 nuclear system can be observed with our experimental principle.
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event

This histogram shows at least three structures:. one is from 100 to 110 MeV/c,
another is from 110 to 125 MeV/c and the other is from 135 to 145 MeV/c. Here, I
pay my attention to the most prominent structure from 110 to 125 MeV/c and try
to give an explanation of it. The rest will be discussed in the following Chapter 5.

We also see the 72 histogram, where the 71 momentum between 110 and 125
MeV/c is gated. Fig 4.27 shows the 72 histogram and the background level. This
also shows the large excess counts over the background.

Recalling what we are studying, they are the events which are in the region
presented by the box in the Fig 4.25; w1 are between 110 and 125 MeV /¢ and 72 are
between 85 and 110 MeV/c. Assuming °Be + =~ — 1 Li* reaction of the stopped
=~ process, Table 4.4 shows a summary of what kinds of hypernuclei we can expect
in this region. Concerning the direct process discussed in Chapter 1, there are no
candidates for twin single-A hypernuclei in this region.

71 histogram

The structure of 71 in the Fig 4.26 possibly contains three kinds of 77; 114.3 MeV/c
from 3 H, ~116 MeV /c from },H and ~ 117 MeV/c from %, Li. Here, the momentum
with “~” are the expectations by a calculation. The momentum resolution in this
region is about 4 MeV/c in sigma which is given by the study of the momentum
resolution in the last section. I try to fit this structure between 109 and 124 MeV/c
by Gaussian fitting with a fixed width of 4 MeV/c and Fig 4.28 shows the results.
The left-hand side of Fig 4.29 shows the fitting of the 71 peak with a single
Gaussian whose centroid is 114.3 NMeV /c and width is 4 NeV/c. It gives a result of
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Figure 4.19: A plot of the simulation result; circles show the survival percentage of
the AA events as a function of DCA, stars the survival percentage of Z~ free decay
background and triangles the ratio of signal to background in an arbitrary unit.

x?/Ndof to be 8.024/5, which is expected to be about 20% CL. The right-hand side
of Fig 4.28 shows the fitting with two Gaussians, whose centroid are 114.3 and 117.0
MeV/c and widths are 4 MeV/c for each, respectively. It gives a result of x?/Ndof
to be 1.077/4, which is expected to be about 90% CL. It is more likely that the peak
consists of two peaks rather than one single peak, that is, this peak may contain the
7~ from AA hypernuclei.

72 histogram

The 72 histogram shows a more complicated structure. The species of the possible
hypernuclei in Fig 4.27 are five and some of them decay into three body.
: Concerning the twin single A hypernuclei, only two cases are possible;

LI — SHe+2 H+n(Q = 4.2MeV)
— SHe+3 H + 2n(Q = 4.0MeV)

when the 71 momentum is between 110 and 125 MeV /c. The phase space volume

of the final states for the small Q value is proportional to (Q/hw)®"=5)/2 for n-body

breakup, where fiw=21.6MeV is the oscillator strength of the nucleus [33]. This gives

the ratio of the formation rate of $He to 3 He as 14 to 1. Furthermore, the escaping

neutron is p-wave. According to this, it is reasonable to ignore the contribution of
> He.
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Figure 4.20: Plots show the analyzed momentum vs. reconstructed beta of each 7~

®Be, which is the daughter nucleus of $,Li, decays into two body, so that the
7~ of 97.0 MeV/c should appear as a peak structure. In the Fig 4.27, the feature
in the region less than 100 MeV /c shows a broad tail down to the lower momentum
instead of a peak structure around 97.0 MeV/c. It seems to be composed of any
three body decay. The apparent lack of a two-body peak is interpreted as indicating
a negligible production of §Be, § ,Li.

Now, 72 histogram is also studied by fitting with the three or two components. As
I mentioned in the Chapter 1, the 77 ’s momentum histogram into three body decay
from }He has been studied well. The fitting function for 4He decay is constructed
by using the theoretical calculation in Fig 1.2 with smearing by the CDS resolution.

The left-hand histogram in Fig 4.29 shows the result by assuming only two
components; 4He and {He. It gives a result of x?/Ndof to be 6.167/11, which is
expected to be less than 90% CL. The right-hand figure shows the result by assuming
the third component in addition to 4He and $He. It gives a result of x2/Ndof to
be 4.238/10, which is expected to be about 95% CL. The fitted region is between
80 and 116 MeV/c in both of figure. It should be noticed that the yield around
100 MeV /c cannot be reproduced well without this third component. I assumed the
third component to be a Gaussian whose centroid is 103 MeV/c and width is 3.7
MeV/c in sigma, respectively. It should be stressed that 7~ momentum from any
single-A hypernuclei cannot account for this component and that the decay from
double-A hypernuclei is the most probable explanation. This will correspond to the
three body decay of 4,H, but any calculation of the 7~ momentum from ,H into
three body decay has not been published.
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Figure 4.21: A simulation result of K* momentum in the (K=, K*) reaction. The
acquired data is also plotted.

44H hypernuclei

Based on the study by fitting the histograms, it is difficult to understand the w1 and
72 spectra without assuming the sequential decay mode of 4, H, 4,H —4% He + 7~
“He »*He+p+n-and 4 H -3 H+p+7n",3H -3 He + 7.

To obtain the quantitative information on the binding energy of 4,H, a 71 his-
togram is made by gating the 7~ from 4 He; 72 between 85 and 100 MeV/c. Fig
4.30 shows the histogram and the result of the fitting between 109 and 124 MeV/c
by a single Gaussian. The peak position and the width are 116.4+1.4 MeV/c and
4.61+1.7 MeV/c, respectively.

The width is consistent with our estimation of the momentum resolution. The
7~ momentum from 4, H is given to be 116.4+1.4(stat.)+1.2(syst.)(MeV /c).

3
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Figure 4.22: Simulated results of 71 and 72 momentum distribution of three track
event, and the acquired 7~ ’s momentum distribution is also plotted.
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Figure 4.23: A simulation results of 71 momentum where 72 momentum with less
than 110 MeV/c is gated.
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Figure 4.24: A simulation result; the left-hand figure shows the histogram of kinetic
energy distribution of Z7(e=~) and the histogram of the stopped Z~. The right-
hand figure shows the stopping rate as a function of e=~.

Table 4.4: A table of S=-2 nuclear system that can be expected in the region, 71
are between 110 to 125 MeV/c and 72 are less than 110 MeV/c.
| 7l | m2

AAhypernuclei aAH ~116 | {He ~96.0(3-body)
3H 1143 | 4,H ~106(3-body)
qaLi ~117 | 8Be 97.0
Twin single Ahypernuclei | 3H 114.3 | 3He ~99.2(3-body)
SH 114.3 | §He 1084

Notel: The momenta of AA hypernuclei with “~”are derived by theoretical
calculations [31] and [32], which try to reproduce the Bap of the old emulsion data.
Note2: The three body decay of 4,H has not been studied theoretically, yet. This
shows the momentum of end-point of three body decay.

Note3: The 4,H is considered to decay mainly to {He*(Ex=1.15 MeV) due to the
dominance of the spin non-flip amplitude in the pionic weak decay.
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region, 71 are between 110 and 125 MeV/c and 72 are between 85 and 110 MeV/c,
where we are going to search for the AA hypernuclei.
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Figure 4.26: A histogram of m1 where 72 less than 110 MeV /c is gated.
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Figure 4.28: The result of a test by fitting 71 histogram; the left-hand figure shows
the result with the single Gaussian, and right-hand figure shows the result with the
two Gaussians. The fitted region is between 109 and 124 MeV/c.




CHAPTER 4. ANALYSIS

X [ : [/l 6167 / 11 N [ [f/8at 4238/ 10
3 L 3
g 10 n S 10 ¢
[ ] : i B
8 [ el ditwithotwo b o fit with threg. ...
: components components
6 - ;
4 \ .........
: 108.4 \
o LN R N 2N B N
0.08 . 0.12 0.14 0.12 0.14
TC2 2 momentim (GeV/c) . 1:2 n2 momentum (GeVic) -
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Chapter 5

Results and discussion

5.1 Details of the 27~ events close to the %, H sig-
nal

In the previous chapter, I have demonstrated that the sequential decay of 4,H is
observed in the region of 71 momentum with 110 - 125 MeV/c and 72 momentum
with 85 - 110 MeV/c. In this section, I try to identify the other 2 #~ events close
to the 4, H signal and discuss the significance of the 4, H signal.

The two-dimmensional histogram is inspected more closely in this section in
order to study AA hypernuclei quantitatively.

5.1.1 Overview of the 2 7~ histogram

The S=-2 nuclear system are classified into three categories according to the final
state to which AA compound state breaks up. The first is one free A process,
which consists of a free A and a single-lambda hypernucleus. Around the region
of 4AH concerned, possible species of this category are JLi+A, §He+A, He+A,
TLi+A and §He+A. (see Fig A.1) The second is the twin single-A hypernuclear
production. In this case, a combination of § He and 3H is possible. The third is AA
hypernuclei production. It includes 4,H which we are interesting in. Other kinds of
A A hypernuclei are also possible.

Fig 5.1 is a w1 vs. 72 scatter plot, where the posible origins of the 27~ events
are schematically shown. :

In the case of one free A process, a free A has a recoil momentum and decays
in-flight due to the Q value originating from =~ conversion, =" p — AA, so that
the momentum of the decaying 7~ from the free A is widely spread. Moreover, the
reconstructed vertex between 2 7~ track will deviate from the real vertex point due
to decay in-flight, which affects the energy loss correction in the target and results
in spread for both 7~ momenta.

Monte-Carlo simulations to estimate the momentum histogram of 7~ from free
A are performed in the same cut condition of the 27~ events. The 7~ histograms



http:histogra.nl

CHAPTER 5. RESULTS AND DISCUSSION

0.15 [

014+ ¢!

ol momentum (Ge Vi)
C

013 | -
012 11 (Y

o 2 oo

AAHe 3 {_J )
(3body)
R !‘1 H
o0
{ S0 00o
009 [ ;
o.ca{ IREAREIE N TT RPN I SIS LR

. i ]
0. Dﬂ 0.09 01 0.11 0.12 0.13 0.1!4 - 015

72 momentum (Ge Vic)

nl vs. =2

Figure 5.1: A momentum plot of 71 vs. 72 and possible origins of the 27~ events.

show the structure whose peak is located higher than 110 MeV/c and whose yield
is concentrated in the region higher than 100 MeV/c. It turns out that the total
counts in the signal region, between 90 MeV/c and 100 MeV/c, is less than one
third of the count in the region between 110 and 120 MeV /c. The number of single
A process in the region where 71 momentum is between 110 and 120 MeV/c and
72 momentum between 115 and 121 MeV/c is less than eight counts. Therefore the
contamination of one free A process to the signal region between 90 MeV/c and 100
MeV /c is less than two counts, which is less than 10% of the signal (25 counts from-
Fig 4.30). '

A possible combination of twin single-A hypernucleus is §He and 3H. The ex-
pected region of the combination is circled in Fig 5.1, and this shows only a few
counts in the circle. It can be said that the production rate of twin single-A hyper-
nuclei is relatively low.

The 2 7~ data shows a sign of another candidate of the AA hypernuclei, },He,
even though it is hard to confirm the existence due to the statistics. The momentum
of 7~ decays from | ,He is exepcted to be about 104 ~ 105 MeV/c. The daughter
nucleus of §,He, {Li undergoes two kinds of decay mode; one is the 2-body decay
where the momentum of 77~ is 108.1 MeV/c and the other is the 3-body decay where
the momenutm of 7~ is 90.0 MeV/c. In the Fig 5.1, the possible events are marked:
the 3-body candidate with circle and the 2-body candidate with X.
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5.1.2 Signal significance

In this subsection, significance of the 4 , H signal is studied based on the consideration
in the previous subsection.

The events in the region of 71 momentum less than 110 MeV/c and 72 momen-
tum less than 100 MeV/c can contain other contributions which contaminate the
signal. In Fig 5.1, regions of relatively large event density are marked with A, B,
and C. One can consider that A is the tail of the one free A process, but the count
is too much for the lower edge of the tail. B can be regarded as a candidate of § , He
with three body decay. No interpretation is given for the coponent C. Assuming
these A, B and C come from the different origins, the 71 structure between 100
MeV/c and 110 MeV/c in Fig 4.30 is fitted by the function, which is composed of
three Gaussians. Counts leaking in from the parasitic species are considerd as the
tail of the fitted function. ’
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Figure 5.2: A histogram of w1 where the 72 is between 85 and 100 MeV/c. The solid
lines show the fitted result with a function which is composed of three Gaussians

representing parasitic components, and a Gaussian representing the signal. The
fitted region is between 105 and 124 MeV/c.

Fig 5.2 shows a result of fitting for the region between 105 and 124 MeV/c with a
function of 3 components Gaussian and a Gaussian for the signal, where the centroids
of Gaussian are 107.5, 104.5 and 101.5 MeV/c for the lower momentum events and
the centroid for the signal is 116.4 MeV/c, respectively. The widths of them are
fixed to be 3.6% of the centroid. This assigns a negligibly small contribution to
component A at a centroid of 107.5 MeV/c. Even though the trials of fitting are
performed with varying the centroid for the componets A from 106 to 109 MeV /c,
the peak count is almost negligible. It might be considered that the component A
is a statistical fluctuation of the background.
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According to the fitting result, the leakage from B totals 3.4 &+ 2.7, from C is
0.1 £+ 0.7. The total leakage count i, 3.5 + 2.8. Accordingly, the signal count is
obtained to be 22.84+6.0. This is significantly large as compared to the square root
of the background counts between 103 and 130 MeV/c; v/9.0 = 3.0. Therefore the
peak of 4, H is confirmed to have a statistical siginificance.

I study how the w1 momentum histogram, where 72 between 85 and 100 MeV/c
is gated, depends on the choice of the histogram; the width of bins and the position
of bin edges.

Fig 5.3 shows the histogram, whose width of bins is events/2 MeV /c. The solid
line shows the fitted curve where the background is normalized for this bin condition.
This shows the centroid of the 4, H peak agrees with the result in Fig 4.30 within a
sigma and the width is consistent with the expected resolution.
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Figure 5.3: The histogram of 71 momentum with the same cut conditon as Fig 4.30,
where the width of histogram bin are 2MeV/c. The solid line shows the result of
fitting.

Fig 5.4 shows the histogram whose edge of bins are shifted by 1.5 MeV/c from
the edges in Fig 4.30. This also shows the centroid of the fitted peak agrees with
the result in Fig 4.30 within a sigma and the width is consistent with the expected
resolution.

The observed spectra and the resulting fits were shown to be insensitive to re-
binning. The same results were obtained within statistical uncertainties.

I also study the dependence on the momentum cut condition. Fig 5.5 shows a
histogram of 71 momentum where 72 between 85 and 96 MeV/c is gated. Fig 5.6
shows a histogram of 71 momentum where 72 between 85 and 104 MeV /c is gated.

The overall feature of the histograms is not so much changed and the fitting
results agree with the result in Fig 4.30, although the low statistics or the contami-
nation from other processes may obscure the signal.
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Figure 5.4: The histogram of 71 momentum with the same cut condition as Fig
4.30, where the edges of histogram bin is shifted by 1.5 MeV/c from the edges of
Fig 4.30. The solid line shows the result of fitting.

5.2 4,H

We obtained the 7~ momentum of § \H —4 He+m~ to be 116.4+1.4(stat.)+1.2(syst.)
MeV/c. The spin-parity of 4 ,H is considered to be S? = 1%, so that 4, H will mainly
decay into the excited state of §He* (Ez = 1.15 MeV, S? = 1*) because of the dom-
inance of the non spin-flip amplitude in the mesonic decay [34]. Assuming this, a
4AH mass of 4106.2 +0.94(stat.)£0.80(syst.) MeV is deduced. It corresponds to
a AA bond energy ABxa of 0.47 +0.94(stat.)£0.80(syst.) MeV. Even though the
ABj, includes zero within error, the existence of 4, H means that the AA interaction
is attractive. ’ ‘

It is important to give an evidence of the 4 ,H because the 4 ,H is expected to be
marginally bound and gives a stringent limit for the AA force. Theorists have been
discussing the existence of the lightest AA hypernucleus, 4,H. As a playground of
the study of the baryon-baryon interaction, theorists tried to fit the experimental
data, 1% Be, §,He and 3He by taking into account a — A potential as well. This
treatment did not predict the 4,H existence and gave an inconsistent strength of
the A-A interaction deduced from the § ,He and }% Be data; the former give a pretty
large attractive force. Later on, the importance of aaA potential was pointed out
and it was introduced to fit the { Be data, but a calculation still denied the existence
of 4 \H. Nakaichi and Akaishi claimed that aAA should be also considered to treat
19 Be data more precisely [31]. In their treatment, consistency among the B, (3He),
Ba(3Be) and Bya (3, Be) can be obtained and 4 \H is bound by 0.3 MeV. A repulsive
nature of 3 body potential makes the effective A-A strength larger. In any case, the
existence of 3, H requires an attractive interaction between A’s. Our result gives a
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Figure 5.5: w1 histogram, where 72 be-  Figure 5.6: 71 histogram, where 72 be-
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solid line shows the fitting result. solid line shows the fitting result.

binding, 0.6 MeV+0.94(stat.)+0.80(syst.), which is consistent with their estimation.

On the other hand, the existence of 4, H gives us the lowest limit of the mass
of H-particle, My, because 4,H is the least bound system with S=-2. As My >
2Mp — Bay = M(3,H) — M(*H), the present experiment gives the lower limit of
My to be 2230.6 +0.94(stat.)40.80(syst.)(MeV).

5.3 Formation of S=-2 system from }}Li*

I will discuss the formation of S=-2 system from 9Be+Z=~ —15 Li* reaction (stopped
=~ process).

The 2 body final state, %,Li+n, has the largest Q value of 28 MeV among the
possible final states. A large () value gives a large phase space in the final state, but
our data shows that the formation of },Li, as it was discussed in the last section,
is not very large. This suggests that the formation rate does not simply depend on
the phase space.

The final states giving the 4 \H are §; H+°He+n(Q = 0.8MeV), 4 \H+a+2n(Q =
1.6MeV) and },H +° He(Q = 2.6MeV). A theory suggests a strong dependence of
the production rate on the core structure [35]. The core of 1% Li* is ®Li*, whose 52
factor of 8Li* —® He +d is very large. It is likely that the AA sticks to the deuteron
and then 4 \H is formed as “d+A+A”. On the other hand, the final state, He+ 3H,
is weakly produced in our data. Qualitatively speaking, if the mutual attraction
between A’s is attractive, AA hypernuclei are more likely formed than twin single-A
hypernuclei. The existence of the 4 ,H supports the attractive interaction of A-A,
and gives a self-consistet picture.
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5.4 Twin single hypernuclei, 4H and 3H

In the two dimensional plot (Fig 4.25), a large enhancement at 130< Pr; <140
MeV/c and 110< Py, <120 MeV/c is observed. It is definitely the combination
of 4H and 3H, twin single-A production. Because it is impossible to produce this
via a stop-Z~ process due to the (3 value, this is a clear evidence of twin single-A
hypernuclear production via the direct process. This also gives good calibration
points for the momentum in this region.
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Figure 5.7: Projections of the momentum for twin hypernuclei, the left-hand side
histogram shows the decay of 4H and the right-hand side histogram does that of
3H. The solid lines show the fitting result.

Fig 5.7 shows the projections of this enhancement onto 71 and 72 momentum
axes. The left-hand side figure shows the projection of 71 momentum, for which a
fitting result with a Gaussian plus the background gives the peak position and the
width in sigma to be 134.5+1.8 MeV/c and 4.6+2.2 MeV/c, respectively. Here the
background means the Monte-Carlo simulation for the quasi-free =~ decay described
in subsection 4.3.2. The projection of 72 momentum also gives the peak position
and the width in sigma to be 115.4 +1.0 MeV /c and 2.9+0.9 MeV /c, respectively. In
the Table 5.4, the fitting result is summarized. These peak positions are consistent
with the well-known 7~ momentum from 4H (132.9 MeV/c) and 3H (114.2 MeV/c)
within a fitting error. The result of widths is also consistent with our estimation
(4.79 MeV /c for 4H and 4.15 MeV/c for 3H, respectively ).
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Table 5.1: Summary of the fitting result for twin hypernuclei.
ml w2

Species 1H 2H

Centroid | 134.5+1.8 MeV/c | 115.441.0 MeV /c
Width | 4.6+2.2 MeV/c 2.940.9 MeV/c

5.5 The other hypernuclei

Our histogram of two 7~ ’s shows not only the peaks studied in the last chapter but
also some structure which might come from hypernuclei and others.

We can see a few counts around 130 MeV /c, where we expect the 7~ from 3, H,
but we need more statistics for a definite conclusion. We also search for the §,He.
€ sHe decays into 3-body and the daughter nucleus also undergoes 3-body decay,
¢ \He —% He+p-+7~ ~94 MeV/c, He —* He+p-+m~ 99 MeV/c. They appear in
a low background region, so that we may get some information by a further analysis.

At last, the peak around 140 MeV/c is impressive , which shows a width of
7.3+2.8 MeV/c. It is hard to assign it as the 7~ from any hypernuclei, because the
highest 7~ momentum from the hypernuclei is 132.9 MeV/c of 4H. The only one
we can give an interpretation for is the 7~ from stopped =7; 2= — A+ 7~ (139
MeV/c). We suppose the 7~ from the =~ atom; =~ decays via weak interaction
in the atomic state before the AA conversion reaction with the nuclei. If so, it is
surprising to have such a long-lived atomic state even in a °Be target.

5.6 Background level

The normlization of the background level has been described in Section 4.3.2. For
a further test of the absolute scale of the background, two 71 histograms with the
background curve are shown, to which the different cut conditions are applied.

Fig 5.8 shows the 71 histogram without selecting the energy of =7, and Fig 5.9
shows the 71 histogram with the cut condition that the polar angle of 2 7~ is larger
than 60 degree. These two histograms also show the excess count only in the region
less than 145 MeV /c as well as in Fig 4.26, even though the cut condition is different
each other. This shows that the scale of the background level is normalized very
well.

5.7 The future plan

Even though a complete performance could not be achieved due to the breakdown
of the Z-chamber, we obtained a result concerning AA hypernuclei by our CDS.
We confirmed that our experimental method is feasible to search for S=-2 nuclear
systems, including the AA hypernuclei and so on. The detection of AA hypernuclei
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is the most feasible way to measure the magnitude of the A-A interaction. In the
future, the systematic study of the AA hypernuclei is expected and it will give us
more precise information on A-A interaction. Some theorists claim an existence of
“Hybrid H”; H particle in the nuclei [36]. Based on the accumulated data and more
theoretial works, it will be clarified whether such an exotic nucleus exists or not.
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Conclusion

An experiment to search for the AA hypernculei has been carried out. The exper-
imental method for identifying AA hypernuclei is based on the observation of the
sequential decaying charged 7~ from AA hypernuclei in coincidence with the de-
caying 7~ from single-A hypernuclei which are well known. This is the first time
attempt to apply this method to detect the AA hypernuclei. A Cylindrical Detector
System(CDS) is constructed for this experiment. The CDS was optimized to detect
decaying 7~ ’s from hypernuclei whose momenta are in the range 90~140 MeV/c ,
and the momentum resolution was finally achieved to be 8.2 MeV/c (FWHM) for
100 MeV /c. :

In this thesis, the data collected during a run in 1998 is analyzed. We have
approximately 1.1x10° =~ which is clearly identified among 0.9x10'? incident kaons.
Based on the 2 7~ events after the =~ production and the background estimation,
AA hypernuclear formation has been searched for mainly in the slow-Z~ region.” A
Monte Carlo simulation has been done to estimate the background events mainly
coming from the decay of quasi-free ==. The simulation can reproduce well the
=~ production via (K, K*) reaction in our experimental condition. The excess
counts over the estimated background have been observed, which are concentrated
in the region where the decaying m~’s from hypernuclei are expected, so that the
production of the S=-2 nuclear system is inferred.

From detailed studies for the prominent structure in the region, where 71 mo-
mentum is between 110 and 125 MeV/c and 72 momentum is between 85 and 110
MeV /e, it was found that it is hard to understand the structure without assum-
ing the sequential decay mode of 4,H —4% He + 7=, 4He —® He + p + 7~ and
4A\H -3 H+p+7", 3H —° He + m~. We observed a peak in the w1 his-
togram with applying the cut condition; 72 momentum is between 85 and 100
MeV /¢, which should enhance the 7~ from },H. The peak gives the centroid and
the width of 116.4+1.4(stat.)(MeV/c) and 4.6+1.7(MeV/c), respectively. Taking
into account the error of momentum calibration as the systematic error, the peak
position is 116.4+1.4(stat.)+1.2(syst.)(MeV/c). Assuming that the 4, H mainly de-
cays into the excited state of {He*(Ex=1.15(MeV)) due to the dominance of the
spin non-flip amplitude in the pionic weak decay, this gives a 4,H mass of 4106.2
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+0.94(stat.)£0.80(syst.)(MeV), which corresponds to a AA bond energy ABjp of
0.47 +0.94(stat.)+0.80(syst.)(MeV).

Our result gives a binding of 4, H, by 0.6 MeV=+0.94(stat.)40.80(syst.). A theory,
which can reproduce binding energies of 5 He, 3 Be and 1 Be, gives a prediction of
the 4 ,H bound by 0.3 MeV below the 3H + A threshold. The theoretical prediction
agrees with our result within the experimental error. In conclusion, the existence
of 4,H supports an attractive interaction between A-A, and with constrains the

effective A-A strength.
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Appendix A

The characteristic 7~ momentum
of hyperfragments from /18\Li*
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Figure A.1: The characteristic 7~ momentum of hyperfragments from % Li*. In-
clined lines show the relation between the bond energy of A-A in the AA hypernuclei,
ABaa, and the 7~ momentum of the weak decay. The momenta of AA hypernuclei
indicated by arrows correspond to the theoretical predictions [31][32]. All, excepted
for 4, H, indicated the momentum to the ground state of the daughter nucleus, but
some of them may favorably decay to the excited states.
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the region, w1 are between 109 and 125 MeV /c and 72 are between 85
and 110 MeV /c, where we are going to search for the AA hypernuclei.
4.26 A histogram of 71 where 72 less than 110 MeV/c is gated. . . . . . .
4.27 A histogram of 72 where 71 between 110 and 125 MeV /c is gated. . .
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4.28 The result of a test by fitting 71 histogram; the left-hand figure shows
the result with the single Gaussian, and right-hand figure shows the
result with the two Gaussians. The fitted region is between 109 and
124 MeV/c. . . . o e

4.29 The result of a test by fitting 72 histogram; the left-hand figure shows
the result by assuming the contribution from 4 He and § He, the right-
hand figure shows the result by assuming the third component in
addition to 4He and §He. The fitted region is between 80 and 116
MeV/c. . . .

4.30 A histogram of 71 where 72 between 85 and 100 MeV /c is gated. The
solid line presents the result of a Gaussian fitting. The fitted region
is between 109 and 124 MeV/c. . . . . . . ..o L

5.1 A momentum plot of 71 vs. 72 and possible origins of the 27~ events.

5.2 A histogram of 71 where the 72 is between 85 and 100 MeV/c. The
solid lines show the fitted result with a function which is composed of
three Gaussians representing parasitic components, and a Gaussian
representing the signal. The fitted region is between 105 and 124
MeV/c. . . o e

5.3 The histogram of 71 momentum with the same cut conditon as Fig
4.30, where the width of histogram bin are 2MeV /c. The solid line
shows the result of fitting. . . . . . .. .. ... .. .. ... ... ..

5.4 The histogram of 71 momentum thh the same cut condition as Fig
4.30, where the edges of histogram bin is shifted by 1.5 MeV /c from
the edges of Fig 4.30. The solid line shows the result of fitting. . . . .

5.5 =1 histogram, where 72 between 85 and 96 MeV /c is gated. The solid
line shows the fitting result. . . . . . . . . .. .. ... .. ......

5.6 w1 histogram, where 72 between 85 and 104 MeV/c is gated. The
solid line shows the fitting result. . . . . . .. ... ... .. .. ...

5.7 Projections of the momentum for twin hypernuclei, the left-hand side
histogram shows the decay of 4H and the right-hand side histogram
does that of 3H. The solid lines show the fitting result. . . . . . . . .

5.8 1 histogram without the cut condition that the energy of Z~ is less
than 100 MeV. . . . . . . . .

5.9 71 histogram with the cut condtion that the polar angle of two 7~ ’s
is larger than 60 degrees. . . . . . . . . . . ... ... ...

A.1 The characteristic 7~ momentum of hyperfragments from 1% Li*. In-
clined lines show the relation between the bond energy of A-A in the
AA hypernuclei; ABaa, and the 7~ momentum of the weak decay.
The momenta of AA hypernuclei indicated by arrows correspond to
the theoretical predictions [31][32]. All, excepted for 4,H, indicated
the momentum to the ground state of the daughter nucleus, but some
of them may favorably decay to the excited states. . . ... ... ..
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