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Abstract

The branching ratios of negative pions and protons due to the weak decays of 12e
and {'B hypernuclei were measured. The negative pionic decay rates ({,-), proton
induced nonmesonic decay rates (I,). total nonmesonic decay rates ([am) and ratios of
the An — nn process to the Ap — pn process (I',/I,) were derived from the present
measurements combined with previous studies on the mesonic #° and total decay rates.
The measured - shows that Pauli blocking is less effective than expected due to pion
distortion. We found that I, is nearly equal to unity in units of the free-space A-decay
width. The present results also indicate that I, is almost twice that of I, This is in
disagreement with calculations based on meson-exchange models in which I'; is strongly
suppressed.
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I. INTRODUCTION

In single A hypernuclei a 4 hyperon is free from the Pauli exclusion principle which
governs nucleons because it has a different quantum number, strangeness (S #£0). Con-
sequently, the A can occupy any orbital in the hypernucleus. In general, the excited
hypernucleus is stable against A emission and decays into the ground state by emitting
nucleons and/or v rays. It eventually decays by weak processes. The decay properties
reflect the dynamics of the hyperon and the nucleons in the hypernucleus. We can learn
through studies of hypernuclear weak decays how real/virtual bosons propagate and how
baryons/quarks correlate in the nuclear medium. However, experimental data on hy-
pernuclear weak decays is limited, and there remain many questions. It is of particular
importance to accumulate higher quality data to constrain the various theoretical models
put forth.

A hypernucleus decays in two predominant hadronic weak processes, which are char-
acterized by the following elementary processes:

M-decay A—p+7-,n+7° Ag~ 100 Me\/c, )
NM-decay A+ N —p+nn+n Ag~400 MeV/c (2)

Mesonic decay (M-decay) is well known through studies of nonleptonic-A decays in free
space. M-decay can be used as a good tool to identify hypernuclei and to determine
the spin of hypernuclei. M-decay is suppressed in hypernuclei with A > 7 due to Pauli
blocking effects because the momentun transfer, A¢g ~ 100 MeV/c, is much smaller than
the Fermi momentum of ~250 MeV/c. The suppression of the M-decay rates (Ir-, I'ro)
is reduced by the AN many-body interaction and by a distortion of the pion wave in the
nuclear medium [1, 2}. Systematic studies of the M-decay rates are of interest.

Nonmesonic decay (NM-decay) predominates in hypernuclei, except for light hyper-
nuclei. It provides a unique opportunity to investigate the AN weak interaction since
the transition AN — NN can take place only in the nucleus. The NM-decay rates, [}
(proton-induced decay rate) and [, {neutron-induced decay rate), arc good observables
through which the decay mechanism can be clarified. Until now, no theoretical calcula-
tions based on meson-exchange models can reproduce the experimental measurements on
the NM-decay rates, particularly on the ratio of I'y to I, [3, 4, 5]. It has recently been
suggested [6] that the discrepancy between theory and experiment may be explained by
multinucleon-induced processes, such as ANN — NNN| although this has not yet been
established very well.

In recent years a series of counter experiments carried out at BNL measured a set
of weak decay rates, the lifetime (r=1/T},) and the partial rates (-, [}, and [,),
in 5He, !B and }?C produced via (N~,77) reactions {7, 8]. Before the BNL measure-
ments the experimental data were limited to those from old emulsion and bubble-chamber
experiments, where identification of hypernuclei was difficult, except for very light hyper-
fragments. The counter experiments improved the quality of data very much. However.
only the lifetimes could be obtained for }'B and }?C because a large background from in-
flight kaon decays contaminated the hypernuclear excitation-energy spectrum. Therefore.
an improvement of this measurement is desired.

We recently carried out an experiment to study the polarizations and weak decays
of hypernuclei produced via (r*. Kt) reactions on ?C at KEK (PS E160) [9]. In the



present work we report on the weak decay rates of 12C and Y'B. The asyinmetry of the
weak decays and polarizations have been presented elsewhere [10].

II. EXPERIMENTAL SETUP

The present experiment was carried out at the K2 beam line {11} of the KEK 12-GeV’
Proton Synchrotron (PS). We constructed the PIK spectrometer in order to study hyper-
nuclei produced via (7, K't) reactions in the previous experiment [12]. For the present
experiment, decay counter telescopes were installed in the PIK spectrometer, as shown
in Fig. 1. A platinum target of 6 mm in diameter and 60 mm in length was irradiated
with typically 2.5x10" protons from the KEK PS every 4 seconds (spill interval) with
a duty factor of 50%. producing secondary pions. About 5x10° positive pions per spill
at a momentum of 1.05 GeV/c were delivered to the experimental target through the K2
beam line. The pion beam was defined by a coincidence between beam hodoscopes BH1
and BH2. The K2 beam line provided a clean beam of pions via a static separator 6
m long operating at an electric field of 40 kV/cm. Less than a 20% positron contami-
nation was found in the pion beam. These were rejected by anti-coincidence with a gas
Cerenkov counter (GC) located before BH1. A plastic scintillator was employed as an
active target (TGT). It had dimensions of 60(wide)x20(high)x64(long) mm®. and was
divided into two halves in height and 32 segments in length to obtain dE/dxz information
near to the reaction vertex [13]. Differential lucite Cerenkov counters (BLC's) were used
to discard beam pions passing through, but not interacting with, the target. Scattered
particles were triggered by a scintillator hodoscope (TOF) located behind the PIK-PA
spectrometer. Scattered kaons were triggered by a proper combination of two Cerenkov
detectors, LC and AC. The LC array consisted of 11 slabs of lucite Cerenkov radiator
with wavelength shifter. The AC comprised aerogel Cerenkov radiators with a refractive
index of n~1.055. The trigger condition for the (v, K*) reaction was then defined by

7K = BH1+GC « BH2« TGT x BLC  TOF  LC + AC".

Drift chambers BDC1~5 and SDC1~4 were tracking detectors for the incident beam pions
and the scattered kaons, respectively. They were used to reconstruct particle momenta
(k.+ and ky+). The BDC’s, SDCI and SDC2 were drift chambers with a narrow drift
space of 2.5 mm, so that they could be operated in a high-intensity beam of more than 10¢
particles per second. Drift chambers SDC3 and SDC4 were used to detect scattered par
ticles, and were large enough to cover the solid angle of the PIK-PA spectrometer. Since
the PIK-PA spectrometer had a large momentum acceptance (0.5~0.9 GeV /c), energetic
protons with velocities close to that of kaons contaminated the trigger. Scattered kaons
were clearly distinguished from the background particles by means of mass reconstruction
from the measured momentum and time-of-Bight between BH2 and the TOF array in an
off-line analysis. IFig. 2 shows the mass reconstruction. The proton mass was slightly
shifted because the velocity-reconstruction function from the time-of-flight was optimized
for kaons.

Decay particles from the hypernuclei were detected by two sets of decay counter tele
scopes located above and below the target. Each counter telescope set comprised au arvas
of AE and £ counters. The E counter comprised 16 Nal detectors. cach with a volun

of 82x82x 76 mm®. The AE counter comprised 4 slabs of 5 mm thick plastic scintillators
located in front of the [ counters. Charged decay particles were identified by the AE
counter.

Protons and negative pions from decaying hypernuclei were identified with the particle-
identification (PI) function, defined by

Fp;=aln AE + bln E,, (3)

where E(=AF + E) is the total energy deposited in the decay counter telescopes. Coeffi-
cients a and b are ~ 0.8 and ~ 1.0, respectively, which were determined by the Bethe-Bloch
equation. Fig. 3 illustrates a typical PI spectrum for decay particles of E, > 25 MeV. The
pion and proton windows were set in the PI spectrum as shown in the figure. A small
fraction of pions contaminated in the proton-gated spectrum due to impurities in the PI
proton window. Similarly, the pion-gated spectrum was contaminated by the protons.
The fraction of pions in the proton window to pions in the pion window was estimated
to be 3.5% by extrapolating the curves, as shown in the figure. In the same manner, the
fraction of protons in the pion window to protons in the proton window was found to be
6.0%.

In order to reduce the computer dead time the unbiased 7/{ trigger was prescaled by
a factor of 2. Event candidates (FVENT) were kept when they satisfied the condition
(1) prescaled =/ or
(1) a decay event (DECAY') in coincidence with =K.

A decay event was triggered if at least one Nal detected a particle from the target. The
prescaled (zt, K't) events and the DECAY events were distinguished by labeling each
event via a coincidence register.

Signals from the detectors were digitized by ADC’s and TDC’s and were accumulated
in CAMAC memory modules waiting to be read out by the data-acquisition computer.
Data transfer to the computer occurred before the memory modules became filled with
data. With an event size of around 600 bytes, the memory modules could accept about 30
events in the present experiment. The event rate was 60~80 per spill, and the computer
trigger rate was a few per spill. The computer dead time was as small as 10%.

ITIT. ANALYSES AND RESULTS

A. Hypernuclear Excitation Spectra

Fig. 4 illustrates the hypernuclear excitation-energy spectra obtained using the active
target. Fig. 4-ashowsthe (7%, 1) singles spectrum prescaled by a factor of 2, and Figs. 4-
b and 4-c are the spectra in coincidence with decay protons and pions, respectively. A
peak in the ground-state region can be seen at £, ~ 0 MeV. The energy resolution of
o ~ 3 MeV is principally due to the target thickness (6.6 g/cm?). The first excited state
(E, ~ 10 MeV) as well as the ground state are enhanced in the p-gated spectrum, since
the NM-decay probability is suppressed in the A-unbound region (E, > 11 MeV), and
are sufficiently clear to obtain a vield for each peak.

The ground and first-excited states correspond to the n-hole A-particle states of [p~'s,]
and [p~'p4l, respectively. A calculation [14] indicates that the (z*, A't) reaction mainly



populates the 17 and 2% states in the ground and the first-excited states of YO, vesper-
tively. These states have been well established through studies of hypernuclear production
at CERN, BNL and KEK [12, 15, 16]. We thus assumed in the fitting procedure to extract
the peak yields that two Gaussian peaks with o ~ 3 MeV are located at £, =0 MeV and
E. =10 MeV.

The region above F, ~ 11 MeV is open for the A-escape channel { A-unbound region).
To reproduce the spectrum shape of this continuum region we used the calculated states
from ref. [17). Each state was folded with a Gaussian resolution function of o ~3 MeVin
the present fitting procedure (FI7-1). Even in this region, a certain fraction of the states
may form a hyperfragment through the A-spreading process [18]. These are characterized
by the compound process. where the intermediate state populated by the reaction decays
into a daughter nucleus statistically. Since the hyperfragments can emit protons through
NM-decays the same fitting procedure could be used for the p-gated spectrum,

In a separatc fitting procedure we assunied that the spectrum shape in the A-unbound
region could be represented by a function. as follows:

1 ¢ .
flz) = /g(l’ ~ Iy 4 g)exp (fl—)(lq. 1)
o 202
n oo P 14 fort o 0
o) = {(L\/tﬁ'bv of +di* +et? 4+ fiF for t 1 .
0 otherwise

where 2,4 is the threshold cuergy for quasifree A production. The threshold bebaviour
and the gross features of the quasifrec spectrum were represented by square-root and
polynomial functions. They were smeared by a Gaussian resolution function of o ~ 3
MeV (FIT-2).

All of the spectra applied to the fitting procedure were corrected for the following

(a) The fraction estimated to be due to pion decays was subtracted from the proton
gated spectrum. A corresponding correction was made to the pion-gated spectrum.

(b) The background in each spectrum was estimated from that in the region £, < 10
MeV, where no (v*, N'*) process should take place. We assumed that the background
was flat (constant) over the spectra, since the number of spurious (x¥. K" events seen
in the spectra is quite low.

The curves in Figs. 4 and 5 demonstrate the structure of the spectra in the cases of
FIT-1 and FIT-2, respectively. Both cases reproduced simlar spectra. We took the
averages of the peak vields obtained in the two cases. The differences were included in
the systematic errors.

B. Energy spectrum of NM-decay protons

The encrgy spectrum of NM-decay nucleons is affected by several miclear effects. To
estimate the energv distribution of the nucleons ejected fromt the hypermuclen the effects of
the Fermi motion and intranuclear cascade were studied using a Monte Carlo simulation

The simulation included three major parts: (i) the wnitial NM-decay. (i) the mitranuclear

cascade, and (it} the craporation process. Details concerning the simulation are desenibed
in the Appendix.

(i} The tniteal NM-decay. We considered the transition AN — NN iu the initial NM-
decay. The momentum distributions of the initial AN in the hypermucleus determine those
of the final NN. The initial momentum distributions were given by the wave functions
of A and N, respectively. A point interaction in the AN — NN process was assumed.

{ii) The intranuclear cascade. The intranuclear cascade process was described by scat-
terings of the decay nucleons with nucleons in the residual nucleus. The interaction cross
sections were deterinined by the mean-free path obtained from the imaginary part of the
oplical potential. We considered only s-wave scatterings. The scattered nucleons were
trapped by the vesidual nuclens when they were below the Fermi surface and the nucleus
was excited.

(it} The evaporation process. Nucleon evaporations from the excited residual nucleus
took place after the intranuclear cascade. The spectrum was assumed to be characterized
by an exponential [inction of the nuclear temperature.

Fig. 6-a shows a shuulated cnergy spectrum of protons from the Ap — pn process in
L2C. One can see that the spectrum is cliaracterized by three major components. Protons
from the evaporation process are characterized by the exponential shape in the low-energy
region. Bummps with a peak at around 60 MeV and a peak at around 80 MeV correspond
to protons from the s-shell and the p-shell, respectively. The probability of the second
process. such as evaporation and collisions, is estimated to be about 20%. Fig. 6-b shows
the energy distribution of protons refated to the An — nn process. The cut-off for the
low-energy protous makes the contribution from the second process small.

It is also necessary to estimate the geometrical effects as follows. Since the present
experiment has no tracking detector for the decay particles, the vertex point could not be
determined precisely enough to make corrections for energy losses of the decay particles
it the target material. Particles passing through the edge of the decay counter volume
also distort the energy spectrum. We employed a Monte-Carlo calculation to determine
the detector response and to estimate the detection efficiency for the decay particles,
including the solid angle and the PI function efficiency.

Fig. 7 shows the proton-energy spectrum detected by the decay counter in the simula-
tion for the Ap — pu process (histogram) together with that measured for the ground-state
region (plotted with closed circles). The measured E) spectrum was corrected for pion
contamination. The siiulation reproduced the present experimental data quite well.

Here, although we approximated the transition AN — NN with a point interaction, it
may depend upon the 1N -spin configuration. As can be seen in Fig.G-a, the s-shell and
p shell nucleons gave different spectra. Changes in the s-shell component to the p-shell
component aflect the estimation of the solid angles. We considered two extreme cases.
One is the case in which only the s-shell component contributed to the spectrum. The
other is the case using only the p-shell component. The difference was taken into account
. svstemnatic errors on the solid angles.

We obtained the solid angles ¢,0, = 232792 % and €,0, = 0.819% % for }¥C, and,
8 o 222F N and 2,0, - .70 0 for LB, respectively, where the £, and the ¢,
represent the efficiency for detected protons with Fy > 45 MeV in the Ap — pn and

1N+ processes. respectivelv,




C. Branching Ratios and Weak-Decay Partial Rates

By definition, the branching ratios R=1,/1,. b=,/ 1 anc b <171, satishy
the relationship
b = (1 + R) < b, (6)
Here, I, represents the total decay rate of a A hypernuclens. Quantities b, and b,
are branching ratios of the Ap — pn process and the total NM-decay. respectively. The
observed protons also include those which originate in the An — nn process, since a
proton may be kicked out of the nucleus in the intranuclear cascade process. Protons
may also be observed when the M-decay pions are absorbed in the residual nuclei. In
practice, we cannot distinguish the pion-absorbed M-decay from the NM-decays. It is,
however, interesting to examine the fraction of NM-decay events which are cansed by
real pion absorption. Assuming that the pion-absorbed M-decavs vielded a protos energy
spectrum close to that of the NM-decavs., we obtained
Voo = -
b, = el ((few + 2,00, . (M
s
where Y, and Y, denote the peak vields observed in the singles and provon-gated hyper
nuclear excitation-encrgy spectra, respectively. The quantity b,., can be written as a
branching ratio of the mesonic process (I, /Ty,) as follows:

I,
bnm = 1- =
oo
= 1= (147, (8)
where 7 is the ratio of 7° decays to 7 decays (hyo/by-). Quantity ¥, - denotes the peak

yield observed in the pion-gated hypernuclear excitation-energy spectrum. We estimated
the detection efficiency and the solid angle for negative pions (s,-,-) using a Monte
Carlo simulation; the results were e,-Q,- = 0.21 and £,-Q,- = 0.34 for 2C and }'B.
respectively. They were obtained for pions with E, > 25 MeV. No systematic errors, as
seen in case of the NM-decay nucleons. were taken into account.

We obtained b,- = 0.0940.044:0.01 for }2C and 0.1540.03+0.01 for }'B. respectively,
as shown in Table 1. The first and second errors stand for the statistical and systematic
errors, respectively. We made use of data from previous studies of the x% mesonic decay
rate in order to evaluate the quantitics b,,,. b, and R. The experimental measurements
of the #° decay branching ratio (b.0) [19] are listed in Table 1. We thus obtained the
quantities by, by, and R from eqs. (6). (7), and (3). as shown in Table 2.

The total decay rates were measured as 1.23 £ 0.18 for 1*C" and 1.37 + 0.16 for Y'B in
units of the decay rate of A hyperon in free space (Iy) by Grace et al. [7].
values and the obtained branching ratios, we derived the decay partial rates (I,-. [},
and I',,,), as listed in Tables 3 and 4.

From these

IV. DISCUSSIONS

A. M-decay rates

The present results {or ;- are sunnmarized in Table 3, and arc compared with results

from other relevant studies. The BNL experiment reported [,-=(0.0321955 % in 12e

[8]. This value does not contradict the present results concerning - in (. In the BNL
experiment a large nuinber of background events remained 1o the hypernuclear excitation-
energy spectrum in the inclusive (A~ =7} reactions on **C. It possibly makes /- small.
They also reported an upper limit of 016774 at the 95% confidence level. 'T'he present
(mt.A*) experiment has kept the nnmber of background events small in the excitation-
energy spectrum. Montwill ot «l have reported Q™ =1, /[--=4.8+1.1 in }'B[20]. Here,
we can extract a value for /.. of (0.22:4:0.05){ 4 from the following equations:

Pejle = 0.5, (9)
[wr;r == [111v11+[‘7r*+['r°w (10)

as assumed in ref.[19]. Eq.(9) is required due to the emnpirical A7=1/2 rule. The as-
sumption is reasonable since no significant difference of the shell structure between the
daughter nuclei in the =7 and 7% decavs of B affects the ratio. We can also extract a
value for .- of {0.204:0.01)1"y using the ratio !0/~ =7, obtained from the present b,-
and the previons hoo [197 The present measurement of - in 1B agrees well with both
extracted values.

It has been suzgested that the suppression of M-decay is weakened, even in heavy

hypernuclel, because the pion wave distortion and nucleon correlation in the nuclear
medium make the decay probability large {1, 2]. Motoba et al. have studied the effects of
pion distortion on p-shell hypernucler by employing three different potentials, as shown in
Table 3 [21]. FREE means no distortion. The MSU potential gave a larger distortion, and
thus a larger [, than that given by WHIS. The present result concerning [,- in 12C is
close to that given by WHIS, although it does not contradict the others within errors. I~
in 1'B is sensitive to the potential. The present [~ in }'B agrees well with that given by
WHIS. The ratio of 7~ i 2C to that in Y'B is found to be 0.5240.2740.05 in the present
experiment. This value agrees with the calculations which are almost independent of the
potentials. The present results show the effect of pion wave distortion on the M-decay
rate.

B. NM-decay rates

The obtained [,/ and [, /1, are displayed in Table 4 together with previous
measurements and theoretical caleulations. We can extract I, ={1.0640.34) in h‘B
from the Q7 given by Montwill ¢ /. [20] emploving eqs.(9) and (10). The present
results concerning /', show alimost vty in units of 7. and agree well with the previous
measurcments. The BN experiment measured neutrons and protons stimulated from
the hypernuclei [8] The large errors are due to low efficiencies and large backgrounds in
neutron detection. The present experiment found that [, is almost twice the size of [,
in both 2C and ''B. although the results have sizable errors. Mangotra «f al. [22] and
Montwill et al. [20] veported [, /F,=2. 117035 and 0.59%51]. respectively. Both emulsion
experiments failed to identify the hyvpernuclear isotope.

Dubach et al. have calculated the NA-decay rates in nuclear matter based on meson-
exchange models. and assumed a relative s wave in the initial AN system {4]. Their
one pion exchange calenlation gave a large [, of 2~1 and a very small [',, where the
tensor term was strongly enhianced and the neatron-induced transition was forbidden. It



is reasonable to take the short-range effects into account since the AN — AN transition
involves a large momentum transfer of ~ 400 MeV/c. Dubacl ¢t al. also studied heavier
meson effects in the calculation. Considering =, p, n, w, K. and I'*, they obtained
Im=1.231"4 and L/ 1,=0.34, which improved the calculated values. but still suppressed
I, Cheung, Heddle, and Kisslinger calculated [y, by employing the quark hybrid model,
where the 6-quark state was takeu into account in the short-range region. They obtained
[ =1.280", in 12C using the Al=1/2 rule [23]. The value is consistent with the measured
I Ramos et al. calculated the NAl-decay rates in finite hyvpernuclei, SHe, U'B. and
2C, based on a one-pion exchange modecl with a relativistic nuclear treatment [24]. The
authors have pointed out that the contribution of a p-shell nucleon is of importance to
the decay amplitudes. The calculation gave the parity-violating and parity-conserving
amplitudes, and reproduced the asvmmetry of protons in the NM-decay from polarized
hypernuclei. This has been reported elsewhere [L0]. They have reported [, =0.987 4 and
IW/=0.27 for z, p, n, w, K, and A meson exchanges in *C [5]. Although the [, is
in good agreement with the measured values, the /Ty is still quite different from the
measured values.

Ericson et al. have suggested that multinucleon-induced processes. such as ANN —
NNN, play an important vole in NM-decay (6]. The process is caused by the absorption
of a virtual (off-shell) pion from a decaving A into a pair of nucleons or more. It reflects
the propagation of the pion through the nuclear medium, which is strongly related to
the M-decay process. They found that the processes contributed to 30~40% of the total
NM-decay rate. The two-body NM-decay rate is then written as

riil = (06~07) % [hm (11)
= 0P+, (12)

where superscript (2) means two-body NM-decay. This may explain the discrepancy in
I'./T,. Multinucleon-induced decay would feed the low-energy region in the proton-energy
spectrum because the released energy is shared by 3 particles or more. Unfortunately,
our detectors had poor sensitivity to protons with E, below ~40 Me\', due mainly to
the thickness of the target and the AFE counter. If we were completely insensitive to this
component, our result for [, could represent the two-body NM-p decay rate ([“;2)) and.
hence, I'{*)/I{*) would be 40~70% smaller than our results for I/r,.

The structure of the nucleon-energy spectrum may be sensitive to the detailed mecha-
nism involved in hypernuclear NM-decays. In particular, the structure of the low-energy
region is useful for studying the multinucleon process. A precise measurement of low-
energy protons, and also neutrons if possible, from the NM-decay is required to study the
problem further.

V. CONCLUSIONS

In the present study we measured the M-decay and NM-decay rates. which are key
observables for studying weak decays. The measured I',— shows that Paulj blocking
is less effective due to pion distortion than expected in 12C and \'B. The previous .o
measurement in }'C and ' B also suggested a strong distortion effect, although it was much

stronger than that predicted by a calenlation (19, 21]. Both experiments demonstrate

that pion distortion in the nuclear medium plays an important role in the suppression of
hypernuclear mesonic decay. Systematic measurements with a mass nwnber dependence
are necessary for a further understanding of M-decays.

The present result concerning /'y, is consistent with previous measurements and in
good agreement with the theoretical calculations. The present measurement shows that
Iy is almost twice the size of I, althougl the obtained I/ Ty vatios in J2C and 1B have
sizable errors. The previous measurements gave a ratio of almost unity, while the calcula-
tions suggested a more strongly suppressed I,. There are still discrepancies between the
experimental valnes and the theoretical calculations. The multinucleon-induced process
i NM-decay may acconnt for this discrepancy. Precise studies on the structure of the
nucleon-energy spectrum. particularly in low-energy region, are needed to examine the
multinucleon process in NM-decays,
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APPENDIX

A. Monte-Carlo simulation

We considered a phenomenological model for the NM-decay process to estimate the
energy distribution of stimulated nucleons. The process includes threc major parts: (i)
the witial NM-decay, (i1) the intranuclear cascade, and (iil) the evaporation process, as
mentioned in section [11-13.

We can describe the momentum distribution of the two nucleons in the final channel
of the NM-decay as follows:

d"D(p,,pa)

Ipdp | < Nip,Nopoi A2\ Vanl1Z >

% (13)

where |17 > represents the initial hypernuclear state; the final state is expressed by the
two-nucleon state of Ay and N, with momenta of P, and p, and the residual nuclear
state of mass number 4-2. Quantity 1,y stands for the potential driving the AN — NN
transition. The 1y interaction is characterized by short-range effects, since the AN —
NN transition involves a large momentum transfer of ~400 MeV/c. We approximated
Vin by a point interaction. We considered the plane waves of the final two nucleons and
solved eq.(13) as

d°D(p,.pa) } .
s = X [ dhalo R [l ldE ()P 4 pa =gy ) (10

Here. we required both energy and momentum conservation in the AN — A Ntransition.
The pi=(Ex k), py=(FEyv. by ). m=(Fy.p). and py=(E,.p,) denote the four-momenta

L0



of the initial A and A, and the final two nucleous. respectively, Since the mntial 1 oas
bound, the total energy (17,) is deseribed as

2
[kl
2Mp

Ey = my— By - (15)
where By stands for the A-separation (A-binding) energy; 1y and Ay are the masses
of the A and the residual nucleus. The momentum distributions of the 4 and A were
given by the momentum-space wave {unctions, ¢*(k,) and @Y (k). i the initial state.
Subscript a represents the shell (orbital) of the nucleon. We assumed that A lies in the
s-orbital before the NM-decay.

The decay nucleons may be scattered by the nucleons in the residual nucleus. since
they have finite mean-free paths. We consider the factor (7, which represents a fraction
of the missing flux due to scattering. The factor G depends upon the position = in the
nucleus and the momentum of the decay nucleon, as described helow:

Gu{r.p)= //J;“‘\ (r)exp [7T(1ne:]1)}(lQe. (16)
where p?™ () denotes the density distribution of the AN which can e expressed as
PN () = /d(,-'m- Ve () 2o — o). (17)

Here, ¥* and ¢ are the coordinate representations of the A and vV wave functions. 7T
stands for the thickness of the nucleus measured in units of the wean-free path {A{p)).
and seen from position r in the direction e. It is expressed as

Tl o) = z ‘p;\'(r+:e) .
firep) ’/,\(m (0] (18)

where pn represents the nucleon-density distribution of the residuai nucieus.

In practice, it is complicated to unify the initial NM-decay with the intranuclear cas-
cade process. A method to do this can be found in a study by Chiang and Hifner [25]. We
employed a Monte-Carlo simulation. In the simulation the initial NM-decay took place
according to eq.{14). The decay nucleons were then allowed to scatter until they were
emitted or trapped by the nucleus. An NM-decay point was given Ly eq.(17) and the
scattering point was evaluated from eq.(18}. We calculated single-particle wave functions
for the ¢’s and ’s. as described in next subsection. The mean-free path was estimated
from the imaginary part of the optical potential [26]. We then considered s-wave scat-
terings in the initial NM-decay and the intranuclear cascade. The scattered nucleons
cannot escape from the nucleus when their total energies in the two Lody center of mass

frame are below the nucleon mass (they would be below the Fermi surface). They were
consequently trapped by the nucleus and excited the nuclens.

Nucleon evaporations from the excited residual nucleus took place after the intranuclear
cascade. The spectrum was assumed to be characterized by an cxponential function of
the nuclear temperature.

When a A hyperon is polarized by the (¥, N¥) reaction at a finite scattering angie,
NM-decay protons have an asvmmetric angular distribution of 1 {#) ~ | + F4 A, cos0,

where Py and Ay represent the A-spin polarization and the asymmetry parameter, respec-
tively {27, 23], The second term introduces a so-called up-down asymietry with respect
to the reaction plance defined by k,+« xk;+. A measurement of the asymmetry for the
NM-decay protous is another interesting subject, and a goal of the PS E160 experiment.
This has already been reported elsewhere {10]. The nuclear effects modify the angular
distribution and attenuates the asymmetry. We also evaluated the attenuation factor by

means of the simulation code.

B. Wave functions

We used the Wood-Saxon potential to obtain single-particle wave functions of the
hyvperon and nucleons. It is deseribed as

A\ 1d
Vi) = Vef(r) 4 b, (—) ;Hf(e-o)we, (19)
where
- -1
oy = [raes=5) (20)
L a

Here Vi represents the Coulomb potential assuming a uniform charge distribution inside
the nuclear radius (¢). Parameters relevant to the potential are summarized in Table 5.
We used hypernuclear radii e=< r* >'/? parametrized by the analysis in ref. [29]. The
Vo's were adjusted so as to reproduce the given separation energy, for which the binding
energy in the pyjp-nucleon {30] and sy,,-4 [31] were used. The V,,’s were assumed to be
5 MeV for the nucleons, and negligible for the hyperon [32, 33, 34]. The binding energies
of s1/;-nucleons were obtained by the given potential. Fig. 8 displays the radial wave
functions obtained for the s-shell hyperon (solid line), the s-shell proton {dashed line),
and the p-shell proton (dotted line) in 12C. The momentum distribution of the hyperon
and nucleons i the hypernuclel are also displayed i the same figure.
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Table Captions

Table

Table

Table :

Table

Table 5

1 Brancling ratios for mesonic 7= decay (h.-). The first and sccond ervors appearing
in the results stand for the statistical and systematic errors. respectively, Other

o

experimental 1esults concerning mesonic 7% decay (bro) and thearetical calenlations

concerning the vatios (r;) of #% decay to 7~ decay are listed for reference.

2 Branching ratios for NM-proton decay (b,), total NM-decay (b, ). and vavios £1() of
NM-neutron decav to NM-proton decay. The first and second errors appearing i all
of the entries indicate the statistical and systematic errors, respectively.

3 Present results for [7,—. The previous measurements and calcnlations arve hsted for
a comparison. Allof the entries are in units of the free A decay width (/7y} but {or
ratios of - in }2C to that in Y'B.

4 Present results for Iy, I, and I/ 1. The previous measurcments and calculations
in p-shell hypernuclei are listed for reference. All of the entiies are i nnits of the
free A decay width (1"4), but for £7/}’s.

Wood-Saxon potential parameters used for calculating the wave functions. B.1 de
notes the binding energy of A and N. Quantities @ and c represent the diffusivity and
radius of the potential, respectively. 14 and V;, are the potential depth carresponding
to the leading and spin-orbit forces. respectively.

Figure Captions

g

Fig.

Fig.

Fig.
Fig.

Fig.

89

-

G

Schematic view of the experimental sctup. Counter telescopes for decay particles
from liypernuclei were newly installed in the PIK spectrometer constructed for the
previous experiment {12]. The pion beam was defined by counter hodoscopes Bl
and BH2. Positrons contaminated in the beam were rejected by a gas Cerenkov
counter GC. The momenta of the pions were analyzed by the maguetic spectromce-
ter (PIK-BA) and drift chambers (BDCI~3). Differential lucite Cerenkov counters
(BLC’s) were located behind an active scintillator target (TG'T) to discard beam
pions passing through, but not interacting with, the target. Scattered particles were
triggered Ly a hodoscope TOF. Kaons were discriminated by two Cerenkov detec-
tors. LC and AC. The momenta of the kaons were reconstructed by the magnetic
spectrometer (PIK-PA) and drift chambers (SDC1~). The decay counter telescopes
were set above and below the target. Fach counter telescope set comprised an array
of AE (plastic) and F (Nal) counters.

Scattered particie masses reconstructed {romn the measured momentuny and thne-of-
flight between BH2 and TOF. The kaons are clearly separated from other particles.
The proton mass is slightly shifted because the velocity-reconstinction function from
the time-of-flight is optimized for kaons.

Typical P1 spectrum for decay particles whose energy is higher than 25 MeV. The
vertical solid and dashed lines define the windows of gating pions and protons, re-
spectively.

(7*, K1) singles spectrun {a), and spectra gated by the decay protons (b} and by
the decay pions (c). The curves indicate the structure of the spectra obtained by the
fitting procedure FIT-1. In FIT-1. two Gaussian peaks of o ~ 3 MeV\ at £, =10
MeV (17) and £, = 10 MeV {2*) and the calculated states from vef. {17] in the A-
unbound (4 UB) region (£, > 11 MeV) were assumed. Contamination (C) of pions
in the proton-gated spectrum because of the impurity in the PLwindow for protons
was corrected. A corresponding correction was made to the pion-gated spectrum.
and pion-gated spectra. The background (BG) estimated from that in the 7, < 10
MecV region was subtracted from each spectrum.

Same as Fig. 4. but the fitting procedure ['I7-2 was used to reproduce the spectra.

Proton-energy {£,) spectrum from the Ap — pn process in 1 obtamed by a Monte-
Carlo stmulation (a). Three major components (protons from the evaporation pro-
cess, those from the s-shell, and those from the p-shell} are shown. The simulated
proton-energy spectrum from the An — nn process in L2C is shown in (b).

Proton-energy (f,) spectrum observed in the ground-state region (circles with er-
ror bars). The histogram was obtained by a simulation. in whicl the geometry of
the decay counter telescopes and the energy loss effect in the materials were consid-
ered. The energy distribution of the protons obtained by the intranuclear cascade
caleulation were used as an input of the simulation,



Fig. 8 Density distributions of the radial wave functions obtained for the s-shell hyperon.
the s shell proton. and the p-shell proton in 12C (upper). The momentuwin distribu-
tions of the A and N were given by the momentum-space wave functions (lowerd

Experiment Theory 21]
by boo .
L present Sakaguchi [19] Free  MSU - AVIHIS
O 009 £ 0,00 £0.01 0174 £ 0.057 £0.005  1.35  1.26 1R
YB 0154 0.03 £0.01 0.140 + 0.039 £ 0.025 047 018 0.17

Table 1:

A7
A Z bp bnm

R

OO 02T £ 0047500 0.7 £0.08 £ 0.0

140510

VI 0205004490 0,77 £0.05 £ 0.03 225+ 05700
Table 2
Fxperiment Theory [21]
present BNL (8] Montwill [20]  FREE  WHIS MSU
e (RO 1y 0.11 £0.05+£0.01 0.052%565 0.05%  0.107  0.134
- (Y BY/ 1y 0.21 £ 0.05 £ 0.01 0.2240.05 0131 0223 0.204
Lo (RC)/T,-(4B) 0.524£0.27 £0.05 0.433 0480 0456

Table 3:



17 I, Iy r.Jr, refs.
Experiment
e 0314007300 093+£0.174£0.01 1.744+0.54 present
1B 0332007010 105 +014+£0.04 225+ 0577037 present
A>10 2114050 (22]
aBL AU AN 059701 201
e 1.14 £ 0.20 1337 4 (8]
VB LOEH (8]
Theory
A= 1.23 0.34 i1
120 1.28 [23!
120 0.98 0.27 (5]
Table 4:
tp'
BE(s1) BE(py) « v
(MeV)  (MeV)  (fin} (fm) (MeV)
ZC 4 10.8 - 054 279 255
ne g 248 3.60 0.54 252 548
n 30.3 13.1 0.54 252 572
WB A 10.2 - 0.54 272 253
g, 205 .59 054 249  46.1
n 240 844 054 249 497

Table 5:
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(a) singles (b) p—gate (c) m—gate
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