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H-dibaryon and hypernucleus formation in the E~12C reaction at rest
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Stopped= ~'C reactions have been investigated with respedtibaryon and hypernucleus formation
with a scintillating fiber detector. Out of 5&10° tagged= ~ particles via the K ~,K ") reaction we obtained
72 stoppingE ~ events with 61%;}, background events after imposing kinematic constraints. Hypernuclear
production has been studied by observing fieelecays in the stoppel- reactions. From the observed
momentum spectrum, we have found the hypernuclear production rates taH#3185+6, and 1712 %
for double/twinA hypernucleus, singlé- hypernucleus, and no hypernucleus cases, respectively. With the
same sample, we set upper limits Ritstopped= ~*?°C— HX /stopped= ~*2C— all) for H decaying intoAn,

3 p, andApm, for H masses just belowk A mass threshold and fdt lifetime range 10''< ;<10 8 s.
The upper limits orR are~0.1-0.2, assuming all of the decay into each decay mode. Our results give a tight
constraint on the existence of the bourdin comparison with the theoretical estimates of Aerts and Dover,
albeit with different target nuclei.

PACS numbd(s): 14.20.Pt, 21.80:a, 25.80.Pw

I. INTRODUCTION interval betweenAn (2.055 GeV¢?) and AA (2.231

GeVic?) thresholds theH particle would decay predomi-
Double-strangeness S —2) systems have attracted pantly by nonleptonic weak decay into two baryonsAi
much attention over several decades, since the question of {ansitions. The more conventional nonleptonic decay
their properties is of fundamental importance in a field inter'involving pionsH— AN is allowed if m,>2.194 GeV¢?
secting with nuclear and particle physics. Among them, the],
lightest S=—2 system beyondE hyperons is a possibly — Despite strenuous experimental efforts using a variety of
boundH-dibaryon, which has auddssquark configuration approaches, there has been as yet no definitive observation of
of maximal spatial symmetrj1]. The MIT bag model pre- such a deeply boun@y more than 30-50 MeMH-dibaryon
dicts the mass of thel dibaryon, for theSwave flavor sin- [3]. Instead, the observation of several douhlehyper-
glet with J”=0", to bemy=2.150 GeV¢?. For the mass nuclear events in nuclear emulsion suggests that the
H-dibaryon is very loosely bound, or unbound, relative to
2m, [4]. While experimental searches for an unboutd
*Present address: RCNP, Research Center for Nuclear Physigdibaryon yielded no conclusive evidence in high-energy ex-

Osaka University, Osaka 567-0047, Japan. periments[5—-7], we observed in our previous analysis en-
'Present address: RIKEN, Institute for Physical and Chemical RehancedAA production near the threshold i#HC(K~,K™)
search, Wako 351-0198, Japan. reaction[8]. It is suggestive of either the possible existence
*Present address: Institute for Cosmic Ray Research, University &f a AA resonancéas anH-dibaryon resonanggea strongly
Tokyo, Tokyo 188-8502, Japan. attractiveAA final state interaction, or both.
SPresent address: Nuclear Physics Institute of the Academy of An alternative scheme fdd production is the formation
Science, 250 68 &/, Czech Republic. from E~ atoms via theE ~p fusion processes, first sug-
lpresent address: International Center for Elementary Particlgested by Barnd®]. Quantitative predictions for the branch-
Physics, University of Tokyo, Tokyo 113, Japan. ing ratio for H formation from various states & ~p,= ~d,
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and Z “He atoms were given by Aerts and DoviO]. 1.86 GeVie K J
These initiated thél-search experiment E813 at BNL using ’ . <
a deuterium target and tagged™ via the (K ~,K*) reaction i SCIFI detector

[3]. The theoretical estimates show that branching ratios for
H production from= ~d atom approaches 0.9 f@states in
Nijmegen modelD, for my near theAA threshold, but no
larger than 0.25 in modél. The branching ratios fd? states
are even smaller than those for S states. The case of th
E~“He atom is, however, predicted in both mod&land
model F to yield quite large values for the branching ratio,
approaching 1.0 nealAA threshold. Although our results
cannot be compared directly with the estimates of Aerts anc
Dover[10] due to different target nuclei, it should be noted
that our experimental approach is sensitive enough to give ¢
meaningful constraint on the existence of the bothid the
region near the\ A threshold.

Single event evidence for the existence of doubléy-
pernuclei, 1% Be [11] and ¢, He [12], was reported in early
emulsion experiments and more recently in a KEK hybrid-
emulsion experimenf4]. The KEK event is kinematically
consistent with the formation of eithéf,Be or 3 B. The
KEK experiment used taggedE ~ particles from the

S : . .
(K™,K™) reaction. The latter one was the interpretation bygjo, our experiment is well suited to observe double- and

Doverlft al. [13], assuming a relatively long-lived excited gjngle.A hypernucleus production reactions with stopped-
state, \), C*, decaying into;’s B+ p. =~ events tagged by reconstructing th&€(K~,K*E )X

If one follows the interpretation of Dovest al. [13] for  |eactions in a scintillating fiber active target.
the KEK doubleA hypernuclear event, the binding energy of | this paper, we report on hypernuclear formation prob-
the two A’s for the three observedA hypernuclei is ap-  gpilities through theZ ~ atomic capture process iHC nu-
proximately 4-5 MeV. This result implies that tH&, AA  ¢jej and an upper limit foH-dibaryon production with sub-

interaction is more attractive than t&, AN (2-3 MeV) sequent weakin,S ~p, andAp=~ decays.
and comparable to th&S, NN interaction(5—-8 MeV). How-

ever, it does not give a direct answer to the intriguing ques-
tion: is the two-body'S, AA system a quasinucle@veakly
bound state or an unbound state analogous to 18g nn The experiment was carried out using a separated 1.66-
system? This is because a fully microscopic, realistit 8 GeVic K~ beam at the KEK proton synchrotron. The
+2A calculation of 3%, Be, for example, is not practical, and K~/7~ ratio of the beam was typically 1/4 at a rate of 2
the answer is quite model dependent. X 10°K ~/spill (~2 ). Approximately 8<10° K~ were inci-

Fragmentation of th&= —2 system due to & -nuclear  dent during the experiment. The /p beam contamination
reaction at rest is of great interest in its own right, since onavas reduced to 0.1% using the beam line time-of-flight
can explore the production mechanism of double-, twin-, an¢ounters and the pulse height from an aerogele@kov
singleA hypernuclei. A quasideuteron moddl4] predicts  counter. The momenta of outgoing particles were measured
that the reactiorE “d— A An is responsible for doubld-  with a K* spectrometer of approximages m in length,
hypernucleus formation. Saret al. [15] modeled a com- consisting of a dipole analyzing magnet with a field integral
pound doubleA hypernucleus, while Yamads al.[16] sug-  of 1.08 Tm, 12 drift-chamber pland®C1-3, two Ceren-
gested doorway states as an intermediate sﬁég@*, in kov counters(SAC and LG, and three hodoscope counters
which E~p annihilates toAA in a nucleus. More recently, for timing and triggering purposes, as shown in Fig. 1. The
Hirata etal. [17] calculated formation probabilities of geometrical acceptance of the spectrometer was about 0.09 sr
double-, twin-, and singléx hypernuclei based on a micro- for 1.1 GeVE particles. The momentum resolutioi (§/p)
scopic transport modéhntisymmetrized molecular dynam- was 0.5%(rms) at 1.2 GeV¢, and the background ratio of
ics (AMD) plus quantal LangeviiQL) method. 7 to K* was estimated to be less than 0.928].

A recent experiment, E885 at BNL, reported upper limits  The heart of the experiment is a noveir4etector con-
on the branching ratio for& ~,°C) yon— iZABJrn at or be-  sisting of 0.5<0.5-mnf¥ plastic scintillating fibers. The scin-
low 4% in the region of expected neutron energi@sg]. tillating fiber (SCIFI) detector acts as a primary interaction
They observed no apparent peaks from the neutron-emissidarget and visual track detector for recognizing (K™)
channel of doublet hypernuclear formation from reactions and secondary interactions of hyperons produced in
(E~,%2C)om decay. The theoretical predictions could alsothe effective volume of 88x10 cn¥. About 200 flat sheets,
be tested by observing hyperons in the stopped-'C  each consisting of 160 plastic scintillating fibers, constituted
reaction. It is worth stressing that the total yield dfpar- the SCIFI target. The fibedSCSF-81 consisted of a

FIG. 1. Layout of the E224 experimental setup shown in a per-
spective view with a simulated(",K™) reaction event.

ticles could answer the question about the formation prob-
abilities of double- and singld- hypernuclei, as well as
some specific two-body decay channels with singlemis-

II. EXPERIMENT
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----- AR p—metal phosphor of the second stage IIT’s. This second-level trigger
+ ) ~, P24 P20 Phosphor signal was applied to the last stage IIT’s.
Iron Shield The standard NTSC video signals from the CCD chip are
''''' =X U | digitized by an image digitizer consisting of a clock/
""""""""" e T4 coordinate generataiCCG), a parallel flash ADQFADC)
‘C. MEP Fme and a “first-in/first-out” (FI/FO) memory buffer. The CCG
© | - B Ay O initiates the DAQ sequence in coincidence with the second
""" X e \‘ ] j/ : Lens CC¢D level trigger, and generates a common clock to synchronize
— 1] the CCD and the FADC. The CCD busy signal from the
CCG gates the CCD readout sequence until the CCD reads
_S—20 Photocathéde | out a first(odd or evenfield and transfers the charges stored
=‘ in the pixels of second field lines into shift registers. The
=y CCD is interrupted during the readout sequence, so as to
Write prevent any piling up of subsequent images on one another.
/ Therefore the width of the gate signal determines the dead
— .| FADC 384 lines time of the CCD readout sequence, which~®25 ms on
FIFO DC(7bit) Readout average.
vmE [ Date Memory ~ Finally, the data contained in the FI/FO memories are sent
25ms , Gote | Control via fast transmission lines towards the parallel I/O registers
Event ID/X and Y| CCG of VME where online SCIFI track information can be pro-
' N busﬁ Trigger vided within ~30 ms. The total dead time during the online

data taking was 20%. The SCIFI image data were written on
FIG. 2. Sketch of the SCIFI target system and the readout sys8-mm magnetic tapes via two sets of the VME dedicated to
tem. two CCD signals from horizontal and vertical IIT arms. The
data stored in two different tapes were merged during offline
480-um-thick polystyrene corep(=1.06 g/cnd), the exte- data reduction into one data summary tape together with the
rior of which is covered with a 1@m(t) cladding layer p ~ SPectrometer data. o
=1.18 g/cnd) of polymethylmethacrylate PMMA). The The average number of track clusters for a minimum-
SCIFI target contained almost equal numbers of carbon antpnizing particle was approximately 0.55/mm along the par-
hydrogen atoms. The SCIFI target was observed using twihicle track, and the size of a single cluster was typically 180

orthogonally along thé&X and Y directions, as shown in Fig. the distance between the fitted straight track and each cluster,

2. The beam corresponds to tAedirection. The intensified Weighted by the brightness of each cluster, was about 290

image was recorded using a charge-coupled de(@@D)  #M [19,21].
camera and digitized with a flash analog-to-digital converter
(ADC) The SCIFI target was surrounded by a Cylindrical IIl. EVENT SELECTION OF STOPPED- =~ REACTIONS
drift chamber (CDC) and time of flight (TOF) counters
(BTOF) to detect particles coming out of the SCIFI target A total of 8000 K~,K™) events abovey +=0.95 GeVt
[20]. were scanned many times by eye and categorized according
The three-stage IITDelft PP0040 consisted of an elec- to their event topologies, defined by the number of charged
trostatically focused tube and two proximity-focused micro-prongs, kinks, and particles. The rationale behind the high
channel platg MCP) tubes. Each IIT stage achieves imagepy+ selection is that the quasifrég™ production is peaked
conversion between the photocathode and the phosphat ~1.1 GeVt. Stopped=~ candidates were then selected
screen. The effective photosensitive area of the first stagey requiring that at the stopping point of &~ there exist
was 80 mm in diameter and was reduced to 16 mm in diameither no further track$zero prong, or one, two, or three
eter at the output. The second and third stages had a one-tstopping or interactingcharged prongs, as shown in Fig. 3.
one reduction factor. The IIT's were coupled to the CCDFor instance, the survivel ~-decay events belong to the
cameras by relay lenses, whose reduction factor was 16 tene-prong configuration. We retained 874 events after scan-
6.6. Due to the read-out frequency of the C@D Hz), afast  ning.
and efficient method was needed to reduce the trigger rate to Due to the high momentum transfer0.55 GeVt) in the
a manageable level, about 20 events/spill. To accompliselementaryK p—K*E~ process, most= ’'s from the
this, the trigger system was divided into two stages. ThgK~,K™) reaction on free protons decay or range out before
first-level trigger selected a positively charged particles instopping in the SCIFI detector. However, it is possible to
300 ns. Its signal gated the second-stage IIT's during thatop low-momentum= ~’s produced from carbon in the
2.5-us time interval characterizing the decay of the phos-SCIFI detector. We therefore imposed tight constraints on
phor (P-24 of the first stage IIT's {1,0=2.4 uS). The the selection o~ production from carbon nuclei: a copla-
second-level trigger was made with fast electronics to calcunarity angle betwee& ~ and the K~ ,K*) reaction plane is
late the masses of the scattered particles within a time of 1Bequired, |ky-Xkg+-kz-|>0.1, and the missing mass
us. This time limit was due to the 5@s decay time of the should be more than 15 Me¥ off the knownZ~ mass
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FIG. 3. Event configurations in terms of the number of charged
prongs from the end point of the stoppi& . 10

(Imy—mz-|>15 MeVL?), as shown in Fig. 4. A total of
334 events survived after imposing the coplanarity and miss- 5
ing mass cuts.

We then calculated the excitation eneffgyiz relative to
the mass of a !B(g.s) nucleus assuming a
2c(k~,K"E7)11B* reaction. The kinetic energy of the
E~ was measured using an empirical energy-range formula
approximated by =-(MeV)=38.183 R‘;’Z (cm). The exci-
tation energy spectrum in Fig. 5 shows a significant peak at FIG. 5. Excitation energy spectrum f&r 2C— K* = 1B re-
E1i5=0 MeV, and a broad bump abo®#iz=50 MeV. The action relative to the mass dfB. Insets represent the excitation
peak can be understood as a sum of the ground state)(3/2 energy spectra with respect to the number of charged particles at the
the 1/2° state at 2.21 MeV, and the 3/Xtate at 5.02 MeV. E~ stopping point.
The broad bump structure above 50 MeV is mainly due to

background from in-flight=" decay and many other pro- he packground due to the broad bump structure. This cut
cesses, which are discussed later. A small bump2IMeV a5 pased on a Monte Carlo simulation. Events at around
ciguld bellatirlbuteq to the Fhole states observed in _gg \ev are possibly due to hypernuclear production with
C(p,2p) "'B* reaction[22]. pion or proton emission, which were excluded by later con-
. Excitation spectra for different number of prongs at thegi zints.
= stopping point are shown in the insets of Fig. 5. The  The apundance of the events, particularly for the zero-
broad bump structure could be kinematically attributed toprong configuration, close to 0.95 Ge@upports a sizable
two-step K~,K"X)X  processes(<1ub/sr above pc+  contribution of two- -step processes which are not associated
=0.95 GeVE [23]), nuclear evaporation, hypernuclear pro- it =~ production. This background was considerably sup-
duction reaction K ~,K " p) X, in-flight free 2~ decays, and pressed by requiring that 20<E1g<50 MeV, as shown
so on. We imposegy+>1.1 GeVt to effectively suppress j, Fig. 6.
Due to nuclear evaporation, low-energy protons are pos-
207 sibly emitted from the K~ ,K™) reaction vertex. Such low-
11 energy protons leave a track of a few mm, so we imposed a
minimum track length of 3 mm, which corresponds to about
T,=16 MeV. This cut was based on observation of low-
energy protons in an emulsion plafg4]. Direct hyper-
nuclear production fromK ~,K*) reaction could result in
emission of a proton or a pion in a hypernuclear decay. The
proton or pion could be misidentified as=a if it leaves a
similar track length to that of thé& ™. In the absence of
correlations, any direction with respect to the recoil momen-
tum is equally likely. Therefore, we required that a stopping
E "~ be observed in the forward direction (ofis->0). We
also exclude events in which@~ track is apparently less
bright than am~ track by requiring that the unit brightness
ratio, (dB/dx),-/(dB/dx)=z-<1.5; the unit brightness is
defined as the track density weighted by pulse height on each
pixel. This is done in order to minimize the misidentification
FIG. 4. Coplanarity angle and missing mass distribution assumOf 7~ as=" for a very short=" decay followed by~
ing p(K~,K*)E ~ reaction. A sharp peak represents the elementarynteraction. Addltlonally we required thdm, ,-—mz-|
K~ p—E K" scattering events. Arrows indicate the region that we>15 MeV/c? for the one-prong events with A and the
selected events to optimiZ8~ stopping efficiency. three-prong events, in order to reject fifE€e decay events.

0 T IRI |\ 1 1 uﬁxﬂ |
—-100 =50 0 50 100 150 200 250 300
Ex—M("'B) (MeV)
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FIG. 6. Excitation energy versus™ momentum distribution . L . .
(left) and theK* momentum distributiongright) are represented. FIG. 7._'I_'he differential yield for Ch".’“ged partlcl_e emission per
stoppeds~ is represented as closed circles overlaid by error bars.

Selected were the events in a dashed-line box. Rhenomentum S -

: A solid line indicates an old measurement of the proton yield. Error
spectra of all event set and the zero-prong events are displayed 3rs in the old measurement are not shown here due to being ne
open histograms, while the spectrum after selection is shown as a}n. . : . g heg

. ) igibly small. Dotted line showssEANT based simulation results.
overlaid hatched histogram. L . o
The total yield in the simulation is a factor of 2 smaller than our

. . . . easurement in the region above 20 MeV.
After imposing all the requirements described above, 75“ g

events were retained. We discuss below several background

processes which could still reside in this final sample of stop—Smaller background than based on theoretical estimate. We

ping E~ events(see Table)l therefore take 0.213:9; events as being due to in-fligkt ~
(1) Inflight =~ p/E~'C inelastic scattering events 'Ntéractions.

could be misidentified as stoppir®)~ events when occured (2)_A IHovy-energyw* intergction could be .mistz_:lken as a
near the= ~ stopping vertices. The total yield for in-flight SIOPPING=" event. It would involve both an invisibly short
E~ decay and a7~ interaction immediately after th& ~

E~ inelastic scattering processes can be written Yas q h v th berrof il
—Nz—-Na/W-p-0aps L, where the effective target length 9€cay- We have nearly the same numbeurof particles as
=~ particles due to the 100% branching ratio &f

L is set to 0.080.04 cm, which is a typical error on track — 7 e - X J .
length measurement. We compared the measured trac‘l?A” . The in-flight7~ interaction and ther™ absorption

length with the generated length in the Monte Carlo simula!" & carbon nucleus were taken into account USimgEANT

tion. The inelastic scattering cross section was adopted frorf@s€d simulatioi25]. To our knowledge, there is one old
Nijmegen-D model prediction, for example,p.=177 mb measurement of the kinetic energy distribution of charged
’ ans

averaged over the region<0T=-<9 MeV, where &~ has particles emitted following the absorption of stopped in
a maximum range of 0.08 crl, /W- p indicates the number **C [26]. The proton multiplicity was reported to be 0.45
of target nucleons per dnwhich is 0.49% 10%%cm?. N, +0.04, and the average kinetic energy 19148 MeV. These
denotes Avogadro’s numbed the atomic weight, ang the results are, however, different from the simulation results,
target density(1.06 g/cnd). Out of the 72 sto,ppingE‘ particularly for the kinetic energy distribution. We therefore
events. the background dﬁe to in-flight interaction was measured the differential yield of protons as a function of
estimaied to yield O.ng.m events, assuming that the effec- their kineti_c energy. Out of 874 events, we first_selected 226
tive proton number in éogcarbon ,nucleus is 3. The reporte&vents which are of one-prong track configuration, as shown
. . . in Fig. 3. We then required that the™ should stop in a
value of 20-7 mb for the inelastic cross secti¢@4] was L . _ . .
based b i f in-fliqit - interactions with emul- backward direction against tt# "~ track. We finally retained
ased on observation of In-1lg nteractions EMUE 35 events as stopped- 2C—pX events observed in the
sion nuclei. The interacting ~ particles were sampled be-

. : . CIFI target. We assumed all emitted particles to be protons.
fore stopping, so that the measured cross section yields mu%sing angempirical energy-range formpula approximgted by

Tp(MeV)=32.972R%"(cm), we plot the differential yield
of the protons as a function of their kinetic energy in MeV,
as shown in Fig. 7. Our results suggest tbaaNT results

TABLE |. Background in the stopping ~ event sample.

Background process Number of events

should be scaled up by a factor of 2, to compensate for the
E~p/E~¥’C in-flight interaction 0.21° 33 discrepancy between the measurement and the simulation.
a~ pla~¥2C interaction 3.70.95 Nevertheless, the background duerto interaction is found
FreeE2 —Aw decay 0.530.53 to be quite small. For example, the zero-prong configuration
Nuclear evaporation 0.890.15 at a stoppingg ~ track needsr“C— neutrals following a
Hypernuclear production 1.38" 922 very shortz™ track. For the one-prong configuration, there
K/ misidentification none should be a single charged-particle emissionwiainterac-
Total background 6.7 11 tion. While the two-prong configuration needs two particle

emission from eitherr™ p/ 7~ '%C elastic scatterings or the
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stoppedsr~ absorption in*2C, the multiprong configuration ~ TABLE Il. Number of charged particles from the end point of a
requires the multiprong emission after interaction fol- stopping= " track.
lowing a visibly short track of eitheE ~ or =~ . The total
possible background yield is estimated to be 4.1% of the
stopping 2~ events(3.2% of the one-prong and 0.21% of E176(emulsion  53% 27% 14% 6%
the two-prong configurations due to in-flight™ interac-  This experiment  46% 28% 14% 12%
tions, plus 0.64% of the one-prong configuration associated
with stoppedsr~ absorption in'*C) from a Monte Carlo .
simulatigrf). If the backgl?ound yield)is corrected by the above0'891?0‘024' (_)ur event seIecuqn thefef"fe shows a good
factor. there would be 3470.95 events due tor— interac- statistical consistency between S|mulgt|on and measurement.
tion, ’ Wg alsq compared the observed ratlo of the event configu-
(3) When theA decays near th& -~ decay vertex, free ration with re_cgnt KEK-E17E_3 experimental resLﬂﬁ]. We _
=~ decay could be misidentified as multiparticle emissionmaOIe an efficiency correction due to the different spatial
= = - resolution between the emulsion plate and the SCIFI detec-
from the stoppedE ™ reaction. Because we excluded oneiqr As shown in Table I, both experimental results are very

event for free=~ decay followed byA—pm~ from the  congistent, but the emulsion has of course a different target
stopping= " event selection, there should be a background,omposition.

contribution of 0.530.53 A—n=° decay events.
(4) Background due to nuclear evaporation could re- IV. HYPERNUCLEUS FORMATION IN STOPPED- =-12C

zero-prong one-prong two-prong three-prong

main in the stoppindg ~ sample. The kinetic energy distri- REACTIONS
bution of protons emitted via nuclear evaporation was re-
ported by a recent KEK emulsion experimg@d]. With a Stopped= ~1?C reactions are possibly characterized by

16-MeV cut, 2.48% of evaporation protons survived either low-energyA emission or nearly monoenergetc
(dN/dT,=conste %%?Tp where T, is given in Me\).  emission in sequential weak decays of hypernuclei. All pos-
We assume that all of the evaporation processes are due sible decay channels of the highly excited douhldyper-
the excited''B* decays, therefore we take one-half of the nuclear state}>, B* (2~ +*°C atomic syster with the ex-
events(36 events in the stopping=~ sample. The back- citation energy up to 40 MeV are represented in R&6]
ground due to nuclear evaporation was thus found to be 0.8®ith respect to hypernuclear species. ObservatioA qfar-
+0.15 events. ticle emission should then give quantitative information on
(5) Hypernuclear production from the<(",K™) reaction  the formation probability of double and single hypernuclei
could still exist in the stoppin@ ~ sample. A stopping pro- (see Table IIJ.
ton or pion from the decay of a hypernucleus could be emit- Out of the stoppingZ ~ event sample, we observed A6
ted in the backward direction, which results in a relativelydecays with theV-decay configuration. When both proton
large negative value of the excitation eneifgyg Since we  and pion tracks are identifiab{érack length>1 mm), the A
have noa priori knowledge of the proton or pion momentum decay configuration is defined as/adecay. Another foun
distribution for hypernuclear decay, this background estimatelecays were selected from the two- and three-prong configu-
relies on real data categorized as backward events. Re- ration. These are responsible for very shartecays from
versing the sign of the polar angle with respect to khe  stopped= "~ reaction vertices. We calculated an invariant
beam track (co8z-——cosé=-, where co¥=- is negativg¢  mass ofpm~ in a combinatorial way and the four events
for each event, we made a random rotation with respect tsatisfied the A decay configuration |fn,,-—m,|<15
the beam direction. The background yield was then estimatelleV/c?). We also analyzed nine straight tracks without
to be 1.388:551 events by requiring—20<E11z<<50 MeV. other particle tracks, hypothesizing that these are low-energy
The errors quoted indicate uncertainty in sampling real data\ decays with invisibly short proton tracks. Themomenta
for hypernuclear production. were determined using kinematic constraints of the measured
(6) K/7r misidentification may be involved in the back- 7~ decay angles and momenta, compared with Monte Carlo
ground, but we have observed no event du&foproduc- simulation results. Out of nine tracks, eight tracks were
tion in the missing mass spectrum. These would result fronfound to be consistent witlkr~ tracks due to low-energy
(7 ,K") and K~,7") reactions in the stoppingg~  decays. We therefore observed a total of &lecays. We
sample. To obtain some confidence regarding the event seetained 26 events and two events having twodecays
lection, we calculated the fraction of the stoppi&g in the  among them.
(K~ ,K"E ") reaction with the SCIFI target. We adopted the ~ The detection efficiency was calculated by a Monte Carlo
harmonic oscillator nuclear model, the measuked beam  simulation, as shown in Fig. 8. We generat&dandomly
momentum, andK ~,K ™) vertex distributions. The observed _ . N
=~ momentum distribution was reproduced by the Monte_ 7'I1'ABLE II!. Formation probabilities of hypernuclei in stopped-
Carlo simulation. The stopping fraction of tB&~ was found = °C reactions.
to be 1.34% in the simulation, whereas in the data 1.19
+0.15% of 5.5<10° tagged =~ particles, or 65.3 events
survived. In the Monte Carlo simulation we used an escaping Ratio 18+13% 65+6% 17+12%
probability of theZ ~ from 2C from our previous analysis,

Channel doublet/twin-A singleA AA+X
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FIG. 8. Detection efficiencies fok decays with respect to the
track configuration are represented as different lines.

emitted from the end point of a stoppiri§ , so that we
made exactly the same event configuration as for real dats
The simulated event set was classified into two groups of
events with respect to tha decay track configuration by
scanning. The detection efficiency was found to drop to FIG. 9. A momentum distribution fol ~2C—A X reaction.
nearly zero below 0.1 GeVW/by requiring that the\ decay  Overlaid lines represent theoretical estimates of differential yield
be accompanied by visible proton and pion decay tracksior one and twoA emission probabilities and their sum.
while the efficiency was still high enough to detect the L .
decay with only a decay~ track, even in the same momen- the =~ are expected to decay during the procg28,29.
tum region. Out of 16\ decays with the/-track configura- Our resqlt is thus consistent with th|§ theoretical esymate.
tion, there were four events below 0.1 GeVFor these The yields for theZ ~ capture reactions can be written as
events the decay proton tracks were not positively deterYi=1i/(I'o+ 1 +1T'), wherel'; are the partial rates for the
mined due to the short track length and the small decayinal channels,A+A+X (T',), ’XZ+A+X (r'y), ﬁAZ’
angle. Instead of introducing additional constraints, we al—+ X (I";). With two observed\A eventsY,, is estimated to
tered theA decay configuration for those four events into thebe 17+-12%. TheA momenta for theE ~?C— A AX reac-
straight7~ track configuration, in order to avoid systematic tion were all observed to be below the end point, for the
uncertainties in the region where the detection efficiency i€ ~'*C— A A''B reaction, 0.162 Ge\¢/ The yield for single
very low. A decay,Y,, was then found to be 656% integrated over
Figure 9 shows aA momentum distribution for the the region below 0.223 GeW/This yield is attributed to the
stopped= ~*?C— A X reaction. Overlaid lines represent the- singleAA hypernuclear formation throughg(~,*2C) atomic
oretical estimates of the AMIplus QL methodl model for  states. The formation probability for doubM4win-A hy-
differential yield of A emission per stopped-~*?C reaction  pernuclei is given by +Y;—Y.,, and found to be 1813%.
[17]. The arrows indicate characteristic momenta of the Some data points above 0.223 GeVield 14%, which are
particular channels shown in the figure. Kinematically, thepossibly kinematically attributed to thid— An decay and
2 2C—A+3°B(17) reaction produces the most energeticthe nonmesonid A — AN decays of doublex hypernuclei.
A hyperon of 0.223 Ge\ although the 2" °C—A  There are, however, 6.7 background events in the stop-
+kZB*(2+) reaction is predicted to be dominant, accompa-ping 2~ event sample, as discussed in the previous section.
nied by aA of about 0.164 Ge\ However, we did not Although the background contribution was taken into ac-
impose any constraint on the maximutnmomentum, be- count when calculating the number of stoppiEg particles,
cause the\n and3°n weak decays of a bountd-dibaryon its fraction still remains as 4.8% of the total data.
could yield a high momentum particle above the end point A peak structure is observed at 0.132 GeVfrom a
(0.223 GeVe) for hypernuclear formation. Nonmesonic Gaussian fjtin Fig. 9. Although the mean of this peak is
AA— AN decays are possible as well. closer to 0.139 GeV/(reaction A, reaction A is ruled out
FreeE ~ decays at rest in the stoppiiaj” sample should since the recoil pion is too energetic to stop in the SCIFI
be taken into account. Some fraction of tBe captured in  detector and events of this sort are rejected. The peak posi-
an atomic orbit of*?C could decay during an atomic cascade.tion is about 0.05 Ge\ higher than that predicted by the
Such a free stopped-~ decay should show collineax and  AMD-QL model calculatio{17]. One of twoA particles for
m~ tracks in the lab system, and both decay products shoulthe Z ~*°C— A A X reaction lies on the peak for both of the
be monoenergetic at 0.139 Ge&VYHowever, we found no observed events. The formation probability integrated over
such events for the stoppé&gl- decay. The time taken for the region 0.2 p,<0.223 GeW¢ yields 9.4:5.3%, to
the Z~ atomic cascade is predicted to be relatively shortwhich only 5*12C—>A+i28(1*) could be attributed kine-
(~10 %2 9) in atoms withZ>2, and only a fewW(<1%) of  matically. However, the measured formation probability is

0.3 0.4 Q.5
A Momentum (GeV/c)
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FIG. 10. The unit brightnessiB/dx) distributions for stopping
particle (", p, and= ") tracks. ThedB/dx of stopping= — tracks FIG. 11. Kinetic energy spectrum af~ from the stoppingg ~.
is shown as a dashed histogram with an overlaid fitted line. Hatchegjje the cross data points represent the kinetic energies of par-
area indicates a sample of stopping particles emitted from the stoRjcjes heforen/p separation, the histogram shows those of the pions
ping point of " retained aftern/p separation. A dashed line indicates the de-

. ) . tection efficiency.
considerably larger than the level predicted by theoretical

calculations. A theoretical estimate of the doorway double-
hypernuclear picture gives 0.25% for thg °C—A
+%2B(17) and 0.67% for;?B(2"), in case of & ~-nucleus
potential of Voz-=16 MeV and (3l)z- atomic capture
[16]. Another estimate of the AMD-QL model calculation
[17] for £ ~*2C— A + 1B channel gives 3.24%, while for the
Z~'C— A +n+3}'B channel, it is 20.9%.

hypernuclei are anticipated, as quoted in Table IV. Three
events with two pion decays remained; two of them contain
low-energy pions, while the third has pions of 27.8.9
MeV and 29.20.9 MeV, respectively. The latter event
could be a candidate for the sequential weak decay of
ASHe—3Het+p+m~ (T,-=29.5 MeV, if ABy =47

5 4 -
In order to identify hypernuclear species, we measure MeV [30]) followed by the jHe—"He+p+ decay

the momentum of a charged particle emitted from the stop—T’T’_Sl'7 Mev takgn from experlmentgl da{31]). It
ping point of the= . Since protons may come out of the COLLlJ|d also beia candidate for the sgquenual deca)(%iﬂe
hypernuclear decays, goatl p separation is necessary. The —aHe+tp+m (T777=340.3 va' if AB§A=O'22 MeV
track brightness per unit length is proportional to the kineticl30)) followed by the jHe—"Het+p+m" decay [,-
energy that a particle lost along the track length. We mea=30.5 MeV taken from experimental dafa2]). The char-
sured the unit brightnesgj 6/dx) averaged over the track aCteri-StiCW_ kinetic energy indicates the most prObable en-
length which corresponds to 4 mm Indirection (except for ~ €rgy in the three-body decay spectrum. In the above decay
the first 1 mm from the stopping poinfor XZ andYZim- ~ Sequence the decay proton could have too low a kinetic en-
ages, respectively. We then added them up with a correctiofdy (several Mey for us to detect. o
factor (YZ/XZ=0.793) corresponding to the difference of The event with two pion emission is shown in Fig. 12. It
the IIT gain betweerXZ and Y Z images. Figure 10 repre- Should be noted thathhe observed event is almost back-
sents the unit brightness distributions of stopping particledround free from free=~ and A decays. Nevertheless, it
tracks: m— and p tracks sampled from\ decays, and~  cannot give conclusive evidence for th& He or , §He de-
tracks from the stopping ~ events. Reasonable/p sepa- Ccay due to uncertainty i~ /p separation and its three body
ration is possible by requiring that the unit brightness be lesgecay sequence.
than 350(in arbitrary unit$, as indicated by an arrow in ~ We also looked for the nonmesonic decay of double hy-
Fig. 10. pernuclei involving3,~, for instance, the, §He—“*He+p

The kinetic energy spectrum af~ from the stoppingg~  +2~ decay[33,34. The AA—3"p decay can be charac-
is shown in Fig. 11. While the cross data points represent thterized as one stopping track and one kink track. However,
kinetic energies of particles before/p separation, the his- we observed no events with boli and proton. If the pro-
togram shows those of the pions retained aftép separa- ton and the residual nucleus form a single particle like
tion. Uncertainty inw/p separation is due to low-brightness AiHe—>4He+E‘, only the ¥~ decay can be observed.
proton tracks misidentified as pion tracks, which yield aboutEvents with a two-kink trackthe second configuration of the
18% of the selected~ tracks. one-prong event in Fig.)3vere then sampled as candidates

The detection efficiency was evaluated using a Montgor the nonmesoni& ~ decays of doublex hypernuclei. As-
Carlo simulation. It is nearly zero abovE -=40 MeV, sumingX —nw decay, theX~ momentum was recon-
solely due to the finite size of the SCIFI detector. There stillstructed. Two eventsIt - =44, 55 Me\) were retained after
remains some yield in the region between 24 and 40 MeV, inmposing that the unit brightness of te  track should be
which many of the characteristic pionic decays of double- greater than that of the™ track. Although these two events
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TABLE IV. Characteristicm~ kinetic energies for hypernuclear decdys15,29-31 The AA bond
energies AB, ) are input in the case of double hypernuclear decays. UncertaintiesAB , , give only a
several-MeV change in the™ kinetic energy spectrum. For three-body decays, the quoted values indicate
the most probable energy.

Decay T, (MeV) AB,, (MeV) Decay T, (MeV)
AAH=4Het 7~ 43.4 0.24 SH—SHe+ 7~ 40.7
ASH=SH+ 7~ 53.9 0.92 tH—Het 7~ 53.2
AaHe—4Het+p+m 30.3 0.22 tHe—SHet+p+ 7 30.5
ASHe—SHe+p+ 7~ 29.5 4.7 SHe—*He+p+m 31.7
AnHe—(Li+7~ 34.6 4.1 THe—"Li+ 7~ 41.4
ASLi—8Bet 33.2 4.3 TLi—"Bet 36.8
oBe— B+ 25.5 4.3 UB—C+ 35.1
LBe—iB+7 32.5 4.6 PC— 1N+ 7~ 26.6
BB Ct+m 31.0 4.7 E-—A+m 57.4
BB-BC+n 36.3 4.8 A—p+m~ 32.5

were not reproduced by the hypothesis of ie!°C inter-  times of severak 10" ° s for anH mass near thA A mass to

action followed by theZ~— A=~ decay(0.21 events as severalx10 ' s for anH mass near thé.n mass, and the
quoted in the Sec. J) the unit brightness of th& ™ tracks  factor of 2 decrease il lifetimes is possible due to the
were also less than the value we imposed#p separation. wave.

We therefore do not take them as candidates for the nonme- Since noH candidate was observed, we investigated our
sonicX~ decays of doublet hypernuclei, but as being due experimental sensitivity and acceptance in detecting the three
to possibler ™ interactions. Unless the detection system isdecay modesAn, X p, andAp#, in order to set upper
able to detect hypernuclear fragments, detecting neutrons Ignits on the production rate of thid dibaryon assuming all
essential to experimentally confirm theA —2~p nonme-  of the H decays weakly via each one of the decay modes.

sonic decays of double hypernuclei. The upper limits on the production rate of thkdibaryon
through the reactio ~*2C— HX can then be written aR=
— = . — i 0
V. H-DIBARYON FORMATION FROM =~ CAPTURE Iz 12cpx/Tior= (w1, 42)/ 7 Nz, where (uy, uo) is 90%
ON 2 confidence level intervals for the Poisson signal mean

[36,37, and 7 represents the detection efficiendy=- de-
The decays of thél dibaryon via the2 ~ capture reaction notes the number of stoppé&gl- events.

E~12C—HX were thoroughly looked for in the SCIFI tar-
get. Unlike theH search through direct production, the ex-
perimental sensitivity and acceptance depend crucially on the
lifetime and the decay modes of thesince theH is detected Because théH— An decay is characterized by a decay
via its decay products. A bourtd decays intoAN, XN, and  vertex shared with two neutral particles, one needs to tag a
AN channels viaAS=1 weak decays in the mass region neutron to reconstruct this decay channel whenHhives
between the\ N and theAA thresholds. Theoretical calcula- long enough to separate its production and decay vertices
tions of Donoghueet al. [35] predictSwaveAS=1 H life- within the detection resolution. Since we did not detect neu-

trons, we relied on onlyA decay kinematics for théd
o — An search. Fomy~2m, , most of the 12.3 MeV energy
gt TR e released ing ~**C—H?*'B reaction goes to thél. If the H
g - " " | ™ decays within its flight length of-1 mm, itsA decay can be

A. H—An

/ s \ / L g f . reconstrgcted fror_n _the end _point of a stoppEg pa_rticle_

/ | ot track. This analysis is essentially the same as described in the
' P | previous section for hypernuclear formation study.

| In the A momentum spectrum of Fig. 9 there are several

e

,,s} / A particles observed beyond the region allowed for hyper-
| 5 _ nuclear production. These events could be dué¢ite An
\\.{ . _ti{n,}; T y decay above 0.223 Gey//which would accept 92% of the
N B Tme S ,,F; T/ simulatedH events over the mass region beldwA thresh-
Mo T T N R T S old. However, as mentioned in the previous section, the
L S vZPlane, K7 : AA— AN nonmesonic decay of double-hypernuclei could

S —

also yield such a high-momentuin beyond the momentum
FIG. 12. A SCIFI image of a possible candidate for the characfegion for hypernuclear weak decay. We therefore did not
teristic pionic decays of thg §He. take these events as candidates forkhe An decay.
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FIG. 13. Upper limits on the branching ratio & **C—HX FIG. 14. Upper limits on branching ratio & ~**C—HX as-
assuming that all of thél decay intoAn. suming that all of theH decay intoApw .

For anH with longer lifetimes, thed— An decay is seen has very small phase space available, all decay products
as a momentum-unbalancel decay with respect to a carry very low momenta and therefore leave very short
straight line connecting th& ~*°C reaction vertex and thé&  tracks. The slope of the upper limits toward longer lifetimes
decay vertex. No such event was observed in the stoppinig Fig. 14 is attributed to our finite SCIFI detector volume.
E~ event sample. From this result, we set upper limits onClose to theAp#~ threshold, detecting all three particles is
the H production rate through th& ~1%C reaction at rest. far beyond our detector resolution, so that no upper limits are
The detection acceptance was investigated in a detailed dguoted. We took into account the decay branching ratio of
tector simulation. We required that one of thedecay prod- A—p#~ (0.639. The result is shown in Fig. 14, and num-
ucts should stop in the SCIFI detector. The upper limits orbers represent the upper limits on tHeproduction at 90%
the H production rate at 90% confidence level are shown inconfidence level.

Fig. 13 as a function of thél mass (n,,<my=<2m,) and
the H lifetime (10 < 7,<10 8 s). In the calculation, we C.H—=Xp

assumed 100% branching ratio for tHe—~ An decay. The H—3~p decay is uniquely observedsa V track

B. Hes ADss— with a kink from theX ~—ns«~ decay vertex. We reported
- ApT in our previous analysis upper limits of 0.6—0.7 % for the

The pionic weak decay of thel-dibaryon was searched H—3 ~p decay via direct production if?°C(K~,K*H)X
for in the mass region between 2.194 Ge¥/(Ap7~) and  [39]. For the stoppeE '2C reaction, the decay vertex
2.231 GeVE? (AA). The event configuration of thel pointing back to thég ~ track was looked for. No such event
—Apm~ is very similar to the AA production at the was seen among the stoppi&g sample. This result leads
stopped= ~!2C reaction. However, we observed no events inus again to set upper limits on thé production rate via
which oneV decay is due to & decay and the other due to stopped= "~ reaction. We generated — 2> ~p decays using
proton and pion from thed—Apw~ decay. For a very aGEANT simulation. We then investigated the decay configu-
short-lived H, the decayH—Apw~ resembles the two- ration in terms of théd mass (ny-,<my=<2m,) and theH
prong configuration with & decay. One event was found to lifetime (10 *'<r,<10 8 s). The decay proton should stop
satisfy this constraint on the event configuration, but the rein the SCIFI target. It is not necessary to observeHtdecay
constructedH masses2.253, 2.268 Ge\¢? for switching  vertex separately from its production vertex. The upper lim-
7 Ip assignmentwere both above thA A threshold. its on theH production rate at the 90% confidence level are

Since noH— Apw~ decay was seen, we set upper limits shown in Fig. 15.
on the production rate of thd dibaryon through the reaction Our SCIFI detector is sensitive to a wide range of the
~12CHX assuming that all of thél decay intoApw~. lifetimes from 101! s to a few 10° s. This range of life-
We made aGEANT simulation [25] for this Monte Carlo times has been probed for the first time in our experiment,
study. We generated stoppirlg~ particles with the mea- and our results are complementary with two recent long-
sured vertex distribution, and produced tHeand the re- lived H searches. One had a lifetime coverage fremb
sidual nucleus''B(g.s). All H decay intoAp#, equally in X101 s to ~1x10 % s [40] for H—Apm~, while the
all phase space using a GENBOD routj88]. The mass and other had a coverage of several ns for thes An and H
lifetime ranges investigated wen@,,,-<my<m,, and —3% decayg41]. Since their results ruled out th# life-
10 < 7,<10® s. We imposed that all charged track times predicted in Ref[35], our detection sensitivity is
should be longer than 2 mm. Since tHen this decay mode unique to shorteH lifetimes of 10 *'~10"° s, which covers

e
=
et
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FIG. 15. Upper limits on the branching ratio & >*C—HX
assuming that all of thél decay intoX, " p.

typical hyperon lifetimes. Our experimental sensitivity is al-
most constant over thid mass interval.
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scintillating fiber detector. Out of 5%610° tagged =~
particles via the K~,K") reaction, we obtained 72 stop-
ping - events with 6.7 background events. We selec-
ted tagged stoppingZ~ events by reconstructing the
12c(K~,K"E7)'B reaction. Hypernuclear production was
studied by observing frea decays in the stopped- reac-
tions. From the observed momentum spectrum, we found
hypernuclear production rates of #83%, 65-6%, and 17
+12% for double/twinA hypernucleus, singlé- hyper-
nucleus, and no hypernucleus cases, respectively. With the
same sample of stoppiri§ ~ events, we set upper limits on
the H-dibaryon production rates through~ atomic capture
in ¥2C by searching foAn, Ap7~, and ~p weak decays.
The upper limits onR(stopped=~?C—HX /stopped-
Z~'2C— all) for anH decaying intoAn, 3 p, andApm~
were determined just below theA mass threshold in thel
lifetime range 10''< r,<10 8 s. The upper limits o for
the An channel near therd, threshold are set0.2 at 90%
confidence level. For th& ps~ channel, our detection reso-
lution limits do not allow to probe thél mass region very
close to theA pzr~ threshold. In other regions upper limits of
~0.2-0.3 are found foH lifetimes shorter thanr, . The

Although our results cannot be compared directly with theexperimental sensitivity t¢d—2 ~"p decay is almost con-

estimates of Aerts and Dovéd0] due to different target
nuclei, our upper limits close tor, give a meaningful con-
straint on the existence of a boultl The theoretical esti-
mate shows that thél production ratio from theZ ~“He
atom approaches 1.0 near the\ threshold(>0.5 above
my~2.18 GeVt? using a Nijmeger® model for theP state
of the Z *He atom. Our results rule out such a large
branching ratio for thed production from the ~*%C atom.
The branching ratios of the order of 1Datmy=2m, give
a more stringent constraint on the existence of theom-
pared to theoretical estimatgs0].

VI. CONCLUSIONS

Stopped= ~1?C reactions have been investigated with
respect toH-dibaryon and hypernucleus formation with a

stant over théd mass region, and upper limits &are found
to be~0.1 for 7y~ 10" 1%s. Our results give tight constraints
on the existence of a bourtd, in comparison with the the-
oretical estimates of Aerts and DoVdi0], albeit with differ-
ent target nuclei.
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