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Search for doubleA hypernuclei formation via (E~,%%C) yom— 1B+ N
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Measurement of the energy of neutrons in coincidence with the production ¢Efregyperons can be used
to determine the masses deB hypernuclear states and branching ratios of their formation from
(E*,”C)atom—»}fAB+ n. The EB885 Collaboration utilized the Alternating Gradient Synchrotron
1.8 GeVt K~ beam incident on a diamond target to accumulate the largest-to-date data sanipletot §
events. A total of about 810° (K~ ,K™) events have been collected and analyzed. The neutron spectrum
shows no apparent peaks from the neutron-emission channel of daoublgernuclear formation from
(E~,'C) omdecay. The upper limit on the branching ratio of the above process has been set to be at or below
4% in the region of expected neutron energies.

PACS numbds): 21.80+a, 21.30.Fe

Our understanding of the baryon-baryon interaction carB6 years[1-3]. However, little is known for certain in the
be tested and expanded by studies of systems with nonze®&-= — 2 sector, in part, because of the sparsity of data and, in
strangeness. The YN interaction, in tBe —1 sector, has part, due to the fact that emulsion events can have multiple
been explored by studies a&f hypernuclei. However, unam- interpretations. For example, alternative interpretations of
biguous data pertaining 8= — 2 systems are nearly nonex- the event reported in Reff3] result in opposite conclusions
istent. Capture oE ~ hyperons on nuclei has been used as aegarding the sign of the residual doulble-interaction
technique in searches of doublehypernuclei in emulsion within a nucleusA B, ,=Bj,—2 B, . HereB,, refers to
based experiments. Measurements of the binding energies tife total binding of the twa\ s andB, refers to the binding
doubleA hypernuclei can be used to gain insight into theof a single A in a A-hypernucleus with the same nuclear
strength and sign of thé A interaction. A total of three core.
events, interpreted as doublehypernuclear formation with In E885,=~ hyperons were produced from the reaction

reconstructed kinematics, have been reported over the pa§t + ?C—K*+X+Z". ThenE~ capture at rest on car-
bon was used to attempt to produce doubl@&ypernuclei. A
description of the experimental setup and event reconstruc-
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nucleus accompanied by a mono-energetic neutron. The inx182.9 cm high in two stacks, one on each side of the
terpretation of the doubJA—14emuIS|on14evSnt in the KEK-  target. Neutrons were detected through their elastic and in-
E176 experiment asH ™, “N)aom— xaC* +N—AB+P  elastic interactions in the plastic scintillatére., n-p and
+n, which produces positive bindiri@], hints at a signifi- 12c ineractions Photomultipliers on both ends of each
;:ant r:_eutrti/r\ll-emstsmtr\llv Cha;gellar%rngo;wﬁ:%fggnggfsasr.onlog provided the timing and amplitude of the signal from the
borma lon. Ve note two calcuat eu ISSI0N e utron interaction. The mean times of the signals for each
ranching fractions. Zhet al. [5] have predicted a branch- : . i
log gave the neutron flight time from the target, and the time

ing fraction of around 3.4% for ~, 8Li) som— ?\AHeJr n. A . . . . ;
recent calculation by Yamada and Ikeda predicts the branc}g_lfferences were used to determine the interaction coordi-
nates along the extent of the log. The layer of veto counters

ing ratio for (2, *2C) somi— 1A B+ N, summed over alt? B :
states, to be 1.48%7]. For light nuclei, such as carbon, plgced in front of e_ach set of neutron detectors was used to
nitrogen, and oxygen; they estimate the tisticking prob- ~ reject charged particles.
ability to be around 5% for the combined production of The initial velocity of the= ™ is strongly correlated with
doubleA hypernuclei and pairs of singlé hypernuclei per the missing mass of the reaction. The sensitivity to monoen-
stoppingZ ~. This is not inconsistent with the results of an ergetic neutrons is maximized when events in the lower
emulsion experiment, KEK E176, which observed 3 suchmissing-mass region are selected, as this region corresponds
events for an estimated 38~ stops in light nuclei8] al-  to low = ~ initial velocity. TheZ ~ stopping probability, as a
though the verification of the calculation is limited by the function of missing mass, was calculated in Monte Carlo
large experimental uncertainty. simulation. TheZ~ production was modeled as resulting

In E885, a search for monoenergetic neutrons from thérom a collision of ak ~ with an off mass-shell proton in the
process E ~, ¥2C) yiom— 14 B+ N was performed to detect the carbon nucleus. The proton momentum distribution was ob-
formation of doubleA hypernuclei. The final hypernuclear tained using an harmonic oscillator model. The energy of the
state generally could be excited, and there are several hypegarget proton was selected to conserve energy in the reaction.
nuclear states that can be populated. Given a sufficienthe angular distribution of the reaction was chosen to be flat
signal-to-noise ratio, the pe@k could be reliably identified in the K™ -proton center-of-mass frame for small forward
and measured. The number of events in a given peak and thngles as observed for the elementary reacfib®]. Our
corresponding neutron energy could then be used to detemodel was found to reproduce the experimental missing-
mine both the branching ratio for the decay through neutromass spectrum reasonably well. To determineZhe stop-
emission(for a particular hypernuclear statend the energy ping probability, the=Z ~ was tracked until it either decayed
of the hypernuclear state. For a measured neutron kinetior stopped. We note that the KEK E176 Collaboration found
energyT,, the mass of the doubl&-hypernucleus can be that a similar model underestimated their measured fraction
determined from energy conservation via the relationiof =~ stops in emulsion by 20 to 40 ¢41]. Therefore, it is

Mll\ZAB:M(E—’IZC)awm—Mn—Tn, i.e., the energy of the hy- possible that this model underestimates the stopping prob-

pernuclear state is the energy of tHg {, 12C) atomic state ability since it does not includ& ~ final-state interactions
minus the mass and kinetic energy of the emitted neutroffhat could yield a larger number of slo@"’s. We use the
(neglecting the recoil energy, which is much smaller than théincorrected Monte Carlo stopping probability estimates for a
detector resolution From the neutron energy spectra of conservative_ calculation .of .the branching ratio upper limits.
doubleA hypernuclei, an important insight into the-A in- Cuts applied to the missing-mass spectrum were selected
teraction can be gained. to maximize the “quality factor’Q=S/\/B for the neutron

The experimental sensitivity to the production of double-spectrum. HereS represents the signal and represents a
A hypernuclei is directly proportional to the number®f measure of background fluctuation. Most of the detected
stops. Due to the short lifetime of ti&~, most of theZ ~’s neutrons came fromr~ capture and other background pro-
produced decayed before stopping. It is advantageous to usesses, and these neutrons result in a smooth background
dense targets and higher beam intensities to maximize thgpectrum. Any quantity proportional to signal or background
production vyield. These requirements preclude previousan be used in the expression above for the purpose of se-
methods which relied on visual detection of the event, belecting the cuts that maximiz@. The size of a peak in the
cause emulsion or scintillator material have relatively lowneutron spectrum corresponding to hypernuclear production
density and hence low stopping power, and a high flux wouldvould be proportional to the product of the numberzf
make the analysis difficult or impossible. The use of theproduction events and th€ ~ stopping probability. There-
high-intensity Alternating Gradient Synchrotron D6 beamfore, the observed number of events times the estimated
line and a high-density diamond target have allowed the acstopping probability was used f& The shape of the neutron
cumulation of about 20 008 ~ stops, which represents sev- spectrum(excluding they peak at3=1) was determined to
eral orders of magnitude greater statistics than in all previoube independent of the*C(K~,K*)X missing-mass cut
experiments. value. This, and the fact that any signal of doul\ldyyper-

The neutron detector arrays provided a large figure ofiuclear production would constitute a very small fraction of
merit (efficiency X stopping power~10%) [9] along with  all events, led to the use of the number of entries in the
good timing resolution over a wide range of neutron enerneutron spectrum foB. Thus the expression fa@ can be
gies. This was achieved by arranging 100 scintillator logsrewritten asQ = vN//n, wherev, N, andn are theZ ~ stop-
with dimensions 5.08 cm thick X15.24 cm wide ping probability, the number of events, and the number of
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FIG. 1. Missing mass (background subtracted for 1205 Neutron spectrum for
K~ (*2C,K")E ~X. Events whose missing mass is less than the cut r high stopping probability events
value, indicated by the arrow, have a high™ probability of stop- @ 100
ping in the diamond target and were used in this analysis. § 80
o o o 33,200 Entries
entries in the neutron spectrum after the missing-mass cut, 60
respectively. These are all functions of the missing-mass cut sk
value. Using the stopping probability as predicted by Monte i
Carlo simulation, it was found that the missing-mass cut 20t
value of 11.637 GeW? maximizesQ, and this value was ol
used to select events for the search of a monoenergetic neu- 2 4 6 8 10 12
tron peak. For*?C(K~,K )X events with missing mass be- B inverse
low 11.637 GeVt?, 31.7% of the= ~'s were estimated to FIG. 2. (a) Neutron spectrum with de optimized cugery low

stop and form £, *%C) atoms. A total of 54150 events sensitivity shown fitted with a polynomial which is used for the

survived the missing-mass cut. Extrapolating the backgroundackground template(b) Neutron spectrum with optimized cuts

in the nonphysical region of the missing-mass spectrum int@maximum sensitivity, shown with the scaled background tem-

the accepted region by assuming a flat background suggegikate. The horizontal axis i8~*=c/v.

that 1370 of the accepted events were background. The

missing-mass spectrum is shown in Fig. 1 with the cut value For (2, *2C)yom— 14 B+n the (1s,1p,) states are ex-

shown by the arrow. pected to be the most populates], with the nuclear core in
The neutron background shape was determined from ththe ground state or at low excitation energy. The binding

neutron spectrum of events with missing mass greater thagnergy of the ground statd in [1\15 is 10.24 MeV[14].

11.65 GeV/¢, shown in Fig. 2a). The events are shown as Taking the binding energy of th& in the 1p state to be 10

a function of the inverse of the measured normalized neutroMeV less than the binding energy of the in the ground

velocity, B=v/c, so that random accidental hits would ap- state and assuming a ground state nuclear core gives, in the

pear as a flat background. The number=f stops for the weak coupling limit,

events in the higher missing-mass region is negligible and

most neutrons in this data set are assumed to originate fromM12 g=Mziog+2 M, —10.24 MeV-0.24 MeV—AB,, .

the capture o~ decay-chain pions by nuclei. The neutron (1)

background spectrum was fit with a polynomial and the re-

sult, after appropriate scaling, was used as a backgroundeglecting recoil corrections and the binding energy of the

template for the neutron spectrum after the missing-mass cug ~ in its atomic orbital, the kinetic energy of the neutron is

The neutron spectrum, after optimizing the missing-mass cut

to maximizeQ, is shown in Fig. &) along with the scaled T,=11.3 MeV+AB,, . 2

background template. It can be seen that the template shape

provides a good description of the neutron spectrum for thes8o the expected neutron energy is in the neighborhood of

events. Thus, the background in the neutron spectrum for thel.3 MeV(8~1=6.5). Assuming a range betweerd (re-

optimizing missing-mass cut is accounted for by using gpulsion to 4 MeV (attraction for A B,,, the neutron en-

scaled template of the neutron background obtained from thergy should be between 7.3 and 15.3 MeV. Note that this

set of events which have a negligiie™ stopping probabil- A B,, is for the (1s,1p,) configuration and is different

ity. (The neutron spectrum fo8~ ! from 1 to 3 shows a from the A B,, for the (1s,1s,) configuration found in

small dependence on the missing-mass cut. Similar effecsmulsion experiments. There are indications from the emul-

have been seen in previous experiments involving stoppingion experiments that the latter might be 4 to 5 MeV, and the

E~ hyperons and are believed to be due, in part, to thdormer is most likely considerably smaller due to the smaller

stopping particles creating delayed nuclearays[12,13.) overlap of theA wave functions. The neutron energy for the
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ground state production isT,=11.3 MeV+10 MeV kinetic energy (MeV)
+AB,, and is equal to 25.8 MeV foA B, ,=4.5 MeV. o100 50 302015 10 7 & ¢4 3
The expected width of the monoenergetic neutron peak is k
determined by the neutron detector energy resolution. The 10 1
neutron detector energy resolution and efficiency were cal- '
culated in Monte Carlo simulation. It was found that the
shape of the peak in th8~! spectrum was close to being
Gaussian for monoenergetic neutrons. For the nominal value
of expected neutron kinetic energy,=11.3 MeV(B3 !
=6.5), the neutron energy resolution was 0.16 units of
B-1(0.57 MeV). The neutron detection efficiency, calcu-
lated using thebEMONS code[9] was 6.1% at this energy.
Our Monte Carlo prediction of the neutron energy resolution
was found to agree with the measured energy resolution at a
kinetic energy T,=18 MeV, determined using neutrons
from = decays at redt12]. Eo . . . .
To find the number of monoenergetic neutrons for a par- 62 4 6 8 10 12
ticular neutronB™!, the neutron spectrum was fit to the p inverse
background template plus a Gaussian peak of the corre- FIG. 3. The branching ratio for double-hypernuclear forma-
sponding known width with the centroid at that value of tion via neutron emissiong ~, *?C) yom— 12,B+n as a function of
B~1. The background template scaling factor and Gaussiathe neutrond~'. The dashed curve shows the branching ratio ob-
peak scaling factor were the two parameters of the fit. Theained from the best fit value for the number of neutrons in the peak.
number of events in the peak represents the best fit value fdihe shaded band indicates the 90% confidence level interval for the
the number of monoenergetic neutrons from the neutronbranching ratio. The arrow indicates the expected neutron energy,
emission channel of doubl&-hypernuclear formation. The With the assumptions described in the text. The bar shows the range
corresponding 90% confidence level interval was then foun@f neutron ™% which corresponds to—4 MeV<AB,,<
using the ordering principle described by Feldman and Coust 4 MeV.
ins [15]. The best fit value and the lower and upper bound-

; . . 3.3%. The difference between the nominal and the actual
aries of the confidence interval were then converted to

: . S 21 . value of B,, determines the actual neutron energy. It is ex-
branching ratios using=n/e(4" )N, where N ',Sl the pected to be withir=4 MeV from the central value and no
background-subtracted number of eve®2780, (8 -) is . . o . . i .

) - . ~ signal is observed in this regiofiThe discrepancies with the
the neutron detection efficiency corresponding to tBat

- . — . . background template ne@ =3 lies outside the region of
0 1 =
Eg'llﬁ%;orﬁ 6.5), andv is the=" stopping probability interest) Our upper limits, which are below 4% over most

Ot#we region corresponding to the expected neutron energy, do
. g 0
51 in order to obtain results as a function gf %, The not contradict the Yamada and Ikeda prediction of a 1.48%

results for the branching ratio are shown in Fig. 3. Theneutron emission branching fraction spread over several

dashed curve was found from the best fit value for the num-States which lie in the continuuff].

ber of neutrons in a peak, and the shaded region is the 90% This work was supported in part by the U. S. Department
confidence band. The size of the interval is determined byf Energy under Contracts No. DE-FG02-91ER40609, DE-
the number ofZ "~ stops, the magnitude of the background AC02-76H00016, and DE-FG03-94ER40821, by the Ger-
and the best fit for the number of events in the hypothesizechan Federal Minister for Research and Technol@j\FT)
monoenergetic neutron peak found in the fit. The expectednder Contract No. 06 FR 652, by the Natural Sciences and
neutron energy given by Eq), for A B,,=0, is indicated Engineering Research Council of Canada, and by the Japa-
by an arrow and the corresponding upper limit at this point isnese Society for the Promotion of Science.
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The fit procedure was repeated for a range of values
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