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Search for double-L hypernuclei formation via „J2,12C…atom˜LL
12 B1n
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Measurement of the energy of neutrons in coincidence with the production of freeJ2 hyperons can be used
to determine the masses ofLL

12 B hypernuclear states and branching ratios of their formation from
(J2, 12C)atom→LL

12 B1n. The E885 Collaboration utilized the Alternating Gradient Synchrotron
1.8 GeV/c K2 beam incident on a diamond target to accumulate the largest-to-date data sample of (K2,K1)
events. A total of about 33105 (K2,K1) events have been collected and analyzed. The neutron spectrum
shows no apparent peaks from the neutron-emission channel of double-L hypernuclear formation from
(J2, 12C)atomdecay. 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 number~s!: 21.80.1a, 21.30.Fe
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Our understanding of the baryon-baryon interaction c
be tested and expanded by studies of systems with non
strangeness. The YN interaction, in theS521 sector, has
been explored by studies ofL hypernuclei. However, unam
biguous data pertaining toS522 systems are nearly nonex
istent. Capture ofJ2 hyperons on nuclei has been used a
technique in searches of double-L hypernuclei in emulsion
based experiments. Measurements of the binding energie
double-L hypernuclei can be used to gain insight into t
strength and sign of theLL interaction. A total of three
events, interpreted as double-L hypernuclear formation with
reconstructed kinematics, have been reported over the
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36 years@1–3#. However, little is known for certain in the
S522 sector, in part, because of the sparsity of data and
part, due to the fact that emulsion events can have mult
interpretations. For example, alternative interpretations
the event reported in Ref.@3# result in opposite conclusion
regarding the sign of the residual double-L interaction
within a nucleus,D BLL5BLL22 BL . HereBLL refers to
the total binding of the twoL s andBL refers to the binding
of a singleL in a L-hypernucleus with the same nucle
core.

In E885,J2 hyperons were produced from the reacti
K21 12C→K11X1J2. Then J2 capture at rest on car
bon was used to attempt to produce double-L hypernuclei. A
description of the experimental setup and event reconst
tion has been reported in Ref.@4#. A fraction of theJ2’s
produced will stop before decaying and will then for
(J2, 12C) atoms. The subsequentJ2 atomic cascade could
eventually result in the conversionJ21p→L1L. Atomic
J2 cascade calculations by Batty, quoted in Ref.@5#, indi-
cate that the capture occurs mainly from 3d and 4f atomic
orbitals. The excess energy (Q528 MeV) in the conversion
must be carried away via particle emission or fragmentati
One particularly interesting decay branch, from an expe
mental point of view, is the formation of a double-L hyper-
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BRIEF REPORTS PHYSICAL REVIEW C 61 027601
nucleus accompanied by a mono-energetic neutron. The
terpretation of the double-L emulsion event in the KEK-
E176 experiment as (J2, 14N)atom→ LL

14 C* 1n→ LL
13 B1p

1n, which produces positive binding@6#, hints at a signifi-
cant neutron-emission channel for double-L hypernuclear
formation. We note two calculations of neutron emissi
branching fractions. Zhuet al. @5# have predicted a branch
ing fraction of around 3.4% for (J2, 6Li) atom→ LL

6 He1n. A
recent calculation by Yamada and Ikeda predicts the bran
ing ratio for (J2, 12C)atom→LL

12 B1n, summed over allLL
12 B

states, to be 1.48%@7#. For light nuclei, such as carbon
nitrogen, and oxygen; they estimate the two-L sticking prob-
ability to be around 5% for the combined production
double-L hypernuclei and pairs of singleL hypernuclei per
stoppingJ2. This is not inconsistent with the results of a
emulsion experiment, KEK E176, which observed 3 su
events for an estimated 30J2 stops in light nuclei@8# al-
though the verification of the calculation is limited by th
large experimental uncertainty.

In E885, a search for monoenergetic neutrons from
process (J2, 12C)atom→LL

12 B1n was performed to detect th
formation of double-L hypernuclei. The final hypernuclea
state generally could be excited, and there are several hy
nuclear states that can be populated. Given a suffic
signal-to-noise ratio, the peak~s! could be reliably identified
and measured. The number of events in a given peak and
corresponding neutron energy could then be used to de
mine both the branching ratio for the decay through neut
emission~for a particular hypernuclear state! and the energy
of the hypernuclear state. For a measured neutron kin
energyTn , the mass of the double-L hypernucleus can be
determined from energy conservation via the relati
M

LL
12 B5M (J2,12C)atom

2Mn2Tn , i.e., the energy of the hy

pernuclear state is the energy of the (J2, 12C) atomic state
minus the mass and kinetic energy of the emitted neu
~neglecting the recoil energy, which is much smaller than
detector resolution!. From the neutron energy spectra
double-L hypernuclei, an important insight into theL-L in-
teraction can be gained.

The experimental sensitivity to the production of doub
L hypernuclei is directly proportional to the number ofJ2

stops. Due to the short lifetime of theJ2, most of theJ2’s
produced decayed before stopping. It is advantageous to
dense targets and higher beam intensities to maximize
production yield. These requirements preclude previ
methods which relied on visual detection of the event,
cause emulsion or scintillator material have relatively lo
density and hence low stopping power, and a high flux wo
make the analysis difficult or impossible. The use of t
high-intensity Alternating Gradient Synchrotron D6 bea
line and a high-density diamond target have allowed the
cumulation of about 20 000J2 stops, which represents se
eral orders of magnitude greater statistics than in all previ
experiments.

The neutron detector arrays provided a large figure
merit ~efficiency 3 stopping power'10%) @9# along with
good timing resolution over a wide range of neutron en
gies. This was achieved by arranging 100 scintillator lo
with dimensions 5.08 cm thick 315.24 cm wide
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3182.9 cm high in two stacks, one on each side of
target. Neutrons were detected through their elastic and
elastic interactions in the plastic scintillator~i.e., n-p and
n-12C interactions!. Photomultipliers on both ends of eac
log provided the timing and amplitude of the signal from t
neutron interaction. The mean times of the signals for e
log gave the neutron flight time from the target, and the ti
differences were used to determine the interaction coo
nates along the extent of the log. The layer of veto coun
placed in front of each set of neutron detectors was use
reject charged particles.

The initial velocity of theJ2 is strongly correlated with
the missing mass of the reaction. The sensitivity to mono
ergetic neutrons is maximized when events in the low
missing-mass region are selected, as this region corresp
to low J2 initial velocity. TheJ2 stopping probability, as a
function of missing mass, was calculated in Monte Ca
simulation. TheJ2 production was modeled as resultin
from a collision of aK2 with an off mass-shell proton in the
carbon nucleus. The proton momentum distribution was
tained using an harmonic oscillator model. The energy of
target proton was selected to conserve energy in the reac
The angular distribution of the reaction was chosen to be
in the K2-proton center-of-mass frame for small forwa
angles as observed for the elementary reaction@10#. Our
model was found to reproduce the experimental missi
mass spectrum reasonably well. To determine theJ2 stop-
ping probability, theJ2 was tracked until it either decaye
or stopped. We note that the KEK E176 Collaboration fou
that a similar model underestimated their measured frac
of J2 stops in emulsion by 20 to 40 %@11#. Therefore, it is
possible that this model underestimates the stopping p
ability since it does not includeJ2 final-state interactions
that could yield a larger number of slowJ2’s. We use the
uncorrected Monte Carlo stopping probability estimates fo
conservative calculation of the branching ratio upper limi

Cuts applied to the missing-mass spectrum were sele
to maximize the ‘‘quality factor’’Q5S/AB for the neutron
spectrum. HereS represents the signal andAB represents a
measure of background fluctuation. Most of the detec
neutrons came fromp2 capture and other background pr
cesses, and these neutrons result in a smooth backgr
spectrum. Any quantity proportional to signal or backgrou
can be used in the expression above for the purpose o
lecting the cuts that maximizeQ. The size of a peak in the
neutron spectrum corresponding to hypernuclear produc
would be proportional to the product of the number ofJ2

production events and theJ2 stopping probability. There-
fore, the observed number of events times the estima
stopping probability was used forS. The shape of the neutro
spectrum~excluding theg peak atb51) was determined to
be independent of the12C(K2,K1)X missing-mass cut
value. This, and the fact that any signal of double-L hyper-
nuclear production would constitute a very small fraction
all events, led to the use of the number of entries in
neutron spectrum forB. Thus the expression forQ can be
rewritten asQ5nN/An, wheren, N, andn are theJ2 stop-
ping probability, the number of events, and the number
1-2
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BRIEF REPORTS PHYSICAL REVIEW C 61 027601
entries in the neutron spectrum after the missing-mass
respectively. These are all functions of the missing-mass
value. Using the stopping probability as predicted by Mo
Carlo simulation, it was found that the missing-mass
value of 11.637 GeV/c2 maximizesQ, and this value was
used to select events for the search of a monoenergetic
tron peak. For12C(K2,K1)X events with missing mass be
low 11.637 GeV/c2, 31.7% of theJ2’s were estimated to
stop and form (J2, 12C) atoms. A total of 54 150 event
survived the missing-mass cut. Extrapolating the backgro
in the nonphysical region of the missing-mass spectrum
the accepted region by assuming a flat background sugg
that 1370 of the accepted events were background.
missing-mass spectrum is shown in Fig. 1 with the cut va
shown by the arrow.

The neutron background shape was determined from
neutron spectrum of events with missing mass greater
11.65 GeV/c2, shown in Fig. 2~a!. The events are shown a
a function of the inverse of the measured normalized neu
velocity, b5v/c, so that random accidental hits would a
pear as a flat background. The number ofJ2 stops for the
events in the higher missing-mass region is negligible
most neutrons in this data set are assumed to originate
the capture ofJ2 decay-chain pions by nuclei. The neutro
background spectrum was fit with a polynomial and the
sult, after appropriate scaling, was used as a backgro
template for the neutron spectrum after the missing-mass
The neutron spectrum, after optimizing the missing-mass
to maximizeQ, is shown in Fig. 2~b! along with the scaled
background template. It can be seen that the template s
provides a good description of the neutron spectrum for th
events. Thus, the background in the neutron spectrum for
optimizing missing-mass cut is accounted for by using
scaled template of the neutron background obtained from
set of events which have a negligibleJ2 stopping probabil-
ity. ~The neutron spectrum forb21 from 1 to 3 shows a
small dependence on the missing-mass cut. Similar eff
have been seen in previous experiments involving stopp
J2 hyperons and are believed to be due, in part, to
stopping particles creating delayed nuclearg rays @12,13#.!

FIG. 1. Missing mass ~background subtracted! for
K2(12C,K1)J2X. Events whose missing mass is less than the
value, indicated by the arrow, have a highJ2 probability of stop-
ping in the diamond target and were used in this analysis.
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For (J2, 12C)atom→ LL
12 B1n the (1sL1pL) states are ex-

pected to be the most populated@5#, with the nuclear core in
the ground state or at low excitation energy. The bind
energy of the ground stateL in L

11B is 10.24 MeV @14#.
Taking the binding energy of theL in the 1p state to be 10
MeV less than the binding energy of theL in the ground
state and assuming a ground state nuclear core gives, in
weak coupling limit,

M
LL
12 B5M10B12 ML210.24 MeV20.24 MeV2DBLL .

~1!

Neglecting recoil corrections and the binding energy of
J2 in its atomic orbital, the kinetic energy of the neutron

Tn511.3 MeV1DBLL . ~2!

So the expected neutron energy is in the neighborhood
11.3 MeV(b2156.5). Assuming a range between24 ~re-
pulsion! to 4 MeV ~attraction! for D BLL , the neutron en-
ergy should be between 7.3 and 15.3 MeV. Note that t
D BLL is for the (1sL1pL) configuration and is differen
from the D BLL for the (1sL1sL) configuration found in
emulsion experiments. There are indications from the em
sion experiments that the latter might be 4 to 5 MeV, and
former is most likely considerably smaller due to the sma
overlap of theL wave functions. The neutron energy for th

t

FIG. 2. ~a! Neutron spectrum with de optimized cuts~very low
sensitivity! shown fitted with a polynomial which is used for th
background template.~b! Neutron spectrum with optimized cut
~maximum sensitivity!, shown with the scaled background tem
plate. The horizontal axis isb215c/v.
1-3
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BRIEF REPORTS PHYSICAL REVIEW C 61 027601
ground state production isTn511.3 MeV110 MeV
1DBLL and is equal to 25.8 MeV forD BLL54.5 MeV.

The expected width of the monoenergetic neutron peak
determined by the neutron detector energy resolution. T
neutron detector energy resolution and efficiency were c
culated in Monte Carlo simulation. It was found that th
shape of the peak in theb21 spectrum was close to being
Gaussian for monoenergetic neutrons. For the nominal va
of expected neutron kinetic energyTn511.3 MeV(b21

56.5), the neutron energy resolution was 0.16 units
b21(0.57 MeV). The neutron detection efficiency, calcu
lated using theDEMONS code @9# was 6.1% at this energy.
Our Monte Carlo prediction of the neutron energy resolutio
was found to agree with the measured energy resolution
kinetic energy Tn518 MeV, determined using neutron
from S1 decays at rest@12#.

To find the number of monoenergetic neutrons for a pa
ticular neutronb21, the neutron spectrum was fit to th
background template plus a Gaussian peak of the co
sponding known width with the centroid at that value o
b21. The background template scaling factor and Gauss
peak scaling factor were the two parameters of the fit. T
number of events in the peak represents the best fit value
the number of monoenergetic neutrons from the neutro
emission channel of double-L hypernuclear formation. The
corresponding 90% confidence level interval was then fou
using the ordering principle described by Feldman and Co
ins @15#. The best fit value and the lower and upper boun
aries of the confidence interval were then converted
branching ratios usingb5n/e(b21)nN, where N is the
background-subtracted number of events~52780!, e(b21) is
the neutron detection efficiency corresponding to thatb21

~6.1% for b2156.5), andn is theJ2 stopping probability
~31.7%!.

The fit procedure was repeated for a range of values
b21 in order to obtain results as a function ofb21. The
results for the branching ratio are shown in Fig. 3. Th
dashed curve was found from the best fit value for the nu
ber of neutrons in a peak, and the shaded region is the 9
confidence band. The size of the interval is determined
the number ofJ2 stops, the magnitude of the backgroun
and the best fit for the number of events in the hypothesiz
monoenergetic neutron peak found in the fit. The expec
neutron energy given by Eq.~2!, for D BLL50, is indicated
by an arrow and the corresponding upper limit at this point
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3.3%. The difference between the nominal and the ac
value of BLL determines the actual neutron energy. It is e
pected to be within'4 MeV from the central value and n
signal is observed in this region.~The discrepancies with the
background template nearb2153 lies outside the region o
interest.! Our upper limits, which are below 4% over mo
the region corresponding to the expected neutron energy
not contradict the Yamada and Ikeda prediction of a 1.4
neutron emission branching fraction spread over sev
states which lie in the continuum@7#.
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nese Society for the Promotion of Science.

FIG. 3. The branching ratio for double-L hypernuclear forma-
tion via neutron emission (J2, 12C)atom→ LL

12 B1n as a function of
the neutronb21. The dashed curve shows the branching ratio o
tained from the best fit value for the number of neutrons in the pe
The shaded band indicates the 90% confidence level interval fo
branching ratio. The arrow indicates the expected neutron ene
with the assumptions described in the text. The bar shows the ra
of neutron b21 which corresponds to24 MeV,D BLL,
14 MeV.
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