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�2Production of double-Λ hypernuclei

DOUBLE-! HYPERNUCLEI OBSERVED IN A . . . PHYSICAL REVIEW C 88, 014003 (2013)
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FIG. 1. Schematic view of the experimental setup around the
(K−, K+) reaction target.

(20 [x] × 20 [y] × 35 [z (beam direction)] mm3) as the target
[16]. The experimental setup around the target is schematically
shown in Fig. 1.

The SciFi-Bundle detector sandwiched between the dia-
mond target and the emulsion stack measured the position
and angle of each "− hyperon with a high precision. The
positions and angles of the "− hyperons at the surface
of the first emulsion plate (thin plate) were thus provided.
Under a microscope, first we identified the tracks of "−

hyperons detected with the SciFi-Bundle detector in the thin
plate, and then followed the tracks to their end points in the
emulsion plates. The production of a double-! hypernucleus
and its decay were searched for around the end points. The
hybrid system of the SciFi-Bundle detector and emulsion was
described in detail by Ichikawa et al. [17]. We searched for the
tracks of "− hyperons in the emulsion using a fully automated
scanning system and followed each identified track using
semiautomated scanning system (See details in Ref. [18]).

Scintillating fiber (SciFi) detectors, U-Block and D-Block,
were placed both upstream and downstream of the emulsion
stack. If a daughter track originating from the decay of a
hypernucleus escaped from the emulsion stack, the track could
be still observed in the U-Block and/or D-Block. Thus we
could measure the range and identify the particle for the
track to kinematically reconstruct the event. The detail of the
performance of the SciFi detectors is described in Ref. [19].

In the experiment, we followed about 2 × 104 candidate
tracks of "− hyperons, and found nearly 103 stopping vertices
with charged daughter tracks in the emulsion. Among them,
sequential decays with three vertices were found in seven
events. Although we were not able to reconstruct three events

because some tracks were difficult to be seen clearly, the !-!
interaction can be discussed on four events with nuclear species
in the following section.

The detail of the experiment can be seen in Refs. [8]
and [18].

III. DOUBLE-! HYPERNUCLEAR EVENTS

A. Nagara event

In the recent PDG results [13], a huge amount of data
from an experiment was taken into account for the mass of
the "− hyperon, where other old data were not used for its
compilation. The mass value was adopted to be 1321.71 ±
0.07 MeV/c2 which was 0.40 MeV/c2 heavier than the old
one of 1321.31 ± 0.13 MeV/c2. This mass change of the "−

hyperon requires revision of the values of B!! and #B!!

obtained from the vertex of "− hyperon capture, i.e., the
production point of the double-! hypernucleus in the Nagara
event. In this chapter, although interpretation of the Nagara
event has not been changed from the previous paper [8],
numerical values are presented for revision.

A picture and schematic drawing of the event are shown in
Fig. 2.

Three charged particles (tracks 1, 2, and 3) were emitted
from "− hyperon stopping vertex A, and one of them (1)
decayed into three charged particles (4, 5, and 6) at vertex B.
At the end point of track 4 (vertex C), it was associated with
two charged particles (7 and 8).

Since there were typographical errors in the data of lengths
and angles of the tracks in the previous paper [8], they are listed
with correction in Table I. Coplanarities calculated for the three
tracks emitted from vertices A and B are again well presented
to be −0.002 ± 0.030 and 0.003 ± 0.013, respectively.

Since the mass value of the "− hyperon was changed, we
applied kinematic analysis to the production vertex A in the
same manner as in the previous paper [8]. The results are
presented in Table II. In the table, the modes with #B!! −
B"− < 20 MeV are listed.

Even if the mass value of the "− hyperon were changed,
the results of the kinematic analysis could not be changed for
all possible decay modes at vertex B from the previous results.
Very recently, the binding energy of a ! hyperon in 7

!He was
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FIG. 2. Photograph and schematic drawing of the Nagara event.
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A variety of double-Λ hypernuclei (5≦A≦17)  
may be produced by Ξｰ capture in light nuclei

Ξ− + 16O → 11
ΛΛBe + 4He + d

(most probable)
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�3Counter experiments in 2020’s
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Abstract

Proposed is a novel method to produce a double-⇤ hypernucleus without using nuclear emulsion.
A ⌅� bound in 6He and a part of quasi-free ⌅�’s, produced in 7Li(K�,K+) reactions, are absorbed in
the reaction point, and 5

⇤⇤H may be formed via ⌅�p ! ⇤⇤ conversion. Decay pion spectroscopy for
5
⇤⇤H ! 5

⇤He + ⇡� will be performed after event selection requiring a fast proton from non-mesonic
weak decay of 5

⇤He. The experimental setup will be based on the ⌅-hypernuclear spectroscopy
experiment E70; a new cylindrical detector system will be installed between the K1.8 beamline
spectrometer and the S-2S spectrometer for detection of the decay pion and the proton.
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�4Decay pion spectroscopy

detector system includes segmented scintillator walls for
tracking, energy-loss determination, and timing. Two aerogel
Čerenkov detectors were used for pion rejection with a
combined 94% efficiency when keeping the kaon rejection
lower than 1%. The kaon survival probability was ϵK ≈ 0.40
for a flight path of 6.45 m. The time of flight was measured
inside the spectrometer with a resolution of σt ≈ 180 ps
along flight paths of 1–1.5m. The experimental challenge in
this experiment was originated by the positrons from pair
production with large cross sections near 0°. The resulting
high flux of background positrons in the spectrometer was
reduced by several orders of magnitude by using a lead
absorber with its thickness up to t ¼ 25X0 radiation lengths
[22]. The detection loss for the kaons in this absorber
amounted to ηlead ∼ 70%.
Data analysis.—The pion momentum, its direction, and

the reaction vertex were reconstructed from the focal plane
coordinates using the well-known backward transfer matri-
ces describing the spectrometer optics. The momenta of the
outgoing pions were corrected for energy loss inside the
target, a few cm thick of air, and two vacuum window foils
120 μm thick each. Kaons were identified by their specific
energy loss dE=dx and velocity β from the time of flight.
Figure 2 shows the coincidence time between Kþ in the

Kaos spectrometer and π− or μ− in SpekC. The prominent
peak at zero time includes 103 pions while the peak of
muons is originated by the decay events of pions. True
coincidence events were selected from a time gate with a
width of 2.5 ns. Accidental coincidence events from the
two coincidence time sidebands of 45 ns total width were
used to evaluate the accidental background height and
shape in the momentum distribution.
The top panel of Fig. 3 shows the distribution of

available data on the Λ hyperon binding energy in 4
ΛH

from emulsion experiments [2–4], where the compilation
in Ref. [4] includes reanalyzed events from Refs. [2,3].
The width of this distribution from BΛ > 0.5MeV to
BΛ < 3.5MeV defines a region of interest corresponding
to the momenta of two-body decay pions for stopped
4
ΛH: 131 < pπ < 135MeV=c.
The bottom panel of Fig. 3 shows the pion momentum

distribution in SpekC for the events within the true
coincidence time gate. The measured pion momentum
distribution in the time sidebands was scaled by the ratio
of the time gate widths, giving 1.8# 0.1 accidental events/
bin. The exceeding background was produced by MWD of
strange systems, the only reaction that can generate
coincident events meeting the kinematical conditions.
The distribution outside of the region of interest was fitted
with a single scale factor to a template function b which
was determined by a Monte Carlo simulation of MWD
events including angular and energy dependencies of kaon
production in electron scattering off 9Be. In the simulation,
the elementary cross sections for pðγ; KþÞΛ, pðγ; KþÞΣ0,
and nðγ; KþÞΣ− were taken from the K-Maid model
[23,24], which describes available kaon photoproduction
data. The Fermi-motion effects that modify the elementary
cross sections for the Be target were calculated in the
incoherent impulse approximation. In the simulated spec-
trum Λ decay pions are dominating in the range
20–110 MeV=c, Σ− decay pions are dominating in the
range 110–194 MeV=c, and at 194.3 MeV=c the mono-
chromatic peak of stopped Σ− decays is found. Inside the
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FIG. 2 (color online). Coincidence time spectrum for Kþ in the
Kaos spectrometer and π− or μ− in SpekC, after correcting for
the reconstructed flight path lengths of Kþ and π− through the
spectrometers. The time gates for selecting true (2.5 ns width) and
accidental coincidences (45 ns width) are indicated by different
colors. The solid line represents a fit to the spectrum with two
Gaussian shaped peaks each on top of an accidental background
distribution. The peaks were resolved with σt ∼ 1.4 ns resolution.
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FIG. 3 (color online). Pion momentum distribution in SpekC
for true coincidences (green) and accidental coincidences (blue)
scaled by the ratio of the time gate widths. A monochromatic
peak at pπ ≈ 133 MeV=c was observed, which is a unique
signature for the two-body decay of stopped 4

ΛH → 4Heþ π−.
The top panel shows on the corresponding binding energy scale
the distribution of data on the Λ hyperon binding energy in 4

ΛH
from emulsion experiments [2–4]. Arrows indicate the region of
interest in the momentum spectrum.
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�5ΛΛ-ΞN mixing in
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Production via Ξ-hypernuclear decay

◆ Only 4 decay channels are 
allowed energetically 

◆ Among them, the channel 
with the fewest bodies and 
the largest Q-value is most 
predominant (B.R. ~ 90% !!)

�6

Double-L hypernuclear formation via a neutron-rich J state

Izumi Kumagai-Fuse and Yoshinori Akaishi
Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo 188, Japan

~Received 21 March 1996!

Conversion processes for J
7 H are discussed as a typical example of the double-L hypernuclear formation via

a neutron-rich J state. LL
5 H is formed with a surprisingly large branching ratio of about 90% from J

7 H that is
produced by the (K2,K1) reaction on the 7Li target. The J

7 H state has a narrow width, 0.75 MeV, and its
population can be confirmed by tagging K1 momentum. @S0556-2813~96!50507-8#

PACS number~s!: 21.80.1a. 21.45.1v. 25.80.Nv, 25.80.Pw

Recent hypernuclear studies have aroused much interest
in double strangeness (S522) systems. Several double-L
hypernuclei events and J atoms ~or nuclei! were reported in
an experiment at KEK using emulsion-counter hybrid tech-
niques @1#. Such double strangeness systems provide unique
information concerning the LL and JN interaction, which
is closely related to the existence of H-dibaryon @2# and is
awaited to deduce properties of strange hadronic matter @3#.
However, information from S522 systems is still very lim-
ited. One reason is the difficulty in identification of S522
hypernuclear species in emulsion events, and the other is a
lack of events themselves.
If an intense K2 beam is available, the (K2,K1) reaction

can sufficiently populate certain J-nuclear states, which be-
come doorway states to double-L hypernuclei. In this paper
a typical example of this line of producing double-L hyper-
nuclei is explored. The first step is to produce a narrow-
width bound J state using the 7Li(K2,K1)J

7 H reaction.
Then, the J2 particle interacts with a proton in the 6He
core, and they convert into two L particles. Our primary
concern is how large the branching to the double-L nuclear
formation is for the neutron-rich J-nucleus J

7 H.
The conversion processes of J

7 H are limited to the follow-
ing:

J
7 H!LL

5 H1n1n ;11 MeV, ~1!

!L
4 H1L1n1n ;7 MeV, ~2!

!L
4 H*1L1n1n ;6 MeV, ~3!

!
3H1L1L1n1n ;5 MeV. ~4!

To fix the Q values, we need knowledge of the binding en-
ergies ~BE! of J

7 H and LL
5 H. In the above equations, we

have tentatively assigned BE(J2 in J
7 H);2 MeV and BE

(LL in LL
5 H);6 MeV, which are estimated from a calcu-

lation of double-strange five-body systems by Myint et al.
@4#. The point is that the Q values become small for these
processes because the 28.33 MeV energy released due to
JN!LL conversion is almost exhausted in breaking the
a cluster in J

7 H. The three-body decay process in Eq. ~1!
would be favored by such small Q values, because the avail-
able phase space is less reduced than that for the four-body
and the five-body decays.

We apply distorted-wave Born approximation ~DWBA!
with a finite range J2p-LL interaction to calculate the con-
version widths. For the J2N channel, the LL channel, and
the J2p-LL coupling interactions we use the Shinmura po-
tential @5# determined so as to reproduce S matrices of the
Nijmegen model D potential @6# at low energies. The poten-
tial parameters are summarized in Table I.
For the J2N channel interaction, we multiply the repul-

sive part by a reduction factor f c due to short-range correla-
tions to obtain an effective interaction. We use the YNG
effective interaction for LN @7#, the parameters of which are
readjusted to reproduce the binding energies of L

4 H and
L
4 H*, and the NHN effective interaction for NN @8#.
Initial-state and final-state wave functions for the conver-

sion processes are constructed as follows. For the initial state
J
7 H, the five-body part without two neutrons ~‘‘J

5 H’’! is
firstly solved as a 3N-N-J2 three-body system within the
framework of the resonating group method. The total Hamil-
tonian is given by

H
J
5 H5(

i51

A

ti2Tc.m.1 (
i, jPN

v i j
NN1 (

iPN
jPJ

v i j
NJ1(

i, j
v i j
Coulomb ,

~5!

where t i and Tc.m. are kinetic energy operators of the ith
nucleon or the J2 particle and the center-of-mass motion of
the five-body system, respectively. The Coulomb interaction
for J2p and pp is taken into account, since it plays an
important role in binding J

5 H @4#. We employ a variational
method using a Gaussian basis with three rearrangement
channels in the Jacobi coordinate system ~CRCG method!
@9#. Secondly, wave functions for the remaining neutrons are
independently determined by solving the following equation
of J

5 H-n:

~T
J
5 Hn1V4He n1VJ2n2E !ucn&50, ~6!

where the potential is a sum of contributions from 4He and
J2. We use the Kanada potential @10# for 4He n , the param-
eter values of which are multiplied by 1.15 for the p3/2 po-
tential so as to reproduce one half of the two-neutron sepa-
ration energy in 6He. For J2 n , we regard the J wave
function as a simple ~0s! harmonic oscillator one, the size
parameter of which corresponds to the rms radius of the
J2 determined from the calculation of J

5 H. Then the J2n
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A new experiment at J-PARC
1. Production of           by the                         reaction  

2. ΞN→ΛΛ conversion in         , yielding  

3. Two-body weak decay of  

4. Weak decay of 

�7
7

Ξ−H 7Li(K−, K+)

5
ΛΛH + 2n7

Ξ−H

5
ΛΛH → 5

ΛHe + π−

5
ΛHe

Tagging of            by means of missing-mass spectroscopy7
Ξ−H

may be produced as well4
ΛH

Identification of          and            by detecting π− (>130MeV/c)4
ΛH 5

ΛΛH

Tagging a fast proton from NMWD of  5ΛHe

Decay pion spectroscopy for   5
ΛΛH
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�8                                  reactionHIYAMA, YAMAMOTO, MOTOBA, RIJKEN, AND KAMIMURA PHYSICAL REVIEW C 78 , 054316 (2008)

total Hamiltonian and the Schrödinger equation are given by

(H − E)!JM ( 7
"−H, 10

"−Li) = 0, (5.1)

H = T +
!

a,b

Vab + VPauli, (5.2)

where T is the kinetic-energy operator, Vab is the interaction
between the constituent particle a and b, and the VPauli is
the Pauli projection operator given by Eq. (3.6). The total
wave function is described as a sum of amplitudes of the
rearrangement channels (c = 1 ∼ 9) of Fig. 3 in the LS
coupling scheme:

!JM, T Tz

" 7
"−H

#
=

9!

c=1

!

n,N,ν

!

l,L,λ

!

S,%,I,K

C
(c)
nlNLνλS%IK

×AN

$
&(α)[χ 1

2
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Here the operator AN stands for antisymmetrization between
the two neutrons. Sα,χ 1

2
("−) and η 1

2
("−) were defined in

Sec. III.
The Pauli principle involving nucleons belonging to α and

x(= n,α) is taken into account by the orthogonality condition
model (OCM) [19]. The forbidden states in Eq. (3.6) are f =
0S for n and f = 0S, 1S, 0D for x = α.

We employ the VαN potential given in Ref. [21] and the
AV8 potential [22] for the two-neutron parts. The αnn (ααn)
binding energy derived from these potentials is less(over-)
bound by about 0.3 MeV (1 MeV) in comparison with the
observed value. Then, in calculations of the αnn"− and
ααn"− four-body model, the central part of Vαn is adjusted
to reproduce the observed ground state of 6He and 9Be. The
Vαα and Vα"− are the same as those in ααt"− four-body
calculations. As for the "−n parts, we employ the simple
three-range Gaussian potentials derived from ESC and ND.
The details of these potentials were already mentioned in
Sec. II. Thus, in our treatments of αnn"− and ααn"−

four-body systems, ground-state energies of all subsystems
of αnn and ααn are reproduced well.

B. Results for 7
"H (αnn"−)

Here we describe the results of the four-body calculations
for 7

"−H(αnn"−) with (T , J π ) = (3/2, 1/2+). The basic ques-
tion is whether this state is bound or not: The 6He core is
composed of an α and two weakly bound (“halo”) neutrons.
Due to the weakness of the "−n interaction, the binding
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FIG. 4. (a) Calculated energy levels of 7
"− H for three kF values

using ESC. (b) Calculated energy levels of 7
"− H for for three kF values

using ND. The energies are shown when the imaginary part of the
α"− interaction is switched off. The energies are measured from the
α + n + n + "− breakup threshold. The dashed lines are threshold.

between 6He and "− is to a large extent determined by the
α"− interaction.

The calculated energies in the 1/2+ ground state are demon-
strated in Fig. 4 as a function of kF , for the two "N potential
models without the imaginary part of the α"− interaction.
These 1/2+ states are composed of the ground-state 0+

configuration of 6He coupled with the 0s-state "− particle.
The Coulomb interactions between α and "− are taken into
account. In the figure, the dashed lines show the positions
of threshold energies of α + n + n + "−,6 He + "−, and
5
"−H(α"−)cal + n + n, respectively. One should be aware that
the 5

"−H(α"−)cal + n + n threshold energy depends on the
kF value of the adopted "N interactions. This situation is
unavoidable, because the calculated energies for 5

"−H have
to be used instead of the unknown experimental value. We
see that in the case (i) kF = 0.9 fm−1 with ESC the lowest
threshold is 5

"−H(α"−)cal + n + n, and in the other cases the
6He + "− threshold is lower than the 5

"−H(α"−)cal + n + n
threshold. However, in all kF cases with ND the lowest
threshold is 6He + "−. The order of the 5

"−H(α"−)cal + n + n
and 6He + "− threshold is determined by the competition
between α-"− correlation and the α-(nn) correlation.

054316-8

E. Hiyama et al., Phys. Rev. C 78, 054316 (2008)
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Table 1 Strength parameters for Ξ−-6He(0+) potential, U11 given in Eq. (5)

Potential V0 (MeV) W0 (MeV) B.E . (MeV) Γ (MeV)
√

< r2 > (fm)

ND(k f = 0.9) −13.70 −0.49 1.55 0.27 4.06
ND(k f = 1.025) −11.72 −0.34 1.05 0.15 4.84
ND(k f = 1.3) −8.95 −0.11 0.54 0.032 6.85
ESC(k f = 0.9) −15.18 −4.17 1.80 2.64 3.62
ESC(k f = 1.055) −10.53 −2.98 0.67 1.15 5.51
ESC(k f = 1.3) −6.90 −1.96 0.26 0.31 10.06

R = 2.0 fm and a = 0.65 fm are fixed. The binding energies, widths and r.m.s. radii are also listed. Here, B.E . is measured from
Ξ− +6 He(0+) threshold, instead of Ξ− + α + n + n one in Ref. [2]

Fig. 1 Calculated 7Li(K −, K +) inclusive spectra for pK − = 1.65 GeV/c and θK + = 0◦. The left and right panel show the results
corresponding to the case using potential ND and ESC with three k f parameters listed in Table 1, respectively. These spectra are
smeared assuming 2 MeV detector resolution

3 Results and Conclusions

Figure 1 shows the calculated 7Li(K −, K +) inclusive spectra for pK − = 1.65 GeV/c and θK + = 0◦. A detec-
tor resolution of 2 MeV is taken into account. In the case of ND, we can see two peak structure for every k f

parameters. The peak in E < 0 and E > 0 region correspond to Ξ−-6He(0+) bound state and Ξ−-6He∗(2+)
one, respectively. The contribution to the cross section from the 6He∗(2+) core state amounts to about 1/3 of
that from 6He(0+) core state. It is also checked that the contribution from the 6He∗(2+) state does not change
the peak shape of the Ξ−-6He(0+) bound state as long as the coupling strength Vc in Eq. (6) is less than
∼ 300 MeV. In the case of ESC, the structure of the calculated spectra is similar to ND case, but the larger
width compared to ND makes the peak less visible. For ESC with k f = 0.9 and 1.055, we can not see the
bound state peak for the core-excited state, while we can still recognize the peak for the core-ground state. For
ESC with k f = 1.3, we can not see any peak structure.

In conclusion, we can expect to observe the bound state peak ofΞ− hypernuclear state in the 7Li(K −, K +)
inclusive spectrum except for ESC with k f = 1.3 case, including the 2 MeV detector resolution. In order to
confirm the results more quantitatively, we have a plan to construct the realistic folding potentials instead of
the Woods–Saxon one used here. The further investigation is in progress.
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9Be(K−, K+){Ξ− + 8Li*} ⟶ [ 8
ΛΛHe*] + n

⟶ [ 8
ΛΛH*] + p

“double-Λ compound nucleus” 
→ fragmented into double-Λ hypernuclei, 

single-Λ hypernuclei etc.

Y. Yamamoto, M. Wakai, T. Motoba, T. Fukuda,  
Nucl. Phys. A 625, 107 (1997)

ΞN rescattering 
& ΞN-ΛΛ conversion
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p 1 p2 1 p2 about 64% of the time (the rest of the
time the final state includes neutral particles). An extensive
simulation of quasifree J2 production in the CDS was
carried out. The quasifree J2 events appear in our experi-
ment as two negative tracks in the CDS when the proton
is not detected, either because it is outside the geomet-
ric acceptance or, for low momentum J2’s, because it
never leaves the target. The events in which all three tracks
were detected were limited to about 800 in number, about
5% of the two p2 set (before applying cuts as described
above). They were analyzed to compare to our simula-
tion which includes the geometry and response of the CDS.
The shape comparison was satisfactory, and the simulated
spectrum magnitude was fixed by the three-track data. The
simulation then provided a reliable measure of the J2

background magnitude and shape in the two-track data.
Figure 2 contains a two-dimensional scatter plot of the

pion pair events, obtained as described above, binned in
3 MeV!c cells. The box size shown is proportional to the
cell population.

The pion spectrum will exhibit a sharp peak in a two-
body decay from a system at rest, or nearly at rest, such as
a double- or single-L hypernucleus. A correlated signal,
which appears as such a peak in both pion spectra, is in-
terpreted as a pair of single-L hypernuclei if the momenta
match known decays of single-L systems. It is regarded
as a candidate for a double-L hypernucleus when only one
of the lines matches a known decay momentum [2,10–13].
Figure 3, adapted from Ref. [2], indicates where known
single-L hypernuclear lines are expected as well as where
LL decay lines are anticipated as a function of the LL
pairing energy DBLL.

Inspection of the plot indicates two regions of event con-
centration; one near "104, 114# and one near "114, 133# in
the pion momentum axes. The right-hand side of the fig-

ure shows projections of the data regions in the indicated
bands of 12 MeV!c width (3s in CDS resolution) on the
PH and PL axes. Histogram I displays the higher momen-
tum pion distribution with the lower pion momentum be-
tween 97 and 109MeV!c, while II shows the lower pion
momentum distribution, with the upper pion cut between
107 and 119MeV!c. The event concentration projected
in I and II we attribute to 4

LLH as explained below, while
those projected in III and IV are attributed to the decays,

3
LH ! 3He 1 p2

L "114.3 MeV!c#, (1)
4
LH ! 4He 1 p2

H "132.9MeV!c#. (2)
The existence of these twin hypernuclei is evidence that

J2’s of appreciable kinetic energy are initiating reactions.
Also indicated in the projected spectra I to IV are the ap-
propriate backgrounds from quasifree J2 production, de-
termined from the three particle tracks as described above.
A clear excess of signal over J2 background is observed
in these spectra.

We direct attention to two structures in Fig. 2, a rela-
tively wide peak centered near 114 MeV!c in I, and the
correlated narrow low-momentum peak near 104 MeV!c
in II. The latter prominent peak has no clear explanation in
the literature. It is the conjunction of this feature with the
wide peak in I that points strongly to the existence of 4

LLH
in our data sample. The broadening near 114 MeV!cis at-
tributed to the presence of more than a single contribution
and the peak at 104 MeV!c to a particular decay mode of
the doubly strange hypernucleus. We develop this argu-
ment as follows.

Consider the following possible sequences, some of
which are combinations of single-L decays. The decay
momenta, known from emulsion experiments to typically
better than 1 MeV!c, are near those of the correlated
peaks. These are listed below as processes (3) and (4),
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FIG. 2. The momenta of pH and pL, in MeV!c, plotted against each other (left). The event concentration associated with the
4

LLH doubly strange hypernucleus is located near "114, 104#. The plots on the right, I and II, are projections on the y and the x axis,
respectively, with the indicated limits. The projections shown in III and IV are attributed to 4

LH and 3
LH. The overlayed curves for

I– IV are the measured quasifree J2-decay backgrounds, normalized to the expected number of such events in the data.
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Suggested decay mode of 4ΛΛH and limits on ∆BΛΛ

4
ΛΛH (single Λ binds to 2H by 0.13 MeV)

3
ΛH + p }? MeV 3

ΛH
(7.75 MeV)

4
ΛHe

3He

π− (104 MeV/c)

p

π− (114.3 MeV/c)

4
ΛHe excitation(MeV)    ∆BΛΛ(MeV)
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8.75                         0.8
9.84                        -0.26

4
ΛHe*
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p 1 p2 1 p2 about 64% of the time (the rest of the
time the final state includes neutral particles). An extensive
simulation of quasifree J2 production in the CDS was
carried out. The quasifree J2 events appear in our experi-
ment as two negative tracks in the CDS when the proton
is not detected, either because it is outside the geomet-
ric acceptance or, for low momentum J2’s, because it
never leaves the target. The events in which all three tracks
were detected were limited to about 800 in number, about
5% of the two p2 set (before applying cuts as described
above). They were analyzed to compare to our simula-
tion which includes the geometry and response of the CDS.
The shape comparison was satisfactory, and the simulated
spectrum magnitude was fixed by the three-track data. The
simulation then provided a reliable measure of the J2

background magnitude and shape in the two-track data.
Figure 2 contains a two-dimensional scatter plot of the

pion pair events, obtained as described above, binned in
3 MeV!c cells. The box size shown is proportional to the
cell population.

The pion spectrum will exhibit a sharp peak in a two-
body decay from a system at rest, or nearly at rest, such as
a double- or single-L hypernucleus. A correlated signal,
which appears as such a peak in both pion spectra, is in-
terpreted as a pair of single-L hypernuclei if the momenta
match known decays of single-L systems. It is regarded
as a candidate for a double-L hypernucleus when only one
of the lines matches a known decay momentum [2,10–13].
Figure 3, adapted from Ref. [2], indicates where known
single-L hypernuclear lines are expected as well as where
LL decay lines are anticipated as a function of the LL
pairing energy DBLL.

Inspection of the plot indicates two regions of event con-
centration; one near "104, 114# and one near "114, 133# in
the pion momentum axes. The right-hand side of the fig-

ure shows projections of the data regions in the indicated
bands of 12 MeV!c width (3s in CDS resolution) on the
PH and PL axes. Histogram I displays the higher momen-
tum pion distribution with the lower pion momentum be-
tween 97 and 109MeV!c, while II shows the lower pion
momentum distribution, with the upper pion cut between
107 and 119MeV!c. The event concentration projected
in I and II we attribute to 4

LLH as explained below, while
those projected in III and IV are attributed to the decays,

3
LH ! 3He 1 p2

L "114.3 MeV!c#, (1)
4
LH ! 4He 1 p2

H "132.9MeV!c#. (2)
The existence of these twin hypernuclei is evidence that

J2’s of appreciable kinetic energy are initiating reactions.
Also indicated in the projected spectra I to IV are the ap-
propriate backgrounds from quasifree J2 production, de-
termined from the three particle tracks as described above.
A clear excess of signal over J2 background is observed
in these spectra.

We direct attention to two structures in Fig. 2, a rela-
tively wide peak centered near 114 MeV!c in I, and the
correlated narrow low-momentum peak near 104 MeV!c
in II. The latter prominent peak has no clear explanation in
the literature. It is the conjunction of this feature with the
wide peak in I that points strongly to the existence of 4

LLH
in our data sample. The broadening near 114 MeV!cis at-
tributed to the presence of more than a single contribution
and the peak at 104 MeV!c to a particular decay mode of
the doubly strange hypernucleus. We develop this argu-
ment as follows.

Consider the following possible sequences, some of
which are combinations of single-L decays. The decay
momenta, known from emulsion experiments to typically
better than 1 MeV!c, are near those of the correlated
peaks. These are listed below as processes (3) and (4),
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FIG. 2. The momenta of pH and pL, in MeV!c, plotted against each other (left). The event concentration associated with the
4

LLH doubly strange hypernucleus is located near "114, 104#. The plots on the right, I and II, are projections on the y and the x axis,
respectively, with the indicated limits. The projections shown in III and IV are attributed to 4

LH and 3
LH. The overlayed curves for

I– IV are the measured quasifree J2-decay backgrounds, normalized to the expected number of such events in the data.
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How to identify           ?

◆ BNL-AGS E906 (P961R) 
two pions from sequential MWD 
→ clue to identify  
parent double-Λ hypernuclei and 
daughter single-Λ hypernuclei 

◆ This method is difficult to apply 
in case of 5ΛΛH decay

�125
ΛΛH
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p 1 p2 1 p2 about 64% of the time (the rest of the
time the final state includes neutral particles). An extensive
simulation of quasifree J2 production in the CDS was
carried out. The quasifree J2 events appear in our experi-
ment as two negative tracks in the CDS when the proton
is not detected, either because it is outside the geomet-
ric acceptance or, for low momentum J2’s, because it
never leaves the target. The events in which all three tracks
were detected were limited to about 800 in number, about
5% of the two p2 set (before applying cuts as described
above). They were analyzed to compare to our simula-
tion which includes the geometry and response of the CDS.
The shape comparison was satisfactory, and the simulated
spectrum magnitude was fixed by the three-track data. The
simulation then provided a reliable measure of the J2

background magnitude and shape in the two-track data.
Figure 2 contains a two-dimensional scatter plot of the

pion pair events, obtained as described above, binned in
3 MeV!c cells. The box size shown is proportional to the
cell population.

The pion spectrum will exhibit a sharp peak in a two-
body decay from a system at rest, or nearly at rest, such as
a double- or single-L hypernucleus. A correlated signal,
which appears as such a peak in both pion spectra, is in-
terpreted as a pair of single-L hypernuclei if the momenta
match known decays of single-L systems. It is regarded
as a candidate for a double-L hypernucleus when only one
of the lines matches a known decay momentum [2,10–13].
Figure 3, adapted from Ref. [2], indicates where known
single-L hypernuclear lines are expected as well as where
LL decay lines are anticipated as a function of the LL
pairing energy DBLL.

Inspection of the plot indicates two regions of event con-
centration; one near "104, 114# and one near "114, 133# in
the pion momentum axes. The right-hand side of the fig-

ure shows projections of the data regions in the indicated
bands of 12 MeV!c width (3s in CDS resolution) on the
PH and PL axes. Histogram I displays the higher momen-
tum pion distribution with the lower pion momentum be-
tween 97 and 109MeV!c, while II shows the lower pion
momentum distribution, with the upper pion cut between
107 and 119MeV!c. The event concentration projected
in I and II we attribute to 4

LLH as explained below, while
those projected in III and IV are attributed to the decays,

3
LH ! 3He 1 p2

L "114.3 MeV!c#, (1)
4
LH ! 4He 1 p2

H "132.9MeV!c#. (2)
The existence of these twin hypernuclei is evidence that

J2’s of appreciable kinetic energy are initiating reactions.
Also indicated in the projected spectra I to IV are the ap-
propriate backgrounds from quasifree J2 production, de-
termined from the three particle tracks as described above.
A clear excess of signal over J2 background is observed
in these spectra.

We direct attention to two structures in Fig. 2, a rela-
tively wide peak centered near 114 MeV!c in I, and the
correlated narrow low-momentum peak near 104 MeV!c
in II. The latter prominent peak has no clear explanation in
the literature. It is the conjunction of this feature with the
wide peak in I that points strongly to the existence of 4

LLH
in our data sample. The broadening near 114 MeV!cis at-
tributed to the presence of more than a single contribution
and the peak at 104 MeV!c to a particular decay mode of
the doubly strange hypernucleus. We develop this argu-
ment as follows.

Consider the following possible sequences, some of
which are combinations of single-L decays. The decay
momenta, known from emulsion experiments to typically
better than 1 MeV!c, are near those of the correlated
peaks. These are listed below as processes (3) and (4),
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4

LLH doubly strange hypernucleus is located near "114, 104#. The plots on the right, I and II, are projections on the y and the x axis,
respectively, with the indicated limits. The projections shown in III and IV are attributed to 4
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LH. The overlayed curves for

I– IV are the measured quasifree J2-decay backgrounds, normalized to the expected number of such events in the data.
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From a point of view of 
decay pion spectroscopy, 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the two decay modes 

are experimentally difficult.
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Conversion processes for J
7 H are discussed as a typical example of the double-L hypernuclear formation via

a neutron-rich J state. LL
5 H is formed with a surprisingly large branching ratio of about 90% from J

7 H that is
produced by the (K2,K1) reaction on the 7Li target. The J

7 H state has a narrow width, 0.75 MeV, and its
population can be confirmed by tagging K1 momentum. @S0556-2813~96!50507-8#

PACS number~s!: 21.80.1a. 21.45.1v. 25.80.Nv, 25.80.Pw

Recent hypernuclear studies have aroused much interest
in double strangeness (S522) systems. Several double-L
hypernuclei events and J atoms ~or nuclei! were reported in
an experiment at KEK using emulsion-counter hybrid tech-
niques @1#. Such double strangeness systems provide unique
information concerning the LL and JN interaction, which
is closely related to the existence of H-dibaryon @2# and is
awaited to deduce properties of strange hadronic matter @3#.
However, information from S522 systems is still very lim-
ited. One reason is the difficulty in identification of S522
hypernuclear species in emulsion events, and the other is a
lack of events themselves.
If an intense K2 beam is available, the (K2,K1) reaction

can sufficiently populate certain J-nuclear states, which be-
come doorway states to double-L hypernuclei. In this paper
a typical example of this line of producing double-L hyper-
nuclei is explored. The first step is to produce a narrow-
width bound J state using the 7Li(K2,K1)J

7 H reaction.
Then, the J2 particle interacts with a proton in the 6He
core, and they convert into two L particles. Our primary
concern is how large the branching to the double-L nuclear
formation is for the neutron-rich J-nucleus J

7 H.
The conversion processes of J

7 H are limited to the follow-
ing:

J
7 H!LL

5 H1n1n ;11 MeV, ~1!

!L
4 H1L1n1n ;7 MeV, ~2!

!L
4 H*1L1n1n ;6 MeV, ~3!

!
3H1L1L1n1n ;5 MeV. ~4!

To fix the Q values, we need knowledge of the binding en-
ergies ~BE! of J

7 H and LL
5 H. In the above equations, we

have tentatively assigned BE(J2 in J
7 H);2 MeV and BE

(LL in LL
5 H);6 MeV, which are estimated from a calcu-

lation of double-strange five-body systems by Myint et al.
@4#. The point is that the Q values become small for these
processes because the 28.33 MeV energy released due to
JN!LL conversion is almost exhausted in breaking the
a cluster in J

7 H. The three-body decay process in Eq. ~1!
would be favored by such small Q values, because the avail-
able phase space is less reduced than that for the four-body
and the five-body decays.

We apply distorted-wave Born approximation ~DWBA!
with a finite range J2p-LL interaction to calculate the con-
version widths. For the J2N channel, the LL channel, and
the J2p-LL coupling interactions we use the Shinmura po-
tential @5# determined so as to reproduce S matrices of the
Nijmegen model D potential @6# at low energies. The poten-
tial parameters are summarized in Table I.
For the J2N channel interaction, we multiply the repul-

sive part by a reduction factor f c due to short-range correla-
tions to obtain an effective interaction. We use the YNG
effective interaction for LN @7#, the parameters of which are
readjusted to reproduce the binding energies of L

4 H and
L
4 H*, and the NHN effective interaction for NN @8#.
Initial-state and final-state wave functions for the conver-

sion processes are constructed as follows. For the initial state
J
7 H, the five-body part without two neutrons ~‘‘J

5 H’’! is
firstly solved as a 3N-N-J2 three-body system within the
framework of the resonating group method. The total Hamil-
tonian is given by

H
J
5 H5(

i51

A

ti2Tc.m.1 (
i, jPN

v i j
NN1 (

iPN
jPJ

v i j
NJ1(

i, j
v i j
Coulomb ,

~5!

where t i and Tc.m. are kinetic energy operators of the ith
nucleon or the J2 particle and the center-of-mass motion of
the five-body system, respectively. The Coulomb interaction
for J2p and pp is taken into account, since it plays an
important role in binding J

5 H @4#. We employ a variational
method using a Gaussian basis with three rearrangement
channels in the Jacobi coordinate system ~CRCG method!
@9#. Secondly, wave functions for the remaining neutrons are
independently determined by solving the following equation
of J

5 H-n:

~T
J
5 Hn1V4He n1VJ2n2E !ucn&50, ~6!

where the potential is a sum of contributions from 4He and
J2. We use the Kanada potential @10# for 4He n , the param-
eter values of which are multiplied by 1.15 for the p3/2 po-
tential so as to reproduce one half of the two-neutron sepa-
ration energy in 6He. For J2 n , we regard the J wave
function as a simple ~0s! harmonic oscillator one, the size
parameter of which corresponds to the rms radius of the
J2 determined from the calculation of J

5 H. Then the J2n
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nuclei is explored. The first step is to produce a narrow-
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processes because the 28.33 MeV energy released due to
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a cluster in J

7 H. The three-body decay process in Eq. ~1!
would be favored by such small Q values, because the avail-
able phase space is less reduced than that for the four-body
and the five-body decays.

We apply distorted-wave Born approximation ~DWBA!
with a finite range J2p-LL interaction to calculate the con-
version widths. For the J2N channel, the LL channel, and
the J2p-LL coupling interactions we use the Shinmura po-
tential @5# determined so as to reproduce S matrices of the
Nijmegen model D potential @6# at low energies. The poten-
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5 H @4#. We employ a variational
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independently determined by solving the following equation
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J2. We use the Kanada potential @10# for 4He n , the param-
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via Ξ hypernuclei

via double-Λ compound nuclei

via 5ΛΛH 3-body decay

Novel method for            identification5
ΛΛH

5
ΛΛH → 5

ΛHe + π−

5
ΛHe → 3H + p + n

via 5ΛΛH 2-body decay

signal
background

fast proton w/o pion (Non-Mesonic Weak Decay)

slow proton w/ pion (Mesonic Weak Decay)

Λ → p+π−

Λ → p+π−
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A new experiment at J-PARC
1. Production of           by the                         reaction  

2. ΞN→ΛΛ conversion in         , yielding  

3. Two-body weak decay of  

4. Weak decay of 

�15
7

Ξ−H 7Li(K−, K+)

5
ΛΛH + 2n7

Ξ−H

5
ΛΛH → 5

ΛHe + π−

5
ΛHe

Tagging of            by means of missing-mass spectroscopy7
Ξ−H

may be produced as well4
ΛH

Identification of          and            by detecting π− (>130MeV/c)4
ΛH 5

ΛΛH

Tagging a fast proton from NMWD of  5ΛHe

Decay pion spectroscopy for   5
ΛΛH
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�16Experimental setup
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Target

requirements 
1. High resolution for (K-,K+) spectroscopy  

in order to distinguish             from QF events 
→ Sｰ2S will be the best option 

2. Decay π− and proton measurement 
→ a large-acceptance and compact 
     CDS (cylindrical detector system)

@J-PARC K1.8 beamline

7
Ξ−H
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Summary and outlook
◆        production (via         decay) and decay (into                 ) 

will be investigated at J-PARC, 
aiming at ΔBΛΛ determination with tens of         identified  

◆ Detailed study of          identification by fast-proton  
tagging is in progress. 

◆ Submitted a Letter of Intent in June 2018.  

◆ A proposal for the phase-1 exp. is in preparation. 

- Decay pion spectroscopy for single-Λ hypernuclei 
- Missing-mass spectroscopy for                      reaction 
- Measurement of secondary particles from 7Li target  Hypertriton mass puzzle?  

�17
5

ΛΛH 7
Ξ− H 5

ΛHe + π−

5
ΛΛH

7Li(K−, K+)

5
ΛΛH
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�18Abstract

We present a precise measurement on the masses of !"# and $!
"$# and the mass difference between them for the first 

time. This measurement is based on the !"# and $!
"$# which are reconstructed through two meson decay channels 

!
"# $!

"$# → "#& ( "#&) + *+ (*,) and !"# $!
"$# → - ̅- + / ($/) + *+ (*,) using the high-statistics experiment 

data collected in 2014 and 2016  Au+Au collisions at 011 = 200 GeV with the STAR Heavy Flavor Tracker at 
Relativistic Heavy-Ion Collider. The measured mass of !"# and $!

"$# is 2990.85 ± 0.10 (stat.) ± 0.15 (syst.) ⁄4&5 67 . 
The mass difference between !"# and $!

"$# is ⁄∆9 9 = ;. = ± =. > 0?@?. ± =. A (0B0?. ) ×;=+D . The binding energy 
of !"# and $!

"$# extracted from our mass measurement is 0.44 ± 0.10(stat.) ± 0.15(sys.) MeV. In addition, the 
discussion of the earlier measurements on the mass of !"# in emulsion and He bubble chamber experiments in 
history is presented. The physics implication on the hyperon-baryon interaction is also discussed.
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definition:
#" +#% − #

"
'(

1. Early measurements of !"
have large statistical 
uncertainty due to the limited 
statistics.

2. The difference between the 
STAR measurement and the 
previous measurement is 
0.31 ± 0.11 (stat. only) MeV. 

Worldwide Binding Energy of "*+

Figure 8. A summary of worldwide binding energy of "*+ experimental measurements. The vertical lines are the 
statistical uncertainty, the brackets are the systematical uncertainty. The gray band is the mean value with its statistical 
uncertainty measured in 1973. 
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