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ΛΛ, ΞN interaction
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Fig. 1. The S-wave coupled-channel !!-N" potential in 11S0. The V !! , V !!
N" , V N"

!! and V N" potentials are shown 
in (a), (b), (c) and (d), respectively. (For interpretation of the colors in the figure(s), the reader is referred to the web 
version of this article.)

This is equivalently rewritten as a relation between the spin-isospin basis and the operator basis;
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Shown in Fig. 3 are the N" potentials in the operator basis. The scalar part of the N" po-
tential, V N"

0 , have an attractive pocket at around 1.0 fm as well as the short-range repulsion. 
The former may be related to the correlated two-pion exchange as in the case of the mid-range 
attraction in the S-wave NN interactions. We also find that V N"

στ has a long-range attractive tail, 
which is consistent with the one-pion exchange picture.

5. Analytic forms of !! and N" potentials

For phenomenological applications, it is useful to fit the LQCD potential in terms of a com-
bination of simple analytic functions.

K. Sasaki et al. (HAL-QCD Collaboration) NPA 998 (2020) 121737 
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Study of ΞN, ΛΛ interaction
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loss in the SCIFI target medium was taken into account. The
simulation involves reproducing the response of the SCIFI de-
tector through digitizing hits according to the individual fiber
and fiber sheet configurations. The simulated Ξ−p scattering
events were scanned manually by eye in the same way as the
analysis of real data. The scanning efficiency was studied as a
function of track length and opening angle.
Acceptance was estimated by using a large number of the

simulated events in terms of the Ξ− momentum and c.m. scat-
tering angle. Proper cutoffs were imposed on the track length
and opening angle according to the scanning results of the
simulated events. The track length for all the charged parti-
cles was required to be longer than 3 mm and the Λ flight
length longer than 5 mm. The opening angle (θΞp) between
the scattered Ξ− and the recoil proton should be larger than
cos θΞp = 0.96.
We calculated the upper limit of the cross section for Ξ−p

elastic scattering based on the observation of one Ξ−p elas-
tic scattering event with an invisible Λ decay. If only inci-
dent and scattered Ξ− particles are taken into account re-
garding Ξ−p elastic scattering, the acceptance is flat over the
range of the c.m. scattering angles. However, as we discussed
above, by requiring visible Λ decay acceptance is not flat in
very forward and backward directions. Therefore the differen-
tial cross section for the elastic scattering channel was estab-
lished for the Ξ− scattering c.m. angle in the range −0.35 <

cos θc.m.
Ξ−p

< 0.65. The minimum opening-angle cutoff accounts
for the lower limit of the c.m. angle, while the upper limit comes
from the minimum track-length cutoff.
The differential cross sections for Ξ−p scattering processes

can be written as 2π( dσ
dΩ )' cos θ = NΞ−p/ηΞ−p

ρ·Ltot
Ξ−

, where NΞ−p

denotes the number of observed Ξ−p scattering events. The
target density of free protons, ρ = 4.88 × 1022 cm−3, can be
rewritten as ρ0NA/W , where ρ0 is the density of the target
material (CH)n in g/cm3, NA is Avogadro’s number, and the
atomic weight, W , is given by 13 g/mol. The detection effi-
ciency, ηΞ−p , was obtained by a Monte Carlo simulation, as
described in the previous paragraph. The total track length of
the incident Ξ− particles is represented by the factor Ltot

Ξ− =
∑N tot

Ξ−
i=1 (LΞ−

i − L0) = N ′
Ξ−

ηΞ− (
∑

LΞ−
i /N ′

Ξ− − L0), where N tot
Ξ−

denotes the total number of Ξ− particles and N ′
Ξ− = 3,834 in-

dicates the analyzed number of Ξ− particles. LΞ−
i stands for

the track length of each Ξ−. The effective target length of the
analyzed event set was estimated to be 2.39 cm after correc-
tion due to the SCIFI target geometry. The factor ηΞ− denotes
the ratio of the number of analyzed Ξ− events to the total
number of Ξ− events, which was found to be 60.1%. The min-
imum cutoff length of Ξ− track, L0, is 0.3 cm. The total track
length of the incident Ξ− particles, Ltot

Ξ− , was then found to be
1.34× 104 cm.
Assuming Poisson statistics, we set upper limits on the cross

sections at 90% confidence level (2.44 for 0 event and 3.86 for
1 event with 50% background). The differential cross section
for Ξ−p elastic scattering can be obtained in two ways: one
is based on the observation of an event involving no Λ de-

Fig. 2. The upper limits on the Ξp cross sections at 90% confidence level, are
indicated by arrows, and are compared with the theoretical estimates of RGM-F,
RGM-H, FSS, Nijmegen-D, and SU6 quark models. In the bottom panel a data
point represents the result obtained from Ξ−′p′ → ΛΛ reaction assuming an
effective proton number of 3.5. Poisson statistical error only is quoted.

cay, the other is due to the lack of an observable event that
involves a visible Λ decay following the scattered Ξ− decay.
The detection efficiency factors ηΞ−p are 20.4% and 43.9%, re-
spectively. For the calculation based on an observed event, we
assumed 0.5 background events in the signal, simply by tak-
ing the similar probability of quasifree elastic scattering from
carbon nuclei into account. The upper limit on the differen-
tial cross sections for the elastic scattering channel in the range
of −0.35 < cos θc.m.

Ξ−p
< 0.65 were then found to be 1.9 mb/sr

(with Λ) and 2.1 mb/sr (without Λ) at 90% confidence level,
respectively. The null result for the Ξ−p elastic scattering with
Λ decay provides stricter upper limit of the elastic scatter-
ing cross section. For simplicity, assuming an isotropic angu-
lar distribution, the upper limit of the total cross section for
Ξ−p → Ξ−p scattering process is 24 mb at 90% confidence
level, as shown in Fig. 2. Based on the observed event without
Λ decay, the upper limit of the total cross section is 28 mb at
90% confidence level.
Regarding the Ξ−p → ΛΛ reaction, we calculated the to-

tal cross section with a null result. The detection efficiency
was found to be 74% over the whole region of c.m. angles,
and the branching ratio of two Λ → pπ− decays (41%) was
taken into account. The upper limit of the total cross section
for Ξ−p → ΛΛ process was derived as 12 mb at 90% con-
fidence level. We also calculated the total cross section based
on three observed events due to the reaction 12C(Ξ−,ΛΛ)X.
We simply assumed a quasifree scattering process. The effec-
tive proton number for the 12C(Ξ−,ΛΛ)X reaction reflects
the initial state interaction of Ξ− through the Ξ−p → Ξ0n
process and the sticking probability that one of the two Λ par-
ticles or both stays inside a nucleus, thereby decaying weakly.
In eikonal approximation, the effective nucleon number can be
written as

Ahn et al., PLB 633, 214 (2006)
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Nagara event
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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.

014003-3

Ξ− + 12C → 6
ΛΛHe + 4He + t

6
ΛΛHe → 5

ΛHe + p + π−

BΛΛ = 6.91 ± 0.16 MeV
ΔBΛΛ = 0.67 ± 0.17 MeV

BΛΛ = 6.79 + 0.91BΞ− ± 0.16 MeV
ΔBΛΛ = 0.55 + 0.91BΞ− ± 0.17 MeV

Assumption: BΞ−(3D) = 0.13 MeV

Experiments with J2 atoms

C. J. Batty,1 E. Friedman,2 and A. Gal2
1Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, United Kingdom

2Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel
~Received 14 September 1998!

Experiments with J2 atoms are proposed in order to study the nuclear interaction of J hyperons. The
production of J2 in the (K2,K1) reaction, the J2 stopping in matter, and its atomic cascade are incorporated
within a realistic evaluation of the results expected for J2 x-ray spectra across the periodic table, using an
assumed J-nucleus optical potential Vopt . Several optimal targets for measuring the strong-interaction shift
and width of the x-ray transition to the ‘‘last’’ atomic level observed are singled out: F, Cl, I, and Pb. The
sensitivity of these observables to the parameters of Vopt is considered. The relevance of such experiments is
discussed in the context of strangeness 22 nuclear physics and multistrange nuclear matter. Finally, with
particular reference to searches for the H dibaryon, the properties of J2d atoms are also discussed. The role
of Stark mixing and its effect on S and P state capture of J2 by the deuteron together with estimates of the
resulting probability for producing the H dibaryon are considered in detail. @S0556-2813~99!02601-1#

PACS number~s!: 25.80.Nv, 13.75.Ev, 21.65.1f, 36.10.Gv

I. INTRODUCTION AND BACKGROUND

Very little is established experimentally or phenomeno-
logically about the interaction of J hyperons with nuclei.
Dover and Gal @1#, analyzing old emulsion data which had
been interpreted as due to J2 hypernuclei, obtained an at-
tractive J-nucleus interaction with a nuclear potential well
depth of V0

(J)521224 MeV. This range of values agrees
well with the theoretical prediction by the same authors @2#
for J in nuclear matter, using model D of the Nijmegen
group @3# to describe baryon-baryon interactions in an SU~3!
picture, in contrast with the J-nucleus repulsion obtained @2#
using model F @4#. Similar predictions were subsequently
made with more detailed G-matrix evaluations by Yamamoto
et al. @5,6# who argued for a considerable A dependence of
V0
(J) , such that the well depth for light and medium weight
nuclei is significantly lower than for heavy nuclei where it
approaches the value calculated for nuclear matter. It should
be noted, however, that the predictions of the Nijmegen
model D for V0

(J) are extremely sensitive to the value as-
sumed for the hard-core radius. Nevertheless, the confidence
in the predictive power of model D for this sector of strange-
ness 22 hypernuclear physics, at least qualitatively, is to a
large extent due to its success in yielding the attractive LL
interaction necessary to reproduce the ~so far! three known
LL binding energies ~see Ref. @5# for a review of these
calculations!.
If the interaction of J hyperons with nuclei is sufficiently

attractive to cause binding, as has been repeatedly argued
since the original work of Dover and Gal @1#, then a rich
source of spectroscopic information becomes available and
the properties of the in-medium JN interaction can be ex-
tracted. Bound states of J hypernuclei would also be useful
as a gateway to form double L hypernuclei @7,8#. Finally, a
minimum strength for V0

(J) of about 15 MeV is required to
realize the exciting possibility of strange hadronic matter @9#,
where protons, neutrons, L’s and J’s are held together to

form a system which is stable against strong-interaction de-
cay.
Some new information on the J2 nucleus interaction has

been recently reported from (K2, K1) counter experiments
at the KEK proton synchrotron. Fukuda et al. @10# have
shown fits to the very low energy part ~including the bound
state region! of the J2 hypernuclear spectrum in the
12C(K2,K1)X reaction on a scintillating fiber active target
~experiment E224!, resulting in an estimate of V0

(J) between
15 and 20 MeV. The experimental energy resolution of about
10 MeV in this experiment was too poor to allow identifica-
tion of any bound state peak structure which could have
given more definitive information on the well depth. A
somewhat cleaner and better resolved spectrum has been re-
cently shown @11# from the Brookhaven AGS experiment
E885, but no analysis of these data has yet been reported. An
earlier KEK experiment ~E176! gave evidence for three
events of stopped J2 in light emulsion nuclei, each showing
a decay into a pair of single L hypernuclei. The first two
events @12,13# are consistent energetically with a J2 atomic
state in 12C bound by BJ2(12C)50.5860.14 MeV. How-
ever, this value could only be ascribed to capture from the
1S state which is estimated to occur in less than 1% of the
total number of captures. This binding energy is distinctly
larger than the calculated value BJ2

2P (12C)&0.32 MeV for
the 2P state, for a wide range of strong-interaction poten-
tials. Moreover, the J2 capture probability in 12C from P
states is a few percent at most. The most likely capture in
12C, as discussed in Sec. III B, occurs from atomic D states.
The calculated binding energies of the atomic 3D states for
C, N, and O emulsion nuclei are given in Table I where it is
seen that binding is essentially by the Coulomb potential.
The two examples for binding in the presence of a strong
J-nucleus potential are for the tr potential used in Secs. II
and III with the parameter b050.251i0.04 fm ~potential 1!
and b050.191i0.04 fm ~potential 2!, corresponding to
V0
(J)520.5 and 15.6 MeV, respectively, in 12C. ~The value
used for Im b0 is discussed in Secs. III A and IV.! It is seen

PHYSICAL REVIEW C JANUARY 1999VOLUME 59, NUMBER 1

PRC 590556-2813/99/59~1!/295~10!/$15.00 295 ©1999 The American Physical Society

C. J. Batty, E. Friedman, and A. Gal, 
Phys. Rev. C 59, 295 (1999)

captured from an atomic orbital of 12C

H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001);  
J.K. Ahn et al., Phys. Rev. C 88, 014003 (2013)
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Table 16 Value of B⌅� of ⌅�–14N for all twin hypernuclei found in the E373 and the E07

experiments. The E373-T1 reflects the updated mass of the ⌅� hyperon.

Experiment Event Daughters B⌅� [MeV]

E373 T1 [39] 5
⇤He+

5
⇤He+

4He+n �2.2 ± 1.2

E373 T2 KISO [24] 10
⇤ Be + 5

⇤He 3.87± 0.21 or 1.03± 0.18

E07 T006 IBUKI [25] 10
⇤ Be + 5

⇤He 1.27± 0.21

E373 T3 KINKA 9
⇤Be+

5
⇤He+n 8.00± 0.77 or 4.96± 0.77

E07 T007 9
⇤Be+

5
⇤He+n �1.04± 0.85

E07 T010 IRRAWADDY 5
⇤He+

5
⇤He+

4He+n 6.27± 0.27

E07 T011 5
⇤He+

5
⇤He+

4He+n 0.90± 0.62

Fig. 7 B⌅� of ⌅�–14N system of the E373-T1 [39], KISO [24], IBUKI [25] events, the

present results, theoretical calculations with the WS and Coulomb potential, and theoretical

calculations reported in [32, 33, 35].

22
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1p-state

1s-state
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1p-state

1s-state
Fig. 1. The calculated Ξ−-14N folding potentials for model ND (dot-dash), ESC04d (dash) and ESC08c
(solid). The left and right panel shows Re U(r) and Im U(r), respectively. The dotted curve in the left panel
denotes the finite-size Coulomb potential.

Table I. The calculated binding energy BΞ (and width ΓΞ in the parenthesis) of the Ξ−-14N atom in MeV.

state Coulomb Coulomb Coulomb Coulomb Coulomb
+ ND + ESC04d + ESC08c + ESC08c-A

1s 1.22 3.99 (0.429) 5.40 (4.49) 4.32 (1.49) 5.74 (1.65)
2p 0.39 1.44 (0.190) 1.34 (1.64) 0.66 (0.239) 1.13 (0.505)
2s 0.34 0.470 (1.05×10−2) 0.500 (0.104) 0.489 (4.30×10−2) 0.512 (3.95×10−2)
3d 0.174 0.175 (6.93×10−5) 0.175 (3.49×10−4) 0.174 (6.20×10−5) 0.174 (8.82×10−5)

Table II. The calculated Ξ− nuclear absorption probability (in % per stopped Ξ−) from each atomic state.
The weak decay of Ξ− during the cascade is 8.2% for any potentials.

state ND ESC04d ESC08c ESC08c-A state ND ESC04d ESC08c ESC08c-A
1s 0.02 3×10−4 1×10−4 0.01 total s 0.07 0.04 0.06 0.06
2p 3.9 0.25 3.8 2.4 total p 5.7 0.88 5.7 4.0
3d 35.7 23.5 34.7 34.9 total d 67.1 47.9 65.3 65.3
4f 7.8 19.0 8.6 9.4 total f 18.9 42.9 20.8 22.5
5g 0.01 0.03 0.01 0.01 total g 0.03 0.10 0.04 0.04

cascade starts from n = 49 with the statistical distribution. Table II shows the results of the cascade
calculation. The d-state absorption is main as expected, and the f-state absorption is fairly large too. It
is found that the 2p-absorption probability for ND and ESC08c is ∼4% per stopped Ξ−, which could
be sufficient to be observed, while that for ESC04d is ∼0.3%. The 1s-absorption is energetically
allowed for ESC08c in the ground 10

Λ
Be emission case, but it is unlikely to occur. Thus, the excited

10
Λ

Be∗ production seems to be more probable in the KISO event.
This work was supported by JSPS KAKENHI Grant Numbers 24105008, 25400278.
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Fig. 1. The calculated Ξ−-14N folding potentials for model ND (dot-dash), ESC04d (dash) and ESC08c
(solid). The left and right panel shows Re U(r) and Im U(r), respectively. The dotted curve in the left panel
denotes the finite-size Coulomb potential.

Table I. The calculated binding energy BΞ (and width ΓΞ in the parenthesis) of the Ξ−-14N atom in MeV.

state Coulomb Coulomb Coulomb Coulomb Coulomb
+ ND + ESC04d + ESC08c + ESC08c-A

1s 1.22 3.99 (0.429) 5.40 (4.49) 4.32 (1.49) 5.74 (1.65)
2p 0.39 1.44 (0.190) 1.34 (1.64) 0.66 (0.239) 1.13 (0.505)
2s 0.34 0.470 (1.05×10−2) 0.500 (0.104) 0.489 (4.30×10−2) 0.512 (3.95×10−2)
3d 0.174 0.175 (6.93×10−5) 0.175 (3.49×10−4) 0.174 (6.20×10−5) 0.174 (8.82×10−5)

Table II. The calculated Ξ− nuclear absorption probability (in % per stopped Ξ−) from each atomic state.
The weak decay of Ξ− during the cascade is 8.2% for any potentials.

state ND ESC04d ESC08c ESC08c-A state ND ESC04d ESC08c ESC08c-A
1s 0.02 3×10−4 1×10−4 0.01 total s 0.07 0.04 0.06 0.06
2p 3.9 0.25 3.8 2.4 total p 5.7 0.88 5.7 4.0
3d 35.7 23.5 34.7 34.9 total d 67.1 47.9 65.3 65.3
4f 7.8 19.0 8.6 9.4 total f 18.9 42.9 20.8 22.5
5g 0.01 0.03 0.01 0.01 total g 0.03 0.10 0.04 0.04

cascade starts from n = 49 with the statistical distribution. Table II shows the results of the cascade
calculation. The d-state absorption is main as expected, and the f-state absorption is fairly large too. It
is found that the 2p-absorption probability for ND and ESC08c is ∼4% per stopped Ξ−, which could
be sufficient to be observed, while that for ESC04d is ∼0.3%. The 1s-absorption is energetically
allowed for ESC08c in the ground 10

Λ
Be emission case, but it is unlikely to occur. Thus, the excited

10
Λ

Be∗ production seems to be more probable in the KISO event.
This work was supported by JSPS KAKENHI Grant Numbers 24105008, 25400278.
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Table 1 Current B!! and !B!"data for double-! hypernuclear eventsa

"− hyperon B!! #B!!

Event A
!!Z captured by (MeV) (MeV) Comments

Nagara (33) 6
""He #− + 12C (3D) 6.91 ± 0.16 0.67 ± 0.17 B"" = 6.79 + 0.91B#− (±0.16)

!B"" = 0.55 + 0.91B#− (±0.17)
Danysz et al. (45) 10

""Be #− + 12C (−) 14.7 ± 0.4 1.3 ± 0.4 10
""Be → 9

"Be∗ + p + π−

E176 10
""Be #− + 14N (3D) 23.3 ± 0.7 0.6 ± 0.8 13

""B → 13
"C∗ + π−

Demachi–Yanagi (33) 10
""Be∗ #− + 12C (3D) 11.90 ± 0.13 −1.52 ± 0.15 By Danysz et al.

Ex ∼ 2.8 MeV
Hida (33) 12

""Be #− + 14N (3D) 22.48 ± 1.21
11
""Be #− + 16O (3D) 20.83 ± 1.27 2.61 ± 1.34

Mikage (33) 6
""He #− + 12C (3D) 10.01 ± 1.71 3.77 ± 1.71 6

""He → 3
"H + p + 2n

11
""Be #− + 12C (3D) 22.15 ± 2.94 3.95 ± 3.00 11

""Be → 9
"Li + p + n

11
""Be #− + 14N (3D) 23.05 ± 2.59 4.85 ± 2.63 11

""Be → 9
"Li + p + n

aBecause the data were obtained with kinematics including the production process, B#− values are assumed for each capture nuclei at the 3D level, except
for the Danysz et al. data (50), which were independent of B#− because the the analysis was made only on the decay process. For the Demachi–Yanagi
event, if 2.8 MeV is used as the excitation energy (Ex ) of 10

""Be∗, then the B""and !B""data agree well with the Danysz et al. data. Note that the value of
2.8 MeV is similar to the value of 3.05 MeV for the Ex of the 9

"Be nucleus. Regarding the case of the 12
""Be of the Hida event, the !B""value was not

obtained, because there are no data for the B" value of the 11
""Be nucleus.

the #− hyperon mass affected the B""and!B""values obtained at the production mode because
the masses of the " and #− hyperons were not measured. Following these revisions, the B""
and !B"" values for the Nagara event were revised as 6.91 ± 0.16 MeV and 0.67 ± 0.17 MeV,
respectively (33). The other three events observed by E373 (the Mikage, Demachi–Yanagi, and
Hida events), with nonunique interpretations for their nuclides, were checked for consistencies
with the Nagara event at the point of!B""−B#− to be within an error of three standard deviations
(3σ ). These events are discussed elsewhere (30), and possible nuclear species have been obtained.
Table 1 summarizes the current understanding of these events.

2.2. " Hypernuclei
Wilkinson et al. (52) reported the binding energy of a candidate # hypernucleus event in an
emulsion exposed to π− mesons with momentum 4.5 GeV/c that took place at the Bevatron
at Lawrence Berkeley National Laboratory. Two single-" hypernuclei were emitted from the
reaction point, both of which decayed into a π− meson and a stable nucleus or nuclei. Since
two hypernuclei were emitted in the back-to-back direction, Wilkinson et al. considered the
momentum balance of both hypernuclei and suggested that the binding energy of the # hyperon,
B#, was either 5.9 ± 1.2 MeV or 3.6 ± 1.2 MeV for the 8

#He → 4
"H + 4

"H or 9
#He → 4

"H + 4
"H +

n process, respectively. Subsequently, four papers (53–55, 57) reported several events associated
with two single-" hypernuclei at the reaction point of the emulsion nucleus and the K − meson.
Mondal et al. (57) reported experimental values of B# for six events with two single-" hypernuclei
versus mass number (A); they did not discuss one of the events reported in Reference 53 due to the
almost null B# value for that event. Interpreting the six events as being bound in the 1s1/2 ground
state as # hypernuclei, Dover & Gal (58) studied the #− hyperon single-particle potential, V#(r),
assuming a WS form:

V#(r) = −V0#/{1 + exp[(r − R)/a]}. 2.

The value presented for the well depth, V0#, was ∼21–24 MeV (with an error of ±4 MeV), depend-
ing on the radius of the core nucleus. Other theoretical predictions led to similar V0# values (58).
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K. Nakazawa and E. Hiyama, Annu. Rev. Nucl. Part. Sci. 68, 131 (2018)

If a Ξ hyperon was absorbed at a deeper level,  
 and might have been underestimated by an order of 1 MeVBΛΛ ΔBΛΛ
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Strange Systems at PANDA

X-

L
L g

g

p- p-

hyperatoms

hypernuclei

X- production
pN X- X   

rescattering in 
primary target nucleus

deceleration in 
secondary target

capture of X

atomic cascade of X-

X-p LL conversion
fragmentation

 excited LL-nucleus

g-decay of LL hypernuclei

weak pionic decay

p

primary target nucleus
“Late” Phase 1

Phase 2

Phase 1/ Day 1

Alicia Sanchez Lorente,  
Hyperfine Interact 213, 41 (2012) 

J. Messchendorp’s Seminar (last week)

Hypernuclei program at the CBM 
experiment 

1

HYP2015, Sendai, Japan
Vassiliev Iouri ,  CBM Collaboration

STS

RICH
TRD TOF ECAL

PSD

Outline
• CBM physics
•Motivation for HYP program
• CBM tracking and particles ID
•Multi-strange hyperons and
Hypernuclei simulation
• Conclusion

I. Vassiliev, HYP2015

Ξ- capture in a target nucleus  
⇒  conversion Ξ−p → ΛΛ

Heavy-ion collision

HIAF in Huizhou/China
High Intensity Heavy Ion Accelerator Facility

Courtesy of Xinwen Ma

@ 2024

Approved by Chinese government in December 2015
Under construction

New Hypernuclear Project
Spokesperson: Take Saito

T.R. Saito HYP2018

36

Hyperatom/nucleus setup
Marcell Steinen, PhD dissertation

Various new experiments (w/o using nuclear emulsion) 
will begin near future in FAIR, HIAF, and J-PARC.
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DOUBLE-! HYPERNUCLEI OBSERVED IN A . . . PHYSICAL REVIEW C 88, 014003 (2013)

Ξ-

K+

Ξ

200µm
base

-
ΛZ'A'

ΛΛZA -
K-

thin plate 11 thick plates

EmulsionScintillating 
Microfiber Bundle 
(SciFi-Bundle)

Diamond
Target

Emulsion

Upstream 
SciFi-Block 
(U-Block)

Downstream
SciFi-Block 
(D-Block)

100µm gel 40 or 60µm base film
500µm gel

D-BlockU-Block

Emulsion

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

10 µ

10
µ

#6
#5

#7

#3
#2

#8

#1

C

B
A

Ξ-
#4

FIG. 2. Photograph and schematic drawing of the Nagara event.

014003-3

NAGARA Event

H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001);  
J.K. Ahn et al., Phys. Rev. C 88, 014003 (2013)

(as of March 2021)
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(expectation)
Many theoretical calculations 

supports the existence of  
the  isodoublet . A = 5 ( 5

ΛΛH- 5
ΛΛHe)

L. Contessi et al., Phys. Lett. B 797, 134893 (2019)

G. Meher and U. Raha, Phys. Rev. C 103, 014001 (2021)

and references therein

J-PARC E75 Experiment  
will investigate .5

ΛΛH
https://j-parc.jp/researcher/Hadron/en/pac_1901/pdf/P75_2019-09.pdf
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A = 4

Λd

Λd : unbound3/2+

: 1/2+ B = 0.13 MeV
Λd Λ

most likely unbound

A = 5

Λt

Λt : 1+ B = 1.07 MeV

: 0+ B = 2.16 MeV
Λt Λ

expected to be bound

3
ΛH ⇒ 4

ΛΛH

4
ΛH ⇒ 5

ΛΛH

The lightest Double Λ Hypernuclei will be /  5
ΛΛH 5

ΛΛHe
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Fig. 2. Minimum values of |a!!| for which 4
!!H becomes bound are plotted, for 

several values of cutoff λ, as a function of #B!!( 6
!!He) using the Alexander[B] !N

interaction model [24]. The vertical dotted lines mark the experimental uncertainty 
of #B!! . Horizontal lines mark the range of a!! values [−0.5, −1.9] fm suggested 
by studies of !! correlations [30,32], with a representative value of a!! = −0.8 fm 
marked by a dashed line. The λ → ∞ limit is reached assuming a Q /λ asymptotic 
behavior, similar to the discussion around Eq. (5) below.

Table 1
! separation energies B!( A

!!Z) for A = 3–6, calculated using a!! = −0.8 fm, cutoff 
λ = 4 fm−1 and the Alexander[B] !N interaction model [24]. In each row a !!N
LEC was fitted to the underlined binding energy constraint.

Constraint (MeV) 3
!!n 4

!!n 4
!!H 5

!!H 6
!!He

#B!!( 6
!!He) = 0.67 – – – 1.21 3.28

B!( 4
!!H) = 0.05 – – 0.05 2.28 4.76

B( 4
!!n) = 0.10 – 0.10 0.86 4.89 7.89

B( 3
!!n) = 0.10 0.10 15.15 18.40 22.13 25.66

3. Results and discussion

We first discuss the case of 4
!!H, with I = 0 and Jπ = 1+ , 

which following the brief discussion in the Introduction could sig-
nal the onset of !! hypernuclear binding. For each of several 
given cutoff values λ we searched for minimum values of |a!!|, 
as a function of #B!!( 6

!!He), that would make 4
!!H particle sta-

ble. The choice of a specific value for this #B!! determines the 
!!N LEC necessary for the 4

!!H calculation, in addition to the 
!! LEC determined by a!! . The resulting values of |a!!| above 
which 4

!!H is particle stable are plotted in Fig. 2 as a function 
of #B!!( 6

!!He). Choosing sufficiently large values of the cutoff 
λ, say λ ! 4 fm−1, for which convergence to the renormaliza-
tion scale invariance limit λ → ∞ is seen explicitly in the figure, 
one concludes that |a!!| needs to be larger than ≈1.5 fm to bind 

4
!!H. A !! scattering length of such size would make the !!
interaction almost as strong as the !N interaction, whereas most 
theoretical constructions, e.g. recent Nijmegen models, suggest that 
it is considerably weaker, say |a!!| ≈ 0.8 fm [40]. For this reason 
we argue that 4

!!H is unlikely to be particle stable.
Using representative values a!! = −0.8 fm and cutoff λ =

4 fm−1, values for which according to Fig. 2 4
!!H is particle un-

stable, one may reduce the repulsive !!N LEC in order to make 
it particle stable. According to the first two rows in Table 1, this 
will overbind 6

!!He by ≈1.5 MeV. Reducing further the !!N LEC 
one binds the neutral systems, first 4

!!n (third row) and then 3
!!n 

(fourth row), at a price of overbinding further 6
!!He. In fact, the 

particle stability of these A = 3, 4 neutral !! systems is incom-
patible with the 6

!!He Nagara event binding energy datum for all 

Fig. 3. ! separation energies B!( 5
!!H) and B!(5

!He) from SVM calculations that 
use /πEFT LO two-body (2) and three-body (4) regularized contact interactions, con-
strained by requiring #B!!( 6

!!He) = 0.67 ± 0.17 MeV, are plotted as a function 
of the cutoff λ. Error bars (in black) reflect the experimental uncertainty inherent 
in the 3

!H, 4
!H, 4

!H∗ and 6
!!He binding-energy input data, and (red) rectangles in-

clude also varying a!! between −0.5 to −1.9 fm. The !N interaction model used is 
Alexander[B] [24], with results for models χLO, χNLO and NSC97f shown from left 
to right in this order for λ = 4 fm−1. Dotted lines show extrapolations, as λ → ∞, 
to the respective scale renormalization invariance limits marked by gray horizontal 
bands. The wider 5

!!H band accounts for uncertainties in the experimental values 
of binding energies used in extrapolating to λ → ∞.

values of cutoff λ and scattering length a!! tested in Fig. 2. These 
results suggest quantitatively that the A = 3, 4 light neutral !!
hypernuclei are unbound within a large margin.

Calculated values of the ! separation energy B!( 5
!!H) are 

shown in Fig. 3. Several representative values of the !! scat-
tering length were used: a!! = −0.5, −0.8, −1.9 fm, spanning a 
broad range of values suggested in !! correlation studies [30,
32] of experimental spectra mentioned in the Introduction. Again, 
the choice of a!! determines the one !! LEC required at LO, 
while the !!N LEC was fitted to the #B!!( 6

!!He) = 0.67 ±
0.17 MeV datum. For the !N interaction terms we generally used 
the Alexander[B] !N model [24], with its !N C3 and C4 LECs 
(see Fig. 1) corresponding to the scattering lengths as = −1.8 fm 
and at = −1.6 fm, respectively, from [41]. For cutoff λ = 4 fm−1

we also used three other !N interaction models from Ref. [24]: 
χLO [42], χNLO [43] and NSC97f [44], demonstrating that the !N
model dependence is rather weak when it comes to ! separation 
energies in double-! hypernuclei, provided B! values of single-!
hypernuclei for A < 5 are fitted to generate the necessary !N N
LECs.1 Calculated values of B!(5

!He), compatible with those from 
Ref. [24] are also shown in the figure, demonstrating the suitability 
of the input !N model. One observes that 5

!!H comes out particle 
stable over a broad range of finite cutoff values used in the calcu-
lations. This is not the case for 4

!!H which, as discussed above, is 
unbound with respect to 3

!H for most of the permissible parameter 
space.

The calculated B! values shown in Fig. 3 exhibit renormaliza-
tion scale invariance in the limit of λ → ∞. To figure out the asso-
ciated B!(λ → ∞) values, we extrapolated B!(λ) for λ ≥ 4 fm−1

using a power series in the small parameter Q /λ:

1 This is reminiscent of the weak dependence of ! separation energies in 
single-! hypernuclei on the input N N interaction, found in few-body calculations 
by Nogga et al. [45].

L. Contessi et al., Phys. Lett. B 797, 134893  (2019)
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Why is  special? (2)5
ΛΛH

18

A = 5 p n n Λ Λ

p p n n Ξ−

 mixingΛΛ ↔ Ξ−p

A = 6

5
ΛΛH

5
Ξ− H

p p n n Λ Λ6
ΛΛHe

Triple-shell closure

Suppression of  mixing 
due to the Pauli principle

ΛΛ ↔ Ξ−p

study of  interaction as well as  interactionΛΛ-ΞN ΛΛ

study of  interactionΛΛ

~11MeV mass difference

（  as well）A ≥ 7

cf. B.F. Gibson et al., 
Prog. Theor. Phys. Suppl. 117, 339 (1994)
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 int. and ,  mixingΛΛ-ΞN ΔBΛΛ Ξ

19

states into the diagonal !! interaction through the G-matrix
procedure, and only low-lying "N states are treated explic-
itly in our model space. In the cases of !!

5 H and !!
5 He, there

appears the particular low-lying #+" configuration. Then,
the intermediate nucleon is strongly bound in the # particle.
Such an intermediate state is forbidden by the Pauli principle
for a nucleon in the case of !!

6 He: Low-lying "N states
coupled to the !! state are #+"+N configurations, in
which N (and, probably, also ") lies in continuum. Energy
differences of these intermediate "N states from the !!
ground state are substantially greater than that for the #+"
configuration. Similar contributions from 3H!He"+N+"
continuum configurations occur also in !!

5 H !!!
5 He". In prin-

ciple, it would be reasonable to take into account the con-
tinuum configurations in !!

6 He as well as in !!
5 H !!!

5 He".
In our single-channel approximation for !!

6 He, however,
the “diagonal” !! potential fitted to the experimental bind-
ing energy incorporates effectively contributions from "N
intermediate states in which the nucleon is outside from the
1s shell. The reasons to justify our procedure are as follows:
First, such contributions are expected to be small enough due
to large energy differences and small overlaps of wave func-
tions of the !! bound state and "N continuum states. Sec-
ond, these contributions in the cases of !!

6 He and !!
5 H

!!!
5 He" are supposed to be roughly equal to each other and,
therefore, to be simulated well by the diagonal !! interac-
tion. Being simplified, our approach enables us to avoid un-
certainties arising from a treatment of the coupling in !!

6 He.
If the coupling contribution to the binding energy of !!

6 He
is comparable to that from the diagonal !! potential, our

results may be less reliable quantitatively. However, there is
no reason to expect that the main effect (difference of the
couplings in !!

5 H and !!
5 He) can disappear even in this un-

favorable case. It should be emphasized that the coupling in
!!
6 He anyway deserves further careful study by itself.

III. RESULTS AND DISCUSSION

First, we discuss the results obtained with Isle-type
hyperon-nucleus potentials.
In Table III, $B!!!!!

5 H" and $B!!!!!
5 He" calculated in

the single-channel approximation without the coupling are
presented. Since all the diagonal !! potentials are fitted to
$B!!!!!

6 He"=1.0 MeV, they give also values close to each
other for $B!!!!!

5 He"=0.58–0.63 MeV and $B!!!!!
5 He"

=0.65–0.69 MeV. It is seen that even without the coupling,
$B!!!!!

5 H"−$B!!!!!
5 H"%0. This nonzero difference was

first obtained in the five-body calculation [27] and then con-
firmed and explained in Ref. [40]. The origin of this differ-
ence is charge symmetry breaking !N interaction. Since
B!!!

4 He"−B!!!
4 H"%0, ! hyperons in !!

5 He move closer to
the center and, therefore, closer to each other than in !!

5 H.
So they attract each other somewhat stronger in !!

5 He than in
!!
5 H [40]. This difference is less than 0.1 MeV (whereas the
difference in the B! values in the corresponding single-!
hypernuclei is about 0.3 MeV) if the !! attraction is com-
patible with Nagara event and can be greater for stronger !!
attraction, but not greater than several tenths of MeV [40]. It
is seen that the coupling effect increases the difference con-
siderably (columns labeled cc in Table III, corresponding to
the Xa1 potential).
In Fig. 1(a), $B!! values obtained from the full calcula-

tion with various Isle-type "# potentials are shown as func-
tions of volume integral #V!!,"N!r"d3r.
It is seen that the coupling effect is anyway meaningful

and may be rather high. Even with moderate "# potential
Xa1, full $B!! is more than twice as large as the single-
channel value for strong coupling interactions. For the
NHC-F model, the difference $B!!!!!

5 He"−$B!!!!!
5 H" is

about 0.4 MeV. For the strongest "# potential Xa2,
$B!!!!!

5 He" can reach 2.3 MeV [recall that $B!!!!!
6 He"

=1.0 MeV]. Even for zero "# potential Xa0, $B!!!!!
5 He"

can exceed $B!!!!!
6 He" as has been pointed out in Ref.

[19].

TABLE III. Single-channel (sc) and coupled-channel (cc) $B!!

values in MeV calculated from Eq. (3) with B!!!
4 H"=1.25 MeV

and B!!!
4 H"=1.53 MeV for various potential models. In the

coupled-channel calculation, the Xa1 potential is used.

Model $B!!!!!
5 H" $B!!!!!

5 He"
sc cc sc cc

NHC-D 0.63 0.72 0.69 0.84
NSC97f 0.62 0.79 0.68 0.95
NSC97e 0.63 0.85 0.69 1.05
NSC89 0.58 0.97 0.65 1.25
NHC-F 0.58 1.16 0.65 1.55

FIG. 1. $B!! (a) and " admixture probabili-
ties p" (b) as functions of volume integral
#V!!,"Nd3r in !!

5 H and !!
5 He for "# Isle-type

potentials Xa1 (crosses), Xa2 (circles), and Xa0
(diamonds) and the Isle-type !-core potentials.
Solid !!!

5 He" and dashed !!!
5 H" lines are drawn

as a guide for eyes. Diagonal !! and coupling
!! -"N potentials are (from left to right)
NHC-D, NSC97f, NSC97e, NSC89, and NHC-F.

D. E. LANSKOY AND Y. YAMAMOTO PHYSICAL REVIEW C 69, 014303 (2004)

014303-6

∫ VΛΛ,ΞN(r)d3r
D. E. Lanskoy and Y. Yamamoto, Phys. Rev. C 69, 014303 (2004)

 (fixed)ΔBΛΛ( 6
ΛΛHe) = 1.0 MeV

binding energy due to the full, spin-dependent calculation.
Finally, we commented on the size expected for the

!!-"N mixing effect in these light !! hypernuclei. For
models such as NSC97e which are close to describing well
the !! interaction as deduced from B!!(!!

6 He), we have
argued that the !!-"N coupling effect should not exceed
0.2 MeV in !!

6 He, and a similar order of magnitude is ex-
pected for this and other medium effects in the A!5 !!
hypernuclei. For comparison with the better studied S!"1
sector, we mention the 0#-1# binding-energy difference in
!
4 He, calculated recently by Akaishi et al. #26$ using a simu-
lation of model NSC97e with and without including the pow-
erful !N"%N coupling which arises primarily from one-
pion exchange. Compared to the 0.57 MeV effect of the
!N-%N coupling which these authors calculated, we antici-
pate a considerably smaller effect for the light !! hypernu-
clei considered in the present work, due to strange-meson

exchange which underlies the !!-"N coupling in !! hy-
pernuclei. Further work on !!-"N mixing is necessary in
order to tell whether or not the above argument is supported
by a solid calculation.
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APPENDIX

The expression for the integral operator h(l ,(!l!
L)* is well

known #14$. For particles of unequal masses this function
has the form

h(l ,(!l!
L)* &+ ,+!'!&" 'L#l!&2(!#1 '&2l!#1 '#&2(!'!&2l!'!&2(#1 '&2l#1 '$1/2

$ ,
(1#(2!(!

l1#l2!l!

sin(1#l1+ cos(2#l2+

sin(!+!cosl!+!

C)*
(1#l2S)*

(2#l1

#&2(1'!&2(2'!&2l1'!&2l2'!$1/2
,
("l"

&2("#1 '&2l"#1 '! (1 l1 ("

0 0 0 "

$! (2 l2 l"
0 0 0 " ,

k!0
&" 'k&2k#1 'Pk& t '! k (" (

0 0 0 " ! k l" l
0 0 0 " # l ( L

(" l" k $ # (1 (2 (!

l1 l2 l!
(" l" L

$ , &A1'

in terms of Legendre polynomials and 3 j , 6 j , and 9 j sym-
bols. The index k runs in Eq. &A1' from zero to ((!#l!
#(#l)/2. The C)* , S)* , and cos2+! are defined in the
main text. For zero total orbital angular momentum L!0
((!l ,(!!l!), all the summations in the expression above
may be carried out to obtain a simpler expression of the form

hll!
)*&+ ,+!'!&" ' l#l!!&2l#1 '&2l!#1 'Pl& t 'Pl!& t!',

&A2'

where

t!!
"cos&2+'#&C)*

2 "S)*
2 'cos&2+!'

2C)*S)*sin&2+!'
&A3'

is the cosine of the angle between the vectors u)! and v)! .
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Short summary for physics motivation

20

• In the s-shell region of double-Λ hypernuclei, only  has 
been discovered in a nuclear-emulsion experiment.

6
ΛΛHe

‣ The ΛΛ bond energy ( ) may be larger, 
if the assumption “Ξ- was captured at the atomic 3D level” in 
the analysis of the NAGARA event is not valid. 
A cross-check with different experiments is necessary!

ΔBΛΛ

• The lightest double-Λ hypernucleus, probably , is 
yet to be discovered up to now.

5
ΛΛH- 5

ΛΛHe

• The comparison between  and  will reveal 
the effect of ΛΛ-ΞN mixing in light double-Λ hypernuclear 
systems.

6
ΛΛHe 5

ΛΛH- 5
ΛΛHe
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s-shell double-Λ hypernuclei

21

(expectation)
Many theoretical calculations 

supports the existence of  
the  isodoublet . A = 5 ( 5

ΛΛH- 5
ΛΛHe)

L. Contessi et al., Phys. Lett. B 797, 134893 (2019)

G. Meher and U. Raha, Phys. Rev. C 103, 014001 (2021)

and references therein

J-PARC E75 Experiment  
will investigate .5

ΛΛH
https://j-parc.jp/researcher/Hadron/en/pac_1901/pdf/P75_2019-09.pdf
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Novelty in the E75 experiment

22

•The (hybrid-)emulsion method has been adopted since 
the discovery of double-Λ hypernuclei in 1960’s. 

‣Many kinds of double-Λ hypernuclei, including 
, have been reported. 

•The J-PARC E75 experiment will NOT use a nuclear 
emulsion, hence a so-called counter experiment. 

‣Nuclear target: 7Li 

‣  and  will be exclusively produced

6
ΛΛHe

5
ΛΛH 4

ΛH
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Comparison
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Emulsion method

DOUBLE-! HYPERNUCLEI OBSERVED IN A . . . PHYSICAL REVIEW C 88, 014003 (2013)

Ξ-

K+

Ξ

200µm
base

-
ΛZ'A'

ΛΛZA -
K-

thin plate 11 thick plates

EmulsionScintillating 
Microfiber Bundle 
(SciFi-Bundle)

Diamond
Target

Emulsion

Upstream 
SciFi-Block 
(U-Block)

Downstream
SciFi-Block 
(D-Block)

100µm gel 40 or 60µm base film
500µm gel

D-BlockU-Block

Emulsion

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

10 µ

10
µ

#6
#5

#7

#3
#2

#8

#1

C

B
A

Ξ-
#4

FIG. 2. Photograph and schematic drawing of the Nagara event.

014003-3

Ξ− + 12C → 6
ΛΛHe + 4He + t

6
ΛΛHe → 5

ΛHe + p + π−

captured from an atomic orbital of 12C

BΛΛ = 6.79 + 0.91BΞ− ± 0.16 MeV
ΔBΛΛ = 0.55 + 0.91BΞ− ± 0.17 MeV

BΛΛ = 6.91 ± 0.16 MeV
ΔBΛΛ = 0.67 ± 0.17 MeV

 
(assumption)

BΞ−(3D) = 0.13 MeV

J-PARC E75 experiment
1)Production of Ξ hypernuclei:                

2)Strong decay of Ξ hypernuclei:            

3)Weak decay of double-Λ hypernuclei: 

7Li(K−, K+) 7
Ξ−H

7
Ξ−H → 5

ΛΛH + 2n
5

ΛΛH → 5
ΛHe + π−

H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001);  
J.K. Ahn et al., Phys. Rev. C 88, 014003 (2013)
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Production of 7
ΞH

24

10− 8− 6− 4− 2− 0 2 4 6
E [MeV]

0
0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016
0.018
0.02

b/
(s

r M
eV

)]
µ [+ K

dE+ K
Ω

/d
σ2

 d
ESC

ND

HAL-QCD

E. Hiyama and T. Koike, private communication

α+n+n+Ξ –0 MeV

–0.96 6He+Ξ –
αΞ –( +n+n

–1.71

–3.061/2+

5 HΞ )cal

α+n+n+Ξ –0 MeV

–0.96
6He+Ξ –

α Ξ –( +n+n
–0.57

–2.521/2+

5HΞ )cal

α+n+n+Ξ –0 MeV

–0.96 6He+Ξ –
αΞ –( +n+n

–1.71

–3.061/2+

5 HΞ )cal

α+n+n+Ξ –0 MeV

–0.96
6He+Ξ –

α Ξ –( +n+n
–0.57

–2.521/2+

5HΞ )cal

E. Hiyama et al., PRC 78, 054316 (2008)

 will be bound relative to 6He+Ξ−7
ΞH

E75 Phase-1 Proposal 
https://j-parc.jp/researcher/Hadron/en/pac_2001/pdf/P75_2020-02.pdf

 spectrum [3.5MeVFHWM](K−, K+)
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Formation Probability of 5
ΛΛH
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Fig. 9 Open channels including D⇤HN from 7
⌅H

⇤, in Ref. [38] (left) and in the model C

(right).
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Fig. 10 Branching ratios of 7
⇤⇤H ! 5

⇤⇤H+ n+ n (circles) and 7
⇤⇤H ! 4

⇤H+ ⇤+ n+ n

(triangles) in SDM as functions of the binding energy of ⌅� in 7
⌅H. Solid (dotted) lines show

the results in the �B⇤⇤ model C with (without) dineutron emission. Dashed lines show

the results without considering particle unstable nuclei in the decay processes and with the

channels and binding energies used in [38].

functions of the binding energy of ⌅� in 7
⌅H (solid curves). The ⌅� binding energy in 15

⌅ C

was evaluated from the twin hypernuclear formation in the Kiso event, ⌅� + 14N ! 15
⌅ C !

10
⇤ Be(⇤) + 5

⇤He, as B⌅ = 3.87± 0.21 MeV or 1.03± 0.18 MeV [36, 40]. These two values are

for decays to the ground state and the excited state of 10
⇤ Be. The binding energy would be

smaller in 7
⌅H, then the binding energy region of 0  B⌅  4 MeV would be enough.

The branching ratio Br(5⇤⇤H) increases with increasing B⌅, as expected, and takes values

between 43.6% (B⌅ = 0) and 57.8% (B⌅ = 4 MeV) in the B⌅ region of interest. These values
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5
ΛΛH + 2n 4

ΛH(0+,1+) + Λ + 2n

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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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-
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
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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
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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
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where the potential is a sum of contributions from 4He and
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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-
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We investigate double ! hyperfragment formation from the statistical decay of double ! com-
pound nuclei produced in the "− absorption at rest in the light nuclei 12C, 14N, and 16O. We
examine the target and the !! bond energy dependence of the double ! hyperfragment forma-
tion probabilities, especially of those double hypernuclei observed in experiments. For the 12C
(14N) target, the formation probabilities of 6

!!He and 10
!!Be ( 13

!!B) are found to be reasonably
large as they are observed in the KEK-E373 (KEK-E176) experiment. By comparison, for the
16O target, the formation probability of 11

!!Be is calculated to be small with #B!! consistent
with the Nagara event. We also evaluate the formation probability of 5

!!H from a "−–6He bound
state, 7

"H.
... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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1. Introduction
Formation of double ! hypernuclei (D!HN) from "− absorption in nuclei is of importance for
several reasons. "− absorption at rest in nuclei is the most efficient way to produce D!HN, and
uniquely identified D!HN [1–6] provide strong constraints on the !! interaction [7,8]. The strength
and density dependence of the !! interaction are the keys to solving the hyperon puzzle in neutron
star physics. Until now, four D!HN formation events have been uniquely identified, and more will
be found in the J-PARC-E07 experiment, where 104 "− absorption events in nuclei are expected to
be observed. Let us comment on these points in order.

The baryon–baryon interaction has been one of the central subjects in nuclear physics. Compared
with nucleon–nucleon interactions, hyperon–nucleon scattering data are much more scarce and
single ! hypernuclear data are also used to constrain the !N interaction. For the !! interaction,
there are theoretical predictions in the meson exchange model [9], the quark cluster model [10],
and lattice QCD calculations [11]. Experimentally, by comparison, it is not possible to perform
scattering experiments, and hence the binding energies of D!HN [1–6] and the correlation function
data from high-energy nuclear collisions [12–23] have been utilized to experimentally constrain the
!! interaction. While the correlation function technique has recently been applied to investigate
several hadron–hadron interactions [12–15], we need further theoretical and experimental studies to
constrain the interactions precisely [15–23].At present, the strongest constraint on the !! interaction

© The Author(s) 2020. Published by Oxford University Press on behalf of the Physical Society of Japan.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 8. A-A binding energy ABAA v e r s u s  discrete pion momenta q~r- (solid lines), which are expected 
for the two-body 7r- decays of the AA-hypernuclei produced after the compound state formation reac- 

8 * 8 * tion 9Be(K-,  K + ) ---+ I aa He 'AA H ]compound +N. The vertical dashed lines indicate the characteristic pion 
momenta known for the two-body ~ -  decays of light single-A hypemuclei, with the numbers being monochro- 
matic q~r in MeV/c. In the figure are also included the continuum but very sharp pions from the three-body 
decays of A rile and 5,He (AqTr "~ 0.45 MeV/c and 1.7 MeV/c, respectively). 

AZ ~ (AzI-Jr-TT2, A-IAZt + N-+-~2) , AA 
a'7t  > ( A'z/t  A'--I z l l  a -- + ¢ r l ,  + N + ~ r j ) .  

(4.6) 
(4.7) 

In the process of Eqs. (4.6)-(4.7), we are concerned with the weak decays of single-A 
hypernuclei of 3'4H, 4'5'6~7He and 7Li in addition to the five double-A hypernuclei. The 
employed decay modes of them will be listed in Table 8. 

On the basis of the experimental A binding energies B(A 1) o f  these single-A hyper- 
nuclei, we display in Fig. 8 the monochromatic 7r- momenta which comes from the 
definite two-body decays, respectively. On the other hand, the single-A binding energy 
/~A in a double-A hypernucleus aAz is defined with the A-A bond energy ABAA by 

B A (  A A Z )  = B A (  A - 1 z )  EXP -Jr- ABAA . (4.8) 

Here  BA wi thou t  t i lde refers to the A binding energy in the s ingle-A hypernucleus.  
Then,  the m o n o c h r o m a t i c  pion m o m e n t u m  q is given as a funct ion o f  ABAA based on 
the e n e r g y - m o m e n t u m  relation: 

q2 
M a  - B 4  = M N  -- BN(.t') + ~ + O.)q, wq = ~ q- q2 , (4 .9)  

Y. Yamamoto, M. Wakai, T. Motoba and T. Fukuda, Nucl. Phys. A 625, 107 (1997)
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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 1–1.5 m. 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 > 0.5 MeV to
BΛ < 3.5 MeV defines a region of interest corresponding
to the momenta of two-body decay pions for stopped
4
ΛH: 131 < pπ < 135 MeV=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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reported separately to be 1.92!0.12 and 2.14! 0.07 MeV
with a difference of 0.22! 0.14 MeV. The FWHM of the
distribution of 4

ΛH binding energies is 2.1 MeV. Despite
extensive calibrations, systematic uncertainties of at least
0.05 MeV in the binding energies should be assumed for
emulsion data [14]. In Ref. [2] a possible systematic error
of 0.15 MeV is quoted. From these ambiguities it is evident
that independent, high-resolution experiments are needed
to confirm the emulsion data on binding energies.
This Letter presents the first result of the measurement

of a Λ binding energy in light hypernuclei from pionic
decays in electron scattering. Pions were detected in
high-resolution spectrometers measuring the momentum
with much better resolution than with emulsion and with
completely independent systematical uncertainties.
Measurement technique.—In reaction spectroscopy,

ground and excited hypernuclear states can be identified
by a missing mass analysis of the incident beam and the
associated reaction meson. Since these reactions require
stable target nuclei, hypernuclei accessible by these reac-
tions are limited. The direct reaction spectroscopy of 4

ΛH is
not possible using charged meson beams in the established
ðπþ; KþÞ and ðK−; π−Þ reactions. The first observation of
4
ΛH bound states in missing mass spectroscopy using
the ðe; e0KþÞ reaction was reported a decade ago [15].
This pioneering experiment reached a mass resolution of
4 MeV=c2. Only few precision measurements of Λ binding
energies were conducted at Jefferson Lab, most recently the
spectroscopy of 7

ΛHe that achieved a binding energy
resolution of ∼0.6 MeV [16].
The first counter experiments detecting the two-body

MWD of 4
ΛH were performed at KEK in the 1980s and

1990s [17,18]. From the observed decay-pion peak at
132.6!0.3MeV=c, a binding energy of 2.35!0.22MeV
can be calculated. In this experiment, strangeness was
exchanged with nuclei by K− absorption within a thick
target so that the momentum resolution of 1.9–3.3 MeV=c
FWHM was not competitive to the emulsion data in
determining the Λ binding energy.
In 2007, the usage of magnetic spectrometers to measure

the momenta of pions from two-body decays of light
hypernuclei fragmented from the excited states of initially
electroproduced hypernuclei was proposed for Jefferson
Lab [19]. An electroproduced hypernucleus can have
excitation energies above the lowest particle emission
threshold and then lose excitation energy through frag-
mentation, i.e., nucleon or cluster emission. This is a very
fast process that can lead to particle-stable hypernuclei in a
large range of mass and atomic numbers, including hyper-
isotopes which are not accessible in missing-mass experi-
ments. MWD takes place from the ground state of these
hypernuclei. The pion momenta from two-body MWD of
the lightest systems (A ≤ 9) are pπ ∼ 96–138 MeV=c. The
mass of a hypernucleus can be obtained from a

measurement of pπ . Kaons can be tagged to suppress
nonstrange processes.
Experiment.—The experiment was carried out by the A1

Collaboration at the spectrometer facility (see Refs. [20,21]
for a detailed description of the spectrometers) at the Mainz
Microtron MAMI-C, in Germany, with a 1.508 GeV
electron beam incident on a 125 μm thick and 54° tilted
9Be target foil with a beam current of 20 μA. The layout of
the experimental setup is shown in Fig. 1, and details can be
found in Ref. [22]. The luminosity corrected for the data
acquisition dead time was

R
Ldt ∼ 235 fb−1, integrated

over a period of ∼250 h during the year 2012. The total
charge of the electrons hitting the target was 18.2 C.
Pions were detected with two high-resolution spectrom-

eters (SpekA and SpekC) with quadrupole-sextupole-
dipole-dipole configuration and a Ωlab

π ¼ 28 msr solid
angle acceptance each, in which vertical drift chambers
were used for tracking, scintillation detectors for triggering
and timing, and gas Čerenkov detectors for discrimination
between electrons and pions. The vertical drift chambers
are capable of measuring a particle track with effective
position and angle resolutions of σx ¼ 180 μm and
σθ ¼ 1.0 mrad. The spectrometers achieve a relative momen-
tum resolution of δp=p ∼ 10−4 and were operated at central
momenta of 115 and 125 MeV=c with momentum accep-
tances of Δp=p ¼ 20% (SpekA) and 25% (SpekC). The
survival probabilities of pions at these momenta are ϵπ ∼ 0.3.
The tagging of kaons was performed by the Kaos

spectrometer. It was positioned at 0° with respect to the
electron beam direction. The central momentum was
924 MeV=c, covering a momentum range of Δp=p ¼
50% with a solid angle acceptance of Ωlab

K ¼ 16 msr. The

SpekA

SpekC

beam

chicane

Kaos

beam
exit photon dump

target

K+

-π

beam

2 m

20 cm

-π

FIG. 1 (color online). Layout of the setup showing the electron
beam line, the two high-resolution spectrometers SpekA and
SpekC used for pion detection in the backward hemisphere, and
the Kaos spectrometer at 0° angle relative to the outgoing beam
used for kaon tagging. The beam enters from the top. The inset
shows an enlarged view of the scattering chamber and the
detected particles names.
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Cylindrical Detector System 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E70 with S-2S

★ Grant-In-Aid for Specially 

promoted research: 2011 – 

2015,   Total ~$3M

★ 55 msr, ∆p/p=0.05% → 

∆M=1.5 MeV

★ Construction of 

S-2S(QQD): ~3 years

★ Installation in 2021

★ Data taking in 2022 with 

> 50 kW !!

2.9x1010 K-/day 
∆M< 2 MeV

T. Nagae 
THEIA-REIMEI seminar 

(18/Nov/2020)

mailto:fujioka@phys.titech.ac.jp


Hiroyuki Fujioka (fujioka@phys.titech.ac.jp)
Decay Pion Spectroscopy of Double-Λ Hypernuclei at J-PARC /34

Superconducting solenoid

30

•\

B
z 

(T
)

-2

-1.5

-1

-0.5

0

 z (mm) 

-2400 -2200 -2000 -1800 -1600 -1400 -1200

Figure 2: Beam-axis component of the mag-
netic field measured on 16th December, 2019.
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2.4.6 Solenoid magnet

A superconducting solenoid magnet was used to momentum-analyze the charged particles
detected by the TPC. The magnitude of the magnetic field was 2 Tesla at the center of the
magnet. The solenoid magnet has an aperture of 300 mm in radius. The center of the magnet
was placed at -1617 mm along the beam axis from the center of the dipole magnet. The center
of the target was at -1710 mm. The magnetic field was measured with a hole probe and the
measured distribution was compared with the result obtained by the TOSCA simulation. The
distribution of the magnetic field obtained by TOSCA was used in the tracking. Figure 2.23
shows the distribution of the z-component of the magnetic field, Bz, calculated by TOSCA as
a function of the z-coordinate on the beam axis (x=0,y=0).
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Figure 2.23: Distribution of the z-component of the solenoid magnetic field Bz as a function
of the z-coordinate on the beam axis (x=0,y=0).

Figure 3: Calculated beam-axis component of
the magnetic field. Taken from Ref. [2].
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2.4.6 Solenoid magnet

A superconducting solenoid magnet was used to momentum-analyze the charged particles
detected by the TPC. The magnitude of the magnetic field was 2 Tesla at the center of the
magnet. The solenoid magnet has an aperture of 300 mm in radius. The center of the magnet
was placed at -1617 mm along the beam axis from the center of the dipole magnet. The center
of the target was at -1710 mm. The magnetic field was measured with a hole probe and the
measured distribution was compared with the result obtained by the TOSCA simulation. The
distribution of the magnetic field obtained by TOSCA was used in the tracking. Figure 2.23
shows the distribution of the z-component of the magnetic field, Bz, calculated by TOSCA as
a function of the z-coordinate on the beam axis (x=0,y=0).
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the magnetic field. Taken from Ref. [2].
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• Integrity assessment in Oct.-Nov. 2019  
We observed analog signals from every sense wire.


• The TPC was moved to TokyoTech in Nov. 2020.


• To-do: R&D of the readout system for the TPC

TPC-480（LEPS-TPC2）再利⽤のための動作チェック        2019.10.19 M. Y. 
 
2019.10.10 （藤岡、滝、與曽井） 
・TPC-480を実験準備室（34IN）から BL333LEPレーザーハッチ下流の作業台に移動。 
・各 HVコネクタ間の絶縁チェック。 
・プリアンプ、アンプディスクリ、ケーブル等の確認。 
・各カソード PADのターミネート。 
2019.10.11 （與曽井） 
・ガス配管を行い、Ar(70%)+isoC4H10(30%)混合ガス（LEPS DC⽤）を流し始める。 
 （但し、インナーのみ。アウターは大気開放。） 
2019.10.17 （與曽井） 
・何とか電源をかき集めて、TPCの各電極（ドリフト・プレートを除く）に HV供給。 
・アノードの電圧供給側に抵抗とコンデンサを⼊れて、センスワイヤーからの宇宙線生信号
をオシロで確認（下図（50Ωターミネート））。ワイヤー⾯の動作は問題ないと思われる。 

 

 
 

このときの電圧パラメータ： 
センス      ＋1,580 V 
シールド中間    ＋800 V 
ポテンシャル    ＋200 V 
ポテンシャル予備  ＋300 V 
固定電極       －40 V 
ゲート＋       －40 V 
ゲート－       －40 V 
シールド       －60 V 

Figure 1: Raw signal from one of the sense wires caused by a cosmic-ray muon.

magnetic field distribution (Fig. 3) [2]. Therefore, we concluded that the solenoid magnet itself is also in
a good condition.

We would like to get permission to move the TPC to Tokyo Institute of Technology and request a
financial support for the transportation. The reason is that more detailed studies, as described below, will
take a long time, and it is more efficient to do it at the home institute of Fujioka and Taki rather than in
SPring-8. We plan to read signals not only from the sense wires but also from 1350 cathode pads by
using a readout system. By reconstructing straight tracks of cosmic-ray muons, basic properties such as
the electron drift velocity and the position resolution will be evaluated.

In addition, we request a financial support to carry the magnet out of the BL33LEP experimental
hutch in early FY2020, before the HD target system is installed inside the hutch.
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•Decay Pion Spectroscopy for  

‣  

‣Cross-check with Nagara event 

•Weak-decay  

‣At least tens of events are necessary 

‣Theory: , 

6
ΛΛHe

6
ΛΛHe → 6

ΛLi* + π− → 5
ΛHe + p + π−

Γ ( 5
ΛΛH) = 1.30ΓΛ Γ ( 6

ΛΛHe) = 0.96ΓΛ

Y. Y am am oto e t a l. /Nuc le ar Phys ics  A 625 (1997) 107-142 135 
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Fig. 12. The  continuum pion s pe ctrum ca lcula te d for the  we a k de ca y a  6He--~SHe +p  + 7 r-(le ft) a nd tha t 
for the  two-body a nd thre e -body ~ ' -  de ca y of A,~He (right). 

The  de ca y bra nching ra tios  a re  lis te d in Ta ble  7. 
As  the  p roduc tion  ra te  o f aASHe is  e s tima te d to be  ve ry s ma ll in the  proce s s  o f 

Eq. (3 .6 ),  he re  we  s kip the  dis pla y o f the  ca lcula te d p ion s pe ctrum. It ha s  not the  
two-body rr-  de ca y mode  (the re  is  a  cha nne l 5AHe+~0), but the  continuum s pe ctrum 
ha s  a  s ha rp pe a k a t 

T~. 2 ~- 30.3 with  AT~,:. ~- 2.2 Me V (q~'2 ~- 96 .9  with A q ~  2 ~_ 3.7 Me V/c ) ,  (4 .13) 

which ca n be  utilize d whe n this  hype rnucle us  is  produce d unde r s ome  circums ta nce s . 
If 1r ° de te c tion  is  a va ila ble , the  two-body de ca y mode  e mitting a  monochroma tic  pion 
is  a ls o he lpful to  ide n tify the  AASHe forma tion, s ince  the  p ion e ne rgy is  e xpe cte d to be  
a ls o e xce ptiona lly la rge : 

A,~He ~ ~He  + 7r2 ° : T~ 2 = 57.8 Me V (q,~z = 137.7 Me V/c ) ,  (4 .14) 

The  pre dic te d  rr-  s pe ctrum from A6He  is  s hown in Fig. 12 (le ft).  This  wa s  firs t pre s e nte d  
in Re f. [30] a nd the  ve ry s ha rp pe a k in the  continuum is  cha ra cte rize d by the  proce s s  
o f Eq. (4 .1 ) ha ving a  ne a rly monochroma tic  p ion with the  na rrow mome ntum width 
give n by Eq. (4 .2 ).  The  s ha rpne s s  is  a ttribute d to the  e ffe ct o f the  ve ry s ha rp p-s ta te  
re s ona nce  be twe e n a  pro ton  a nd 5He  (Re fs . [30 ,35] ). 

In Fig. 12 (righ t) is  s hown the  ca lcula te d rr-  de ca y s pe ctrum from AVHe  o f which the  
popula tion  a mounts  to a bout 10% in the  proce s s  conce rne d (cf. Ta ble  1). Two dis cre te  
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popula tion  a mounts  to a bout 10% in the  proce s s  conce rne d (cf. Ta ble  1). Two dis cre te  

Y. Yamamoto, M. Wakai, T. Motoba and T. Fukuda, Nucl. Phys. A 625, 107 (1997)
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Y YamamoW et aL/Nuclear Physics A 625 (1997) 107-142 129 

Table 7 
Calculated pionic decay rates of light double-A hypernuclei to be produced in the ( K-, K + ) reaction on 9Be. 
The calculations are made for the two-body and three-body final states. DW denotes the use of pion distorted 
waves described in the text. All decay rates are given in units of the free-A decay rate l'a 

zr-  DW ~.l~ DW 

.t4H ==~ 4,He+~-- 0.25 ==> 41H +Tr ° 0.13 
=:~ !IH +p  + "n'- 0.52 ~ 31H +n + ~.o 0.28 

A~H ==~ 51He+rr- 0.38 ==~ (No 2-body) - 
==¢, 4H +p + ~ ' -  0.61 ==~ 4H + n + T r  ° 0.31 

,l~He ~ (No 2-body) - =:=> 51He+Trll 0.18 
41He+p + r r -  0.48 =:~ 41He+n + rr ° 0.22 

a6He ==~ (No 2-body) - ==> ~lHe+Tr ° 0.23 
==¢, 51He+ p + 7r- 0,60 ==~ 51He+n + ~o 0.13 

a7He ==~ 71Li+Tr- 0.26 ==~ 71He+~-° 0.22 

:=¢- 5~He+d + ~ ' -  0.06 ==~ 6He+n + 7"r I~ 0.03 

:==> 61He+p + T r -  0.21 

T~ and the momentum q~ in Ref. [30] are based numerically on the averaged pion 
mass, here we give the corrected values for them): 

T~r2 -~ 29.5 with ATe, 2 ~_ 0.10 MeV (q~r2 ~-- 95.5 with Aq~r2 ~ 0.45 MeV/c ) .  (4.2) 

T~., _~ 31.7 with AT~r~ ~_ 1.0 MeV (q,r, "~ 99.2 with Aq,r, ~- 1.7 MeV/c ) .  (4.3) 

In this section we estimate pion spectra of  double-A and single-A hypernuclei relevant 
to the processes discussed in the preceding section. In this and the next subsections, 
we confine ourselves to the case of  the 9 B e ( K - ,  K +) reaction products of  Eq. (3.6). 
As shown in Table 1 (Type 3), the process is expected to yield five kinds of  double-A 
hypernuclei: A4H, A~H, AASHe, A6He and A]He. In their pionic decays we take all two- 
body final states and important three-body final states into account as listed in Table 7. 
As for the decays of  single-A hypernuclei we also follow the same prescription. It is 
remarked that particular three-body and four-body or more final states can be neglected 
in the practical estimates as known from typical emulsion data of  event-rates shown 
below: 

~He ---~ 4He + p + ~ -  ( 1012 ev.),  3He + d + r r - ( 1 2  ev.),  

3 H + p + p + T r - ( 1  ev.),  3 H e + p + n + r r - ( N o e v . )  [31].  (4.4) 

4 H - - - + 4 H e + T r - ( 9 1 4 e v . ) ,  3 H + p + r r - ( 3 0 1  ev.),  3 H e + n + T r - ( 8 8 e v . ) ,  

d + d + r r - ( 1 2 e v . ) ,  fourbody  final states ( N o e v . )  [32].  (4.5) 

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

Γn=Γp from single-nucleon spectra gave considerably higher
values, often in the range of 1–2, but are understood at present
to have been subject to strong and unaccounted for FSI effects.
This caveat refers, in principle, also to the value cited in the
table from emulsion work, which was obtained by matching
the experimentally observed fast (Tp > 30 MeV) proton
spectrum with appropriately weighted spectra from
Monte Carlo INC simulations of both proton and neutron
FSI processes (recall that neutrons are not observed directly in
emulsion). However, the emulsion estimate of Γn=Γp appears
to agree with the result of the more refined KEK analysis.
Finally, two recent calculations using one-meson exchanges
(OME) beyond OPE are listed in the table (Chumillas et al.,
2007; Itonaga et al., 2008). These calculations satisfactorily
reproduce the Γn=Γp values deduced from the experiments
listed in the table. They also include two-pion-exchange
processes, with or without coupling the ΛN system to ΣN,
plus the two-pion (Jπ ¼ 0þ, I ¼ 0) resonance known as σ and
the axial vector meson a1 considered as a ρ − π resonance.
The addition of σ and a1 exchanges does not effectively
change the Γn=Γp ratio, but proves to be significant in the
calculation of the Λ asymmetry parameter as discussed.
Earlier calculations by Jido, Oset, and Palomar (2001), using
a chiral-interaction EFT approach, gave a very similar result,
Γn=Γp ¼ 0.53 in 12

ΛC.
Shown also in Table XIII are experimentally deduced as

well as calculated values of the total NMWD width Γnm for
5
ΛHe and

12
ΛC. The deduced NMWD width more than doubles

between 5
ΛHe and 12

ΛC and is already close to saturation for
A ¼ 12. Both calculations reproduce well the deduced
NMWD width in 5

ΛHe, but fall short of it in 12
ΛC, perhaps

due to the increased role of the 2N branch which was not
included in the calculation. However, earlier calculations
using the same exchanges, but with somewhat different
couplings and with different prescriptions for the short-range
behavior of the OME exchanges, were able to produce values
Γnmð12ΛCÞ ∼ ð1.0–1.2ÞΓfree

Λ (Itonaga, Ueda, and Motoba, 2002;
Barbero et al., 2003). On the other hand, a more recent
calculation by Bauer and Garbarino (2010), considering g.s.

short-range correlations and including consistently a 2N
branch, Γ2=Γnm ¼ 0.26, obtained a value Γnm ¼ 0.98Γfree

Λ ,
in very good agreement with the KEK deduced NMWD
width. The saturation of the NMWD width for large values of
A is demonstrated in Table VI where total hypernuclear decay
lifetimes measured to better than 10% accuracy are displayed.
Recall from Table X that for A ¼ 56 the mesonic-decay width
is no more than a few percent of the nonmesonic width, hence
the total width (lifetime) agrees to this accuracy with the
nonmesonic width (lifetime).
In the Λþ N → nþ N two-body reactions, each of the

final-state nucleons receives a momentum (energy) of order
400 MeV=c (80 MeV), which is well above the Fermi
momentum (energy). This large value of momentum transfer
justifies the use of semiclassical estimates for inclusive
observables, such as the total nonmesonic decay rate of Λ
hypernuclei. Denoting a properly spin-isospin averaged non-
mesonic decay width on a bound nucleon in nuclear matter by
ΓΛ, the total hypernuclear rate is given in the local-density
approximation by

ΓΛ

ρ0

Z
ρΛðrÞρNðrÞd3r; ð43Þ

where ρΛðrÞ and ρNðrÞ are the Λ and the nucleon
densities, normalized to 1 and to A, respectively, ρ0 denotes
nuclear-matter density, and the zero range was implicitly
assumed for the Λþ N → nþ N amplitudes. Approximating
the nucleon density ρNðrÞ by ρ0 for values of r over which the
0sΛ density ρΛðrÞ is localized, Eq. (43) reduces to ΓΛ,
independently of A. For nuclei with N ≠ Z, the limiting value
ΓΛ is replaced by

Γ0
Λ þ Γ1

Λ
N − Z
A

¼ Γn
N
A
þ Γp

Z
A
; ð44Þ

where Γ0
Λ ¼ ðΓn þ ΓpÞ=2 and Γ1

Λ ¼ ðΓn − ΓpÞ=2.
Equation (44) provides the leading term in a systematic
expansion in powers of the neutron excess parameter
ðN − ZÞ=A. Finally, accepting that mesonic partial decay

TABLE XIII. Measured and calculated NMWD widths and related entities for selected hypernuclei in units of Γfree
Λ .

Entity Method 5
ΛHe

12
ΛC

Γn=Γp Emulsion (ΛB, ΛC, ΛN) (Montwill et al., 1974) 0.59% 0.15
KEK-E462=E508 (Kang et al., 2006; Kim et al., 2006) 0.45% 0.11% 0.03 0.51% 0.13% 0.05
OMEþ 2π þ 2π=σ (Chumillas et al., 2007) 0.415 0.366
OMEþ 2π=σ þ a1 (Itonaga et al., 2008; Itonaga and Motoba, 2010) 0.508 0.418

Γnm KEK-E462=E508 (Okada et al., 2004) 0.406% 0.020 0.953% 0.032
OMEþ 2π þ 2π=σ (Chumillas et al., 2007) 0.388 0.722
OMEþ 2π=σ þ a1 (Itonaga et al., 2008; Itonaga and Motoba, 2010) 0.358 0.758

ΓΛ KEK-E462=E508 (Kameoka et al., 2005) 0.947% 0.038 1.242% 0.042

aΛ KEK-E462=E508 (Maruta et al., 2007) 0.07% 0.08þ 0.08 −0.16% 0.28þ 0.18
OME (Chumillas et al., 2007, 2008) −0.590 −0.698
With final-state interactions −0.401 −0.340
OMEþ 2π þ 2π=σ (Chumillas et al., 2007, 2008) þ0.041 −0.207
With final-state interactions þ0.028 −0.126
OMEþ 2π=σ þ a1 (Itonaga et al., 2008; Itonaga and Motoba, 2010) þ0.083 þ0.044

A. Gal, E. V. Hungerford, and D. J. Millener: Strangeness in nuclear physics

Rev. Mod. Phys., Vol. 88, No. 3, July–September 2016 035004-31

hyperon is assigned a fictitious isospin state ðI; IzÞ ¼
ð1=2;−1=2Þ. The nonrelativistic approximation to the free
Λ decay width yields

Γfree
α ¼ cαðGFm2

πÞ2
Z

d3q
ð2πÞ32ωðqÞ

2πδ(mΛ − ωðqÞ − EN)

×
!
S2 þ P2

m2
π
q2

"
; ð32Þ

where cα ¼ 1, 2 for α ¼ Λ → nπ0, Λ → pπ−, respectively,
S ¼ A, P=mπ ¼ B=ð2mNÞ, and EN and ωðqÞ are the total
energies of the emitted nucleon and π meson, respectively.
This leads to the following expression for the total free-space
decay width:

Γfree
Λ ¼ 3

2π
ðGFm2

πÞ2
mNqc.m.

mΛ

!
S2 þ P2

m2
π
q2c.m.

"
; ð33Þ

with qc.m. ≈ 100 MeV=c for the pion momentum in the
center-of-mass frame.
The empiricalΔI ¼ 1=2 rule (Boyle et al., 2013) is not well

understood. However, here a key question is whether, and to
what extent, it is satisfied by in-medium Λweak decays. There
has been no unambiguous experimental test of the validity of
this rule in hypernuclei. One reason is the difficulty to resolve
two-body exclusive decay channels in the continuum, where a
combination of several isospin values for the residual nucleus
washes out the effect of the primary ΔI ¼ 1=2 weak decay.
For example, the total mesonic-decay widths of 4

ΛHe given in
Table X naively suggest that a ΔI ¼ 3=2 rule holds. However,
realizing the dominance of the two-body decay 4

ΛHe →
π0 þ 4He, and the impossibility of a π− þ 4He two-body final
state owing to charge conservation, the reversal of the π−=π0

ratio from close to 2 in the free-space decay to close to 1=2 in
4
ΛHe decay only reflects the dominance of the 4He ground-state
branch. A similar trend is also seen in the π−=π0 ratio of 12

ΛC
total mesonic-decay widths listed in the table. On the other
hand, the π−=π0 ratio for 5

ΛHe is close to the free-space ratio,
reflecting the difficulty to divert sufficient kinetic
energy to break up the 4He core in the quasifree decays
5
ΛHe →

4Heþ N þ π. The systematics of the π−=π0 ratio,
owing to the nuclear structure of p-shell Λ hypernuclei, was
discussed by Motoba et al. (1988).
Another reason for the difficulty of testing the ΔI ¼ 1=2

rule in mesonic decays of hypernuclei is the rapid decrease of
the pionic decay width Γπ ¼ Γπ− þ Γπ0 as a function of

hypernuclear mass number A. This is shown in Table X where
some of the latest determinations of π− decay widths in
hypernuclei for A ≥ 11 are listed (Sato et al., 2005). The
pionic decay widths fall off from about 0.9Γfree

Λ in 4
ΛHe to a

few percent in ΛFe. This had been anticipated from the low
momentum q ≈ 100 MeV=c, q < pF, of the nucleon recoil in
the pionic decay and was indeed confirmed quantitatively by
detailed calculations of the mesonic decay of Λ hypernuclei.
Equation (32) for the free-space decay width is replaced in
hypernuclei by

Γα ¼ cαðGFm2
πÞ2

X

f

Z
d3q

ð2πÞ32ωðqÞ
2πδ(EΛ − ωðqÞ − Ef

N)

×
!
S2
####
Z

d3rϕΛðrÞϕπðr;qÞϕ%
fðrÞ

####
2

þ P2

m2
π

####
Z

d3rϕΛðrÞ∇ϕπðr;qÞϕ%
fðrÞ

####
2
"
; ð34Þ

where the sum extends over the unoccupied nucleon states f,
and the pion wave function ϕπðr;qÞ is a solution of the Klein-
Gordon equation in the presence of a pion-nuclear optical
potential Vopt:

f∇2−m2
π −2ωðqÞVoptðrÞþ ½ω−VcðrÞ'2gϕπðr;qÞ¼ 0: ð35Þ

The free-space Eq. (32) is recovered from Eq. (34) by extending
the sum over occupied nucleon states as well, neglecting
the pion-nuclear final-state interaction, i.e., ϕfree

π ðr;qÞ ¼
expðiqc.m. · rÞ, and using closure. The reduction of the mesonic
decay width in hypernuclei by several orders of magnitude as A
increases is due to limiting the sum to unoccupied nucleon
states. In realistic calculations, however, the final-state nuclear
interaction of the emitted pion plays a significant role, provid-
ing enhancement of the decay rate in heavy hypernuclei by
1 to 2 orders of magnitude over what a plane-wave impulse
approximation calculation [using ϕfree

π ðr;qÞ] would give (Oset
and Salcedo, 1985; Itonaga, Motoba, and Bandō, 1988; Nieves
and Oset, 1993; Motoba and Itonaga, 1994).
Aweak πþ decay branch with width of the order of 0.02Γfree

Λ
was observed in the decay of 4

ΛHe in emulsion studies (Bohm
et al., 1969) and in helium bubble chambers (Fetkovich et al.,
1972). Weaker evidence exists for πþ decay of 7

ΛBe observed in
emulsion. The rare πþ branch was initially studied theoretically
by Dalitz and von Hippel (Dalitz and von Hippel, 1964b; von
Hippel, 1964) who observed that it required an intermediate
strong-interaction step to occur through, e.g., (i) Λ → nþ π0

followed by ðπ0; πþÞ charge exchange in the final state, or
(ii) Λp → Σþn, in order to generate a virtual Σþ component in
the initial Λ hypernuclear wave function followed by
Σþ → nþ πþ. The pion charge-exchange mechanism was
recalculated by Cieplý and Gal (1997) where its rate was
found larger than in the original calculation (Dalitz and von
Hippel, 1964b), but still short by about a factor of 2 with respect
to the observed rate. Gibson and Timmermans (1998) argued
that relatively large Σþ admixtures were unique to 4

ΛHe and
could explain the large πþ rates observed.
The study of exclusive two-body pionic weak decays of

light hypernuclei has yielded valuable information on the

TABLE X. Measured total pionic decay widths of selected hyper-
nuclei in units of Γfree

Λ .

A
ΛZ Γπ− Γπ0 Reference

4
ΛHe 0.289( 0.039 0.604( 0.073 Parker et al. (2007)
5
ΛHe 0.340( 0.016 0.201( 0.011 Kameoka et al. (2005),

Okada et al. (2005)
12
ΛC 0.123( 0.015 0.165( 0.008 Kameoka et al. (2005),

Okada et al. (2005)
28
ΛSi 0.046( 0.011 ) ) ) Sato et al. (2005)

ΛFe ≤0.015 (90% CL) ) ) ) Sato et al. (2005)
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cf. single-Λ hypernuclei
A. Gal E.V. Hungerford, D.J. Millener,  
Rev. Mod. Phys. 83, 035004 (2016).

No experimental information so far… 

We may be able to investigate 
the weak decay of  in future …? 

The first step: lifetime measurement

5
ΛΛH
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Summary

34

• We propose the J-PARC E75 experiment to investigate .5
ΛΛH

‣ A light Ξ hypernucleus, , will be produced by the 
 reaction in the phase-1 experiment.

7
Ξ−H

7Li(K−, K+)

‣  will be produced by decay of  with a large probability.5
ΛΛH 7

Ξ−H

‣ Decay pion spectroscopy for .5
ΛΛH → 5

ΛHe + π−

• Beyond E75, different double-Λ hypernuclei (  etc.) and/or 
weak decay may be explored. (Any suggestion is welcome!)

6
ΛΛHe

• If you’re interested in the J-PARC E75 experiment, please feel 
free to contact us! Thank you for your attention!
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