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Double-A hypernuclei observed in a hybrid emulsion experiment
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A hybrid experiment with nuclear emulsion and scintillating-fiber detectors (KEK-E373) has been performed
to search for double-strangeness systems. Among about 10* events of £~ hyperons captured at rest by emulsion
nuclei, we have observed four events which clearly show the topology of cascade weak decays of double-A
hypernuclei including the “Nagara” event. Regarding the Nagara event, values of the two-A binding energy
(Baya) and the A-A interaction energy (ABj, ) of A(}\He have been revised t0 6.91 = 0.16 and 0.67 £+ 0.17 MeV,
respectively, due to the recent change of the £~ mass value (Particle Data Group). For another three events, we
have determined possible species of double-A hypernuclei together with their binding energies.
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I. INTRODUCTION

The observation of a double-strangeness (S = —2) nucleus
in an emulsion was first reported by Danysz et al., more than
fifty years ago [1]. They observed that , ’Be was produced
following a E~ hyperon capture at rest and subsequently
decayed by pionic emission in the emulsion exposed to a
K~ beam. The existence of double hypernuclei stable against
strong decay was considered to be inconsistent with a possible
existence of a deeply bound H dibaryon predicted by Jaffe
[2]. The existence of stable double hypernuclei had to be
confirmed, since the number of stopping E~ in their emulsion
was estimated to be only a few.

An emulsion-counter hybrid experiment to observe S = —2
nuclei and/or H dibaryon at KEK (PS-E176) was, then carried
out, and confirmed the existence of stable double-strangeness
nuclei by observing their sequential weak decays [3,4]. The
existence of the deeply bound H dibaryon was, thus, rejected.
In E176, however, only one event showed a clear track of a
double hypernucleus among the events of about 100 stopping
E~ hyperons in the emulsion. Its nuclear species was not
uniquely identified, however one interpretation for the double
hypernucleus was most probable, namely, production and
decay of a , 1B nucleus.

Experimental inputs on hyperon (Y) — nucleon (N) and
Y-Y interactions are important to understand the baryon-
baryon interaction in flavor SU(3) and play an essential role
in the study of the structure of neutron stars. The N-N
interaction recently attracted much attention since a lattice
QCD calculation was tried and successfully reproduced the
basic feature of the nucleon-nucleon potential [5]. Therefore it
is important to provide experimental information on Y-N and
Y-Y interactions as an extension of the N-N interaction.

The Y-N interactions can be studied both by the spec-
troscopy of hypernuclei and Y-N scattering experiments
although they are difficult. Regarding the A-A interaction,
however, binding energies of double-A hypernuclei are the
only source of the experimental information. It is, therefore,
quite important to observe uniquely identified double hyper-
nuclei and determine their binding energies. Thus, we have
carried out a second-generation hybrid-emulsion experiment
(KEK PS-E373) to observe ten times more double hypernuclei
than E176 and determine their binding energies. The mass of
a double hypernucleus provides binding energies of two A
hyperons, from which one can obtain the A-A interaction
energy (ABja). The ABj, can be written as

ABA (A7) = Bua(,47) ~28,()2)
= 2m(*}2) ~ MC2) - M(,42),

where the By 4 and the B 5 are binding energies of two or one A
hyperon(s) for the double or single hypernucleus, respectively.

The ground state of a double strangeness nuclei is consid-
ered to be double-A hypernuclei. Although the deeply bound
H dibaryon was rejected, the possible existence of a very
weakly bound H or an H resonance is still allowed. A possible
existence of the H resonance near the A-A threshold was even
suggested, although it was not statistically significant [6,7].
In the case of S = —2 nuclei, the mass difference of E~-N
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and A-A is small, compared to N-N with N-A and to A-N
with ¥-N. Their coupling must be strong in § = —2 nuclei
and it will affect the structure of double-A hypernuclei. If the
H dibaryon exists near the A-A threshold (above or below),
it will also have a strong effect on the structure of double
hypernuclei. Therefore S = —2 nuclei can be quite different
from ordinary nuclei and single- A hypernuclei. It is important
to find various S = —2 nuclei and measure their binding
energies and fundamental properties to expand the world of
nuclei with strangeness.

In the early stages of the emulsion analysis of the E373
experiment, we found the “Nagara” event, which was uniquely
identified as the production and decay of a , § He nucleus. The
A B a was determined as 1.01 4= 0.20 MeV, which means the
A-A interaction is weakly attractive. The details of the event
were already published [8].

From theoretical studies on various light double hypernu-
clei, the values of A By, vary depending on the change of the
core structure of nuclei by A hyperons, even for the same A-A
interaction [9,10]. The shrinkage of the core radius by as much
as 20% was predicted for the Z\Li nucleus [11] and observed
in an experiment [12].

Therefore, to understand the A-A interaction without
ambiguities due to the structure of S = —2 nuclei, it is
important to find at least several nuclear species with § = —2
and determine their A B, 5 values.

We have analyzed about 1000 events of stopping E~
hyperons in the emulsion, which was more than ten times
that of the previous one (KEK-E176). Among them, we have
found four events which clearly show a topology of cascade
weak decays of double-A hypernuclei. One of them is the
Nagara event. Since the mass value of the E~ hyperon was
significantly changed in the recent Particle Data Group (PDG)
results [13], we have revised the values of By, and ABpj
of A?\He accordingly. In this paper, we describe details of the
other three events (“Mikage”, “Demachiyanagi”’, and “Hida”
events) and present possible interpretations and species of
double hypernuclei together with their binding energies, which
were discussed in elsewhere [14].

II. KEK-E373 EXPERIMENT

The experiment E373 was performed using a 1.66 GeV/c
K~ beam at the K2 beam line of the proton synchrotron
facility at KEK. In this experiment, (K ~, K*) reactions were
identified by a beam-line spectrometer for incoming K~
particles and a KURAMA spectrometer for outgoing K¥.
The E~ hyperons produced in the quasifree ‘p’(K~, KT)E™
reaction were detected by a scintillating microfiber-bundle
detector (SciFi-Bundle), and then entered a stack of emulsion
plates. This experiment was designed to observe ten times
more stopping E~ hyperons in the emulsion than the previous
experiment (E176). In order to optimize the yield of E~
hyperons, the target should contain light nuclei because the
cross section of the quasifree reaction is proportional to
A% [15]. To optimize the stopping rate in the emulsion,
density of the target material should be high to decelerate
the E~ hyperons in the target and the size of the target
should be also optimized. We employed a diamond block
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FIG. 1. Schematic view of the experimental setup around the
(K~, K*) reaction target.

(20 [x] x 20 [y] x 35 [z (beam direction)] mm?) 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 E~ hyperon with a high precision. The
positions and angles of the E~ hyperons at the surface
of the first emulsion plate (thin plate) were thus provided.
Under a microscope, first we identified the tracks of E~
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-A 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 x 10* candidate
tracks of 2~ 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
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because some tracks were difficult to be seen clearly, the A-A
interaction can be discussed on four events with nuclear species
in the following section.

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

III. DOUBLE-A 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 E~ hyperon, where other old data were not used for its
compilation. The mass value was adopted to be 1321.71 +
0.07 MeV/c? which was 0.40 MeV/c? heavier than the old
one of 1321.31 4 0.13 MeV/c?. This mass change of the E~
hyperon requires revision of the values of Bxyx and ABja
obtained from the vertex of E~ hyperon capture, i.e., the
production point of the double-A 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 E~ 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 E~ 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 ABjp —
Bz- < 20 MeV are listed.

Even if the mass value of the 2~ 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 A hyperon in } He was

10 um

FIG. 2. Photograph and schematic drawing of the Nagara event.
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TABLE I. Track lengths and emission angles from vertices A, B, and C of the Nagara event. Several values with underline are corrected

ones for typos in the previous paper [8].

Point Track Length (um) 6 (degree) ¢ (degree) Comment
A 1 8.1£0.3 449+2.0 337.5+1.8 double- A hypernucleus
2 32+04 57.7+52 1749+29
3 88.6 £0.5 156.2 +0.5 143.0+ 1.0
B 4 9.1+0.3 77.7+£1.6 1159+0.8 single-A hypernucleus
5 82.1+0.6 1228+ 1.0 284.2 £0.7 stopped in base
6 13697 81.0£0.5 305.5+0.2 b
C 7 742.6 £ 0.6 138.5+0.2 322.1+£0.3 stopped in D-Block
8 5868 £ 20 522+£1.2 123.7+0.7 scattered before stopping

given to be 5.68 MeV by Nakamura e al. [20]. Although
we took 7.0 MeV as its upper limit in the previous paper,
interpretation of the event is not influenced by the new value
of the ’ He binding energy.

We found again that the case of a ,§He is consistent in
both processes of production and decay as follows:

2C4+ 8" — ,SHe + *He +1
< He+p+m~.

Kinematic fitting has been performed for the vertices A and
B; the values of Bj and A Bj, were obtained as a function
of the E~ binding energy (Bz-):

Baax =6.79 4091 Bg- (£0.16) MeV,
ABap = 0.5540.91 Bg- (£0.17) MeV.

Taking into account a Bgz- of 0.13 MeV [21] for the 2c.g-
system, the values of By, and ABj, are 6.91 £ 0.16 MeV
and 0.67 = 0.17 MeV, respectively.

TABLE II. Possible production modes of the double-A hypernu-
cleus, the Nagara event. Although the vertex is also coplanar within
error, the cases of neutron emission are presented. Only the cases of
ABpn — Bz- < 20 MeV are listed. In case (1), values by kinematic
fitting for the vertices A and B are presented in the text.

Target 1 2 3 Bypn — Bg- ABapn — Bz-
[MeV] [MeV]
2c ,8He *He p 2n  >1646 >10.22
2c  ,SHe “He d In 14.08+£0.63 7.84+0.63
2c  ,QHe “He ¢ 6.93£0.19 0.69+£0.20 (1)
2c ,JHe “He p In 21.24+£124 12.88+1.26
UN SHe 'Li p 1n 24.02+£198 17.78+1.98
WN  SHe °Li d In 25424125 19.18+1.25
“N  ,SHe “He *He 1In 17.55+£1.47 11.314+1.47
UN o 7Li “He ¢ 1n 2579+£0.87 16.79+0.87
UN o 8Li “He d In 31.16£1.50 20.00+1.50
BN ,ALi p “He 1n 31.06%1.33 17.46+1.33
0 ,8Li “He “He In 30.66+0.83 19.50+0.83

B. “Mikage” event

The event was tagged by a K™ meson of which mo-
mentum and mass were measured to be 1.105 GeV/c and
0.493 GeV/c?, respectively. Figure 3 shows a photograph
and schematic drawing of production and decay of a double-
hypernucleus for the Mikage event. A E~ hyperon came to rest
at point A, from which two charged particles (tracks 1, 2) were
emitted. One of them (1) decayed into two charged particles
(3, 4) at point B. The particle of track 3 decayed again to two
charged particles (5, 6) at point C. The particle of track 6 was
escaping from the emulsion stack to the upstream Scifi-Block
detector (U-Block). The coplanarity calculated from angles
of tracks 3, 5, and 6 was —0.35 £ 0.13, so the three tracks
are coplanar within three standard deviations. The lengths and
angles of these tracks are summarized in Table III.

The particle of track 4 stopped in the emulsion after
nearly 20 mm flight from the decay point (B) of a double
hypernucleus. There are no charged particles emitted from its
stopping point. In order to identify the species of the track
4, we performed the energy-loss measurement (counting of
developed grain per unit length of emulsion, “grain density”)
at four regions within 10 mm from point B. If we assume the
particle of the track and its initial kinetic energy, the grain
density can be calculated for each region along the track.
Therefore, by minimizing the sum of the deviation between
the measured grain density and calculated one at each region
in the emulsion stack, we obtained the initial kinetic energy
and the goodness of the fitting (x2) for each assumed species.
Meanwhile, the kinetic energy was also derived from the
range-energy relation, which is independent of the energy-loss
measurement. These results are presented in Table IV, and thus
the particle of track 4 was found to be a proton by comparison
of both data.

10 um

-t .’ -
£ o Wy @
;_ ..Io. . .
5 #5 o6
. #3 )&
o o ';Z""B #1
A=V
# B

FIG. 3. Photograph and schematic drawing of the Mikage event.
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TABLE III. Lengths and angles of the tracks of the Mikage event. The length of track 6 is the visible amount in the emulsion.

Point Track Length (um) 0 (degree) ¢ (degree) Comment

A 1 29+03 96.7 + 1.7 109.0 £ 0.7 double-A hypernucleus
2 35+0.8 94.5+2.1 247.6 £2.1

B 3 1.8£0.4 746113 447£3.5 single-A hypernucleus
4 19044.7 £ 10.6 78.2+0.1 183.1+£0.1 proton

C 5 454+0.6 54.24+2.0 87.3+£2.1
6 >12975.6 49.6+0.1 23.8+0.1 7~ (49.1 £ 1.7 MeV)

The image of the scintillating-fiber detectors for the event
is shown in Fig. 4. It is clearly recognized that one charged
particle entered the U-Block, but out of the sensitive volume
for three-dimensional measurement. We cannot distinguish
whether the particle was scattered at point D in the figure,
or stopped at point D from which an evaporated particle was
emitted. However, by applying the grain-density fitting in the
emulsion stack, the particle of track 6 was identified as a w~
meson with the kinetic energy of 49.1 = 1.7 MeV at point C.

The large kinetic energy of the particle (track 6) gave us no
solution to understand a mesonic decay after the stopping of a
single- A hypernucleus (track 3), because total energy release
(E\o) was greater than the Q value in all of the possible decay
modes of a single-A hypernucleus. For example, among all
possible decay modes of single-A hypernuclei, the following
mode gives the minimum Ey value as 68.6 MeV for the
topology, but the Q value is 33.9 MeV:

§\He — OLi(track 5) 4+ 7 ~(track 6)
+ 2n + E(>68.6 MeV).

Taking into account the possibility of an in-flight decay of
the single-A hypernucleus (track 3), it was found that three
kinds of nuclide (3 H, } He, and  Li) would fit within errors
of three standard deviation as presented in Table V. Although
the reconstruction has been made by assuming one neutron
associated with the decay at point C, no such solution is
obtained. Considering the coplanarity of the vertex point C,
decay modes without any neutrons are acceptable for the decay
of the single-A hypernucleus.

Kinematic analysis has been performed at the decay point
(B) of a double hypernucleus (track 1). In Table VI, possible
decay modes including iH, ZXHe, or %Li as a daughter nucleus
are listed.

At the production point A, kinematical analysis has been
made assuming a capture reaction of E~ hyperon on a light

TABLE IV. Kinetic energies (K.E.) based on the measurement of
energy-loss and range of the particle (4) of the Mikage event. Degree
of freedom was three for the fitting.

Particle From energy loss From range
assumption K.E. (MeV) x? K.E. (MeV)
b 234+0.1 767 34.1+£0.6
p 740+ 1.6 6.4 74.7£0.6
d 134.1+£3.4 3.6 100.5+0.5
t 1954+£52 6.9 119.6 £ 0.5

nucleus (C, N, or O). Table VII presents the possible modes
for the production of the double hypernuclei listed in Table V1.

In comparison with Tables VI and VII, the following
processes denoted as (1), (2), and (3) in the tables were found
to be acceptable for the Mikage event by checking consistency
with the A By value of Nagara event:

2c+8 - SHe+°Li+n
—3H+p+2n (1),

2c+g - IBe+p+n
— Li+p+n (),
N+ E — \Be+’He+n

— SLi+p+n Q).

Regarding the process of (1) for ,4He, the values of
Baa and ABp, were obtained as 10.01 £ 1.71 and 3.77 £
1.71 MeV, respectively, from the production point with use
of a Bg- value of 0.13 MeV [21] for the atomic 3D level of
the '2C-E~ system. In processes of , \'Be for (2) and (3),

Scifi-Bundle

f Predicted ™
- trac
f diamond > b I
1amond target Emulsion 1y
U-Block\  Scifi-Bundle D-Block ~1+.]
\ ) 4
v T
KN | _ K
. 4 . 1 /~ ~k. . .
R 4 Predicted )
Tke6 7| — rac LI
v-z plane T vz

FIG. 4. Image of the scintillating-fiber detectors for the Mikage
event. The solid lines are tracks of incoming K~ and outgoing K+
mesons measured with the spectrometer system. The dashed line is
a predicted track of £~ hyperon reconstructed by Scifi-Bundle. The
dashed-dotted line is an extrapolated one using the position and angle
of track 6 (Tk#6 in the figure) in the emulsion.
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TABLE V. Possible decay modes of the single-A hypernucleus
in the case for decay in-flight at vertex C without neutron emissions
for the Mikage event. E.pe is a kinetic energy from both charged
particles (tracks 5 and 6). The kinetic energy (Egecay) Of the single
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TABLE VII. Possible production modes of the double-A hy-
pernucleus, the Mikage event. Only the cases of AByy — Bz- <
20 MeV are listed.

hypernucleus is calculated from momentum of daughters (5 and 6) at Target Track Ban — Bz- ABapn — Bzs-
the decay point C. Again, the value of 5.68 MeV is taken for the A 1 9 (MeV) (MeV)
hyperon binding energy in } He given by Nakamura e al. [20].
2c ASHe SLi In 9.88 £1.71 3.64£1.71 (1)
Single hyp.  Track Q value Eisibie Evisivie — Egecay 12 AL PHe 1n 22984144 938+ 1.44
5 6 (MeV) (MeV) (MeV) 2c AdBe p In 2073£3.06 2514£3.09 (2
3H He 7~ 4320 5053+1.70 4407+173 "N ,QHe "Be 21 >1741 >11.17
T He Wi m- 42.14 51.20+£1.73 4596+ 1.78 N riHe "Be 1n 22274323 1391+3.24
91 9 -
150 AALi "Be  In 33.104£2.82 1950 +£2.82

although the value of ABj, at the decay point is much larger
than that of the Nagara event, the errors are also large, to give
consistency with Nagara. Thus we obtained the error-weighted
mean values of Byx and ABxa as 22.15 £+ 2.94 MeV and
3.95 £ 3.00 MeV for the process (2) and 23.05 £ 2.59 MeV
and 4.85 £ 2.63 MeV for the process (3), respectively. Since
the mesonic decay rate of a daughter % Li nucleus is not so large
(about 20%) [22], the case of Af\He would be more likely.

C. “Demachiyanagi” event

The event was tagged by the K+ meson with 1.139 GeV/c
and 0.487 GeV/cz, which are the momentum and the recon-
structed mass, respectively. No charged particle except for
the K+ meson was seen in the SciFi detector. This means
all charged particles relating to the event were stopped in the
emulsion.

A E~ hyperon entered and stopped in the emulsion with a
range of about 7 mm and formed a star. The photograph and
schematic drawing of the event are shown in Fig. 5.

To get a better position resolution, we cut and swelled a
small area of the emulsion plate and sliced it into a tiny piece
of 0.5 mm width. That made it possible to observe the event
from the vertical (ordinal) and the horizontal directions, and

TABLE VI. Possible decay modes of the double- A hypernucleus,
the Mikage event, decaying to single- A hypernuclei listed in Table V.
Only the cases of ABy, > —20 MeV are listed. Since the value
of a A binding energy of a \'Be nucleus, B,(}!Be), is not known,
a parenthetic value of AB,, is obtained assuming Ba(}'Be) =
BA(B).

these photographs and schematic drawings are shown in Fig. 6.
Comparing the two photos, one can recognize three vertices in
the event.

Fromthe E~ hyperon capture point A, two charged particles
(tracks 1 and 2) were emitted in collinear topology within
measurement error. Track 1 shows a decay topology into a
charged particle (track 3) and neutral one(s) at point B. Two
or three charged particles [tracks 4, 5 (6)] were emitted from
the end point C of track 3. Because the first half of track 5 is
rather thick, another track may exist parallel to track 5. This
possible track was assigned as track 6. Ranges and angles
of tracks are listed in Table VIII, where they were measured
before swelling the emulsion. The range of track 1 is quite
important in determining its mass. Then we determined the
most probable value and an upper and lower limit of its range.
The reason why the range error of track 1 is different values
for the sign, (4+) and (—), is that the E~ hyperon seems to have
turned to the (+) direction before stopping. Regarding track
3, the range error is also determined by the stopping point of
the track. The particle of track 4 was identified as a proton
from the measurements of the grain density and the range.
The effect on the measurement of the angles by any distortion
due to swelling was checked and found to be negligibly small
within quoted errors.

Double-hyp. Track Bay (MeV)  ABan MeV)
3 4
S He H p 2n <46.07 <39.83 (1)
AnHe SH p 3n <54.55 <46.19
A5 He *H p 4n <56.49 <45.13
ArHe *H p 5n <59.22 <44.90
AL "He p 1n 47.50%£835 33.90+8.35
AL "He p 2n <67.07 <50.07
AnBe ALi p 1n 37.59410.58 19.374+10.59 (2),(3)
ANBe ALi p 2n <54.53 (<34.05)
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FIG. 5. Photograph and schematic drawing of the Demachiyanagi
event. A photograph was obtained by summing up images taken at
various focusing position of the microscope.
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TABLE IX. Possible production modes of the double- A hypernu-
cleus, the Demachiyanagi event. Only the modes of AByy — Bz~ <
20 MeV are listed. Kinematic fitting has been applied for the process
(1) and its result can be seen in the text.

% Target Track By — Bz- ABjpy — Bz-
‘ . 1 2 (MeV) (MeV)
R 2c AaBe ¢ In 3083108 17.15%0%
=, (b) 12c OBe p >19.85 ~6.43
w3 C # 2c AOBe 4 In 17.39%03 3.97+0%0
6 IZC IOB t 11 46+0.24 1 96+0.25 (1)
#LT A oy A DE “0_0.13 — 170 015
lug ae anBe poIn 22317 40907 @
] 4N B p 3 3502 ~17.34
14 11
FIG. 6. Photographs and schematic drawings of the event viewed 14N A i\lB d2n >32'+60165 = 14;80369
from the vertical (a) and the horizontal (b) direction of the N ArB t1n 26.20705 8.427 46
Demachiyanagi event. Each photo was made after swelling and UN N p 2n >29.84 >9.36
slicing a tiny piece of the emulsion, as described in the text. 14N B d 1n 27_59ji:8§ 7.1 lfiISZ
) . . ) . 4N BB p o In 27817345 5.0734 3)
Kinematic analysis has been made at the production point 160 B In 3728 L7 15.68 4181
A and its result is listed in Table IX. 6 A oL Lo
Many possible modes remained under the cut of ABy, — mo A;\4C p In >32f;31 . >9'i5 ;
Bz- < 20 MeV. However, the following processes give values 0 anC o d o dn 32417 9.03%799
of By and ABy consistent with previous data: 0 AC o p o In 4383130 19.497375)

2c+ 2" > "Be+1 (),
2C+E8 — ,MBe+p+n (),
UN+E - KB+p+n Q).

By the kinematical fitting for process (1), Ban — Bz-
and ABx, — Bz- values were obtained as 11.77 ££0.13 and
—1.65 £ 0.15 MeV, respectively. With the assumption for E~
hyperon capture in the atomic 3D level, the values of B, and
ABj, are obtained as 11.90 £ 0.13 and —1.52 & 0.15 MeV,
respectively.

Note that if the double- A hypernucleus had been produced
in an excited state, the binding energy of the ground state of the
double-A hypernucleus would be increased by the excitation
energy. If we assume the excitation energy of 1, Be* is almost
the same as those of ®Be* and %Be* (about 3 MeV [23]),
process (1) is not in contradiction with the Nagara result. This
shows a probable production of a , {’Be* nucleus in this event.

Dalitz et al. [24] they reported 17.7 £0.4 and 4.3 &+
0.4 MeV for Byp and ABj, values, respectively, for the
event given by Danysz et al. [1]. They assigned the event as
a , Be nucleus, which decayed into a ° Be, a proton and a
7~ meson. The A By, value is inconsistent with the Nagara

event, if the ?\Be nucleus was not emitted in an excited state
at the decay of a , }’Be nucleus [25]. In the case of decay with
an excited ?\Be nucleus, the values for By, and A By should
decrease by 3.05 MeV [23] and would become 14.7 &+ 0.4 and
1.3 £ 0.4 MeV, respectively.

The discrepancy of Bj, values between the one of the
Demachiyanagi event and 14.7 MeV can be interpreted as the
excitation energy of a , \’Be* nucleus, which is obtained to be
2.8+ 0.4 MeV.

Regarding processes (2) and (3), it is impossible to apply
the kinematical fitting because of neutron emission. Assuming
E~ hyperon capture in the atomic 3D level, the values of
Baa and ABy, are 22.4471 19 and 4.227173 for , [ Be in (2)
and 27.94%3:1% and 5.207347 for , 1’B in (3), respectively. The
values of process (3) agree with the previous event (Byy =
23.3+£0.7 MeV and ABj, = 0.6 £0.8 MeV for , 2B [4])
within three standard deviation errors.

Among the above three processes, only process (1) is
accompanied with no neutron emission, while the other
processes include a neutron in the fragments as shown in
Table IX. The back-to-back topology at production point A

TABLE VIII. Lengths and angles of the tracks for the Demachiyanagi event. The length of track 4 is the visible amount in the emulsion only.

Point Track Length (um) 0 (degree) ¢ (degree) Comment
A 1 42702 1245 +5.1 3432435 double-A hypernucleus
2 287.0+ 1.9 5774 1.1 159.4+0.5
B 3 3.7%%3 32.6+£7.8 145 £ 10 single-A hypernucleus
C 4 23575 94.2 4 0.4 209.8+0.3 proton
5 11.3£0.7 94434 341 £ 20
6 8.4+0.7 72+£25 21419
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FIG. 7. Image around the target region for the Hida event. The
solid lines are tracks of incoming K~ and outgoing K mesons
measured with the spectrometer system. The dashed line is a predicted
track to be the reconstructed Z~ hyperon scanned with the SciFi-
Bundle. The dotted and dashed-dotted lines are extrapolated ones for
the track of the E~ hyperon (associated with point A in Fig. 8) and
tracks 6 and 7 using the position and angle of those tracks in the
emulsion, respectively.

says that process (1) is the most probable, though processes
(2) and (3) cannot be rejected.

Regarding the excitation of the double-A hypernuclei,
theoretical study has been made for the nuclei with A = 7-10
based on four-body cluster structure [9]. In the paper given by
Hiyama et al., they discussed the 2" excited state and obtained
2.86 MeV of the excitation energy for the , }’Be* nucleus,
which is in very good agreement with our result in process (1).

D. “Hida” event

The momentum and mass of the tagged K+ meson were
1.119 GeV/c and 0.495 GeV /c?, respectively. An image of the
target region for the event is shown in Fig. 7. A track shown as
“predicted track” in the figure has been followed and arrived at
a star presented in Fig. 8, which is a photograph and schematic
drawing of the Hida event.

PHYSICAL REVIEW C 88, 014003 (2013)

FIG. 8. Photograph and schematic drawing of the Hida event.

The reconstructed E~ hyperon candidate in the Scifi-
Bundle was a particle of track 7, and this track was followed
downstream of the emulsion to its end point. A heavily
scattered track associated at point A becomes straight upstream
of the emulsion stack, thus this particle must be a E~ hyperon
from the (K~, K™) reaction vertex. Its track was escaping
from upstream of the emulsion and was not recorded in
the Scifi-Bundle. From Fig. 7, the (K~, K) reaction seems
to have occurred at the most downstream position of the
Scifi-Bundle.

Three charged particles (tracks 1, 2, and 3) were emitted
from the at-rest capture point A of the E~ hyperon candidate.
One of them (1) decayed into three charged particles (4, 5,
and 6) at point B. The particle of track 4 decayed again into
two charged particles (7 and 8) at point C. The particle of
track 6 escaped from downstream of the emulsion stack and
its trajectory was recorded in the v-z plane of D-Block.

The lengths and angles of these tracks are summarized in
Table X. Regarging the particle of track 6, it was identified as
a proton using range data in the emulsion and D-Block, and by
ionization measurement in the emulsion. The particle of track
7 was also found to be a proton by ionization measurement in
the emulsion and brightness of the track in U-Block.

Since both of the double-A and the single- A hypernucleus
decayed nonmesonically, it was found that the double-A
hypernucleus must be a 5 5 Be or 5 5B nucleus, only from the
number of the emitted charged particles and the assumption
of a E~ capture by a light nucleus ('>C, "N, or '°0).
Kinematic analysis has been made at production point A and
possible modes are listed in Table XI. The event reconstruction
at points B and C gave us no constraints to the nuclide
identification.

TABLE X. Lengths and angles of the tracks for the Hida event. The length of track 7 is only the visible amount in the emulsion. Points A
and B are noncoplanar vertices, where coplanarities are —0.434 £ 0.073 and —0.449 =+ 0.006 for points A and B, respectively.

Point Track Length (um) 0 (degree) ¢ (degree) Comment

A 1 23+0.2 533+ 40 116.0 £ 5.8 double-A hypernucleus
2 535+ 0.2 100.7 £ 0.2 7.0 £ 0.1
3 4.7 £ 0.6 91.7 £32 256.7 £ 1.0

B 4 7.7 £ 0.1 4105 95.1 £ 6.2 single-A hypernucleus
5 749 £ 0.4 74.6 =+ 0.1 180.5 £ 0.1
6 >5847.9 £ 11.3 147.6 £ 0.1 51.2 £ 0.1 proton

C 7 >6728.8 £ 8.2 31.0 £ 0.1 1153 £ 0.1 proton
8 96.0 + 0.4 107.2 £ 0.1 356.6 £ 0.1
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TABLE XI. Possible production modes of the double-A hyper-
nucleus, the Hida event. The modes of ABy, — Bz- < 20 MeV
are listed. Parenthetic values for AB,, — Bz- are obtained with
the assumptions of B, (}/Be) = B,(}!B) and B5(}}B) = B, (}}C) for
ABe and , \*B, respectively.

Target Track Ban — Bz~  ABppn — Bz-
1 2 3 (MeV) MeV)
4N AMVBe p p 3n >25.86 >12.44
UN  \F¥Be d p 2n >25.98 >12.56
UN  \FBe p d 2n >24.21 >10.79
N AMBe t+ p In 2626+£1.05 12.84+1.06
4N ABe p ¢t In 1999+1.09 6.57+1.10
4N AMVBe d d 1n 2625+095 12.83+£0.95
N ANBe p p 2n >25.42 >7.20
N ANBe d p 1n 2840+0.98 10.18 £1.07
4N ANBe p d 1n 2550+£1.16 7.28+1.24
4N A¥Be p p 1n 2231+£121 (1.83£1.21) (1)
150 ABe p “He 2n >20.73 >7.31
150 ABe d *He 1n 2057+121 7.15+1.21
150 ANBe p “*He 1n 2060+£1.27 238+£1.34 (2)
150 ABBe p PHe 1n 3473+1.25 (1425+1.25)
150 ABB p ot In 4035+2.00 19.87 £2.00
150 A°B p p 21 >33.90 >11.16
10 APB d p In 3921£1.72 1647£1.72
150 ARB p d In 36574£210 13.834+2.11
150 AMB p p In 3759+234 (14.21+2.34)

For all the modes of a Boron double-A hypernucleus, the
values of Bya and ABj, are quite far from previous data
of a AEB nucleus (KEK-E176) [4]. Therefore, the following
two processes remain as possible ones which gave consistent
ABjp values with the Nagara event within three standard
deviation errors:

UN+E — BBe+p+p+n (1),
%0+ 8" - 'Be+p+*He+n (2.

Regarding process (1), the value of By, is obtained to be
22.48 +1.21 with 0.17 MeV [21] for Bz- in the atomic 3D
level. The A By, cannot be obtained because the A binding
energy of the \'Be nucleus is not known experimentally.
Therefore, we took an experimental value, 10.24 MeV, of
B A(%B) for B A(}\lBe) into account, and obtained the value of
ABxA(,2Be) to be 2.00 & 1.21 MeV, which is in agreement
with the one of the Nagara event. Process (2) presents a value
of AByp — Bg- consistent with the Nagara event. Taking
0.23 MeV [21] for the 3D atomic level in the 60-E~ system,
values of By, and ABja were measured to be 20.83 £+ 1.27
and 2.61 + 1.34 MeV for a , \'Be nucleus, respectively.

Very recently, a five-body cluster (e«arn A A) calculation has
been carried out for a , ' Be nucleus by Hiyama et al. [10]. In
the paper, the authors obtained a B, (, ' Be) value of 18.23
MeV, which would be in agreement with our value within
two standard deviations. For the possible A}\2Be case, it is
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expected to be obtained by performing a six-body cluster
model calculation (@ + o 4+ 2n + A + A).

IV. CONCLUDING REMARKS

A  hybrid emulsion experiment (KEK-E373) with
scintillating-fiber detectors has been carried out and suc-
cessfully stopped ~ 103 E~ hyperons captured by emulsion
nuclei. Among them, seven events with sequential weak decay
topologies of a double-A hypernucleus have been observed.
Four events among seven were discussed on their nuclear
species and also B o and A By 5 values, although another three
events were unanalyzable due to difficulties of recognition of
some tracks.

Regarding the Nagara event, a recalculation has been made
due to change of the mass of the E~ hyperon. Again, we
obtained unique information for By, and ABjp of a A?\He
nucleus to be 6.91 £ 0.16 and 0.67 &= 0.17 MeV, respectively,
with the assumption of the E~ hyperon capture at the atomic
3Dlevel in a '>C nucleus. This result suggests a weak attractive
A-A interaction.

Taking the E~ hyperon capture in the atomic 3D level
into account, we obtained A B, values in three other events
consistent with that of the Nagara event.

For the Mikage event, two possibilities for a nuclide of a
double-A hypernucleus are obtained by the kinematic analysis
at the production and decay points. One is the process of a
A?\He nucleus with iH as one of daughters. By, and ABjx
values were 10.01 = 1.71 and 3.77 & 1.71 MeV, respectively.
Another possibility is the production and decay of a , \'Be
nucleus. The values of Byp and ABjp, were 22.15 +£2.94
and 3.95 +£3.00 MeV, respectively, in the process of the
E~ hyperon capture in the 'C nucleus. In the case of '“N
capture, the values of 23.05 4+ 2.59 and 4.85 &+ 2.63 MeV
were obtained for Bp, and ABj,, respectively. For two
capture cases, a 3 Li nucleus was associated with the decay
of ,}!'Be. Since a 7~ meson was associated with the decay
of the daughter single-A hypernucleus, the event is likely the
production and decay of a A5’\He nucleus.

Topological characteristics give us the most probable inter-
pretation without any neutron emission for the Demachiyanagi
event. A }\OBe nucleus was probably produced in an excited
state, because the obtained A B o value of —1.52 + 0.15 MeV
is in good agreement with the Nagara result by assuming an
excitation energy of ~3 MeV, like the ones of ®Be* and ?\Be.
The B, value of this event was 11.90 +0.13 MeV which
would be different from 14.7 £ 0.4 MeV presented in the case
of the excitation of the daughter nucleus of  Be for the event
by Danysz et al. The value of 2.8 £+ 0.4 MeV was obtained
as the excitation energy of , ’Be nucleus, for the first time,
by the discrepancy of By, values between the one of the
Demachiyanagi event and 14.7 MeV.

In the Hida event, two possibilities remained as a , \'Be or
A}\ZBe nucleus. The values of By and AB p are 20.83 4+ 1.27
and 2.61 & 1.34 MeV for , }!Be, respectively. For the , }>Be
case, the Bp value was obtained to be 22.48 4= 1.21 MeV. In
the above two cases, since one or two neutrons are attached
inside the A}\OBe nucleus, it would be very interesting from
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the point of view of a theoretical cluster model, i.e., two
a clusters, two A hyperons, and neutron(s). Shell model
calculation has been made to obtain By, values for p-shell
double-A hypernuclei using the (2J 4 1)-avaraged B, in
single-A hypernucleus [26].

The E373 experiment has opened the door of the S = —2
world with multiple nuclides of a double- A hypernucleus for
the first time. However, to get knowledge of A-A interaction
without ambiguity due to the differences of core nuclei, it will
be very important to observe uniquely identified events which
are independent of the Nagara event. In the EQ7 experiment
[27] at J-PARC, it is expected that the extensive study of the

PHYSICAL REVIEW C 88, 014003 (2013)

S = —2 system will be carried out with more than several tens
of double-A hypernuclei.
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