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Abstract )

J-PARC EO07 is the most ambitious experiment for
investigating double hypernuclei, which are exotic
nuclei with two strange(s)-quarks. This experiment
aims to detect a 10 times higher number of double
hypernuclei compared to the past experiments and
measure X-ray spectra from = = hyperatoms. As of
November 2018, we have analyzed about 20% of the
collected statistics of E07, which is almost twice to
the statistic achieved in the previous experiment.
Furthermore, we have succeeded to identify several
double hypernucler events.

This work was conducted by the J-PARC E07
collaboration, which consists of around 100 members
from 24 institutes based in 6 countries. The Japanese
institutes in the collaboration are JAEA, Tohoku-U,
KEK, RIKEN, Tokai-U, Gifu-U, Kyoto-U, and Osaka-U.
Our contributions are the development and operation of
the detectors in beam time, operation of the beamline,
scanning of emulsion sheet, and analysis of detected

events.

1. Background )

One of the major goals of modern “hadron nuclear
physics” is understanding the hierarchical structure
of matter from quarks to nuclei. Quarks, the most
fundamental elements of matter, constitute hadrons
that are bound together. Furthermore, hadrons,
including protons and neutrons, constitute nuclei based
on the hadron-hadron interaction. To investigate the
mechanism of matter formation, studies of the hadron-
hadron interaction are essential.

Double hypernucleus (DH), which is an exotic

nucleus with two s-quarks, is an important subject
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Fig. 1 Hadrons consist of three quarks and their quark
components.
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Fig. 2 Double A hypernuclei (DLH) and = hypernuclei
(XH). The pale red and blue circles, respectively, stand
for protons and neutrons, namely, nucleus (N), in the
same manner as Fig. 1. Mass measurements of
these nuclei provide unique information on AA and =
N interactions.

T T NoNA IS —FGRF3E i b A R 7 W M 2 S B AR
TY A DL EEERII R TR <Ly 3
v E A, WERT 1 1 EORBAE L 5K
ODEHEIFE ., BHLENPLTTIAF Y Z2DT 1)V 4
OWEICEA L, RIS ETH ImmED Y — MIRICL
72 DT, FEERZICHG L. Lk S N % Ll
WHT 0l I 7 u v BAORE CHRAIY £3 (Fig 3).
FTNVNAIN—FEFig 4D EHI210 370 BED

as a source of information on the hadron-hadron
interaction. Ordinary nuclei consist of protons and
neutrons, namely, nucleons. A nucleon consists of
two types of quarks, up(u)-quark and down(d)-quark.
Protons and neutrons consist of three quarks, and their
components are (u,u,d) and (u,d,d), respectively. By
contrast, /A particles: (u,d,s) and = particles: (d,s,s) are
other types of hadrons that have s-quarks, as shown in
Fig.l. Double A hypernuclei (DLH) and = hypernuclei
(XH) are nuclei that have two A particles and one =
particle, respectively, as shown in the left part of Fig. 2.
They are generically called DHs.

DLH and XH are unique sources of information on
the exotic hadron-hadron interactions A A and = N
interactions, respectively, as shown in the right of Fig.
2. These interactions are never observed in ordinary
nuclei. As of the 2000s, only nine DH events were
detected. The theories of A A and = N interaction are
discussed based on these limited experimental data.
Therefore, any new event is needed to validate and
extend the theories. DHs are rare, difficult to detect,
and they constitute a challenging subject in hadron
nuclear physics.

One of the most effective methods to investigate
double hypernuclei is precise analysis of their
production and decay events by using photographic
emulsion sheets, as shown in the left of Fig. 3.
Our emulsion sheets are made of a very sensitive
photographic emulsion which allows the tracking of
single charged particles. These emulsion sheets are
prepared by pouring melt emulsion gel on both sides of
a plastic film. Finally, we obtain a dry emulsion sheet
with a thickness of nearly 1 mm. After photographic
development of the sheets, the tracks of charged
particles can be observed under an optical microscope,
as shown in the right of Fig. 3, with sub-um spatial
resolution. A double hypernucleus event is observed
as a tiny “3-vertex topology  as shown in Fig. 4.
We searched for such events, reconstructed their
production and decay processes and measure their
mass via a series of micrographs.

The history of double hypernucleus study has
been promoted by emulsion experiments. The first
DLH event was observed in 1963 by chance in an
emulsion sheet irradiated with accelerator beams [1].
The existence of DLH was clarified in an accelerator
experiment called KEK-PS E176 [2] conducted around
1988. The KEK-PS E373 experiment was conducted
around 1998, and as a result, seven DLH [3] events
were detected. One of these events was identified
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Fig. 3 (left) A photographic emulsion sheet for DH study,
and (right) optical microscope used in the analysis.
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Fig. 4 Example of DLH event in emulsion sheet. Black
lines are tracks of charged particles. Each vertex
corresponds to (2): the production point of DLH, (3):
decay point of the 1 A particle, and (4): decay point
of the other A . The range of the DLH track is about 10
microns, which is almost the same size as that of a red
blood cell.
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as ° 1 He, which is a nucleus with two A s bound to
'He. Furthermore, in 2013, an XH event was detected
after re-scanning the emulsion sheets of E373
[4, 5]. These events indicate that the A A interaction is
weakly attractive, and the = N interaction is attractive.

Our greatest concern is detecting greater numbers
of various types of DH events to systematically
validate the A A and = N interactions. To this end,
we designed a new experiment, J-PARC E07, to detect
10x more double hypernuclei compared to the number
detected in past experiments.

2. Contents of study '}

J-PARC EO07 is the most ambitious emulsion
experiment with double hypernuclei thus far. This
experiment is designed as an extension of the previous
experiment, KEK-PS E373. The amount of emulsion gel
used in the experiment was 2.1 tons, about three times
greater than that used for E373. We prepared 1500
emulsion sheets measuring 350 cm*34.5 cm from Dec.
2013 to May 2014. The purity of the K-beam provided
by the K1.8 beamline in the J-PARC hadron facility
was 82%, which is three times better than the previous
beam provided by the KEK-PS accelerator. The yield of
DH events is designed to be 10 times larger than that
in the previous one. The effective number of days of
beam time was less than 30 days, which is a practical
period, thanks to the high-intensity beam of J-PARC in
spite of the scale-up.

The principle of DH production is as follows. At

first, we produce = ~ particles by using the K- beam

and stop them by using the emulsion sheets. The =
s are captured by nuclei within the emulsion sheets.
is bound to the

nucleus with strong-interaction with the probability

Then, XH can be produced when a =~

of a few percentage. The bound =  interacts with a
A s In

that process, the excited nuclear system can decay

proton in the nucleus and converts into two

into several nuclear fragments owing to excess energy.
Then, a DLH can be produced when both A s stick to
the same fragment.

The "Hybrid emulsion method" is employed to find
=  stop events efficiently. Fig. 5 shows a schematic
drawing of the experimental setup. At first, a
spectrometer detects =  production events, and the
Silicon Strip Detector (SSD) measures the position

and angle of the = tracks that go into the emulsion

sheets. Finally, we search for the = = tracks in the
emulsion sheets and follow them toward their stop

points. Computer-controlled microscopes and image
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recognition techniques are used in modern emulsion
analysis.

We completed beam exposure and photographic
processing of the 118 emulsion modules as scheduled.
The beam exposure was performed in 2 periods, Jun.
2016 and Apr.-Jun. 2017. During beam exposure, the
emulsion module was mounted on the “Emulsion
mover,” which slides the module to record beam
tracks with the proper track density of 10° tracks/
cm® The module required approximately 6 h to record
nuclear events uniformly. Therefore, we prepared
swap emulsion modules after its beam exposure for
a new one 118 times. Consequently, we recorded DH
events as designed in 118 modules consisting of about
1500 sheets. Furthermore, all emulsion sheets were
completed in Feb. 2018.

3. Current result )

Thus far, we have analyzed approximately 20% of
the statistics collected by EO07, which is almost twice to
the statistic achieved in the case of E373.

Based on these analyses, we observed seven DLH
events and six XH candidates. We analyzed all of
them in detail, that is, we measured the angle and
length of the tracks with sub-um spatial resolution, and
evaluated conservation laws and kinematic consistency
to identify their production and decay process.

Fig. 6 shows a DLH event named “MINO event”

10

. . . 11
which is a production event of © A A Be, = A A Be, or

an excited state of ¥ 1, Be via = ~ capture by a O
nucleus. B aa, the binding energy of two A is measured
to be 1505 £ 0.0%uuing = 0074, 1907 = 008 = 0.07,
or 13.68 £ 0.08 = 0.07MeV, respectively. The most
probable interpretation was found to be * A A Be from
a kinematic analysis. Thus, we obtain new example of
DLH and quantitative data to validate the A/ interaction.
The detail of the analysis is reported in Prog. Theor.
Exp. Phys. [6].

Fig. 7. shows a XH event named “IBUKI event”
which is a production event of ®-C via Z ~ capture

" Be and

by a “N nucleus and decay of ® = C into
>, He. Both daughter nuclei were identified to be in
the ground state in the decay of * = C according to an
energy calculation. Therefore, this event is the first
observation of an unequivocal XH event without large
uncertainty of excited energies of the daughter nuclei.
Bz -, the binding energy of = , and its uncertainty
were measured as about 1MeV and 0.2MeV,
respectively. As this event is the second candidate of

5. C, one can discuss the bound state of = ~ and its
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Fig. 5 Schematic drawing of "Hybrid emulsion method.”

E ~ particles produced via the 'K~ +p = K"+ =2
reaction are searched for in the first emulsion sheet.
Thanks to the prediction, the search area is limited to
about 0.4*0.4mm?. The tracks found are followed to the
stop point, and finally, DH events are observed there.
Under the current criterion, about 400 tracks in a
module are followed at once.

v — 2 MEENE 2016 4F 6 H & 2017 4 4-6 HiZfTb N &
L7z, BRED 2 — i [ 4= N—] EZDIT74EARI
BB L. RICRE SN D [HRi#E) U— 2R 0%
FEDS 10°%/em® K27 % £ ) I LT OBH SRS
V—2zBELELA 1BV 2L CE— L1
BIEERIEH 6 BRI C, A BFOEICHREY 2 -V %
L, TNELSEEYRLE L, 29 LTHKAIE
ST D 12, 118 F Y 2 — )L #1500 B DELARIZ 47
WNA NR—=FRIE %R0 L F L7z, BROBE TR
201842 HICET LE L7z,

S5NTVBRE )

AR A A TH R ICRESR S N2 TN =D
FEEZ B L T E 3, 20184 11 AIRTE. BT L 72
EOR T ORI ER B E07 EBROFE &EO 2 #12H
720, T EST3 EBROMBOMETE L 2D F L7

FAZHEEITOMNI T, THOFTTIVIT LT NA
IS—HEHERE 6 BIO T A NA =Kt L E L
7oo B SN72HRIIERBORSRMEL 01 I 70
CHEALOREECHIE L. SEOAR & O G EE %
HOAATHET LT,

INSDOFPLHEAIEFig 6 1IRT LI BT TINVT A
TNANR=BFLZORTIZEH L E LA (MINO A N
v hEwm). :@%%%cizf*ﬁ%ﬁxﬁw\ 16 JEF A% 1B
&, 4 aBes MaaBes HBWIE, 40 Be OFpEEIR
LR L -BREGPDEL. SNOOEEFHE
L AKF 25O FBI AN F— (B ) w5tET5 L.
FNENDOHE T 1505 + 0.0%tine = 0.07syst. 19.07 = 0.08
£ 007, HBH\iE, 1368 = 008 = 007MeV 720 F L
720 TOHRTLEEIFEM RIS L > T anBe 2D
BLWEFHIILE LAz T LTHARTTIVT LATN
Ao L &b, TOEEDS AR TR
TERZFET A EEN G ERT - 2o F L, Z
DEZRO[EERCHMIL. Prog. Theor. Exp. Phys. #1245
WINFEL7[6],

T2 A4 Fig 7TIWCRT X 7 FANAN—HHE
e LI L IBUKIANY b E@g), 20
FULE MFPER MEFZICTIN SN, TS
=B Ceirh, 2003 v VT AT NA IS—F,

January 2019

width, quantum mechanical uncertainty of the state.
The detail of the analysis will be reported in 2019.

4. Perspectives )

We will continue with event hunting to detect more
identifiable DH events. In E07, approximately 10* DH
events are expected. We expect that further new
events and new nuclides are observed in the near
future. The result will powerfully promote the studies
of AA and = N interactions.

Moreover, we aim to measure X-rays from = atoms,
which are formed after the capture of = by nuclel
contained in the emulsion, by using a Germanium
detector array. The X-ray spectrum will provide
information on the interaction between = ~ and nuclei
X-ray event selection is being performed using a
combination of multiple detectors and finally by
confirming whether the =~ s are certainly stopped by
the emulsion sheet.

In the J-PARC, several additional experiments to
investigate double strangeness systems are planned
as E03, E42, and E70. Furthermore, study of the
hadron-hadron interaction has been conducted via
multiple approaches, such as theoretical calculations,
heavy-ion collisions, and observation of neutron stars.
We will provide impactful data as pioneers of the

double strangeness system with the unique “emulsion

technique.”
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Fig. 6 Schematic drawing of a DLH event named "MINO
event’
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Fig. 7 Schematic drawing of a XH event named “IBUKI
event’
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