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Abstract )

At J-PARC, we have studied hadron physics related
to strangeness.
pentaquark, neutron rich hypernuclei and kaonic nuclei
have been performed. We have found a candidate of the
kaonic nucleus, K pp. We have successfully carried out
R&D of detectors for high intensity beams at J-PARC
such as TPC. Theoretical studies on the properties and
structures of nuclear matter of high density stars were
also performed.

Three experiments to search for a

1. Background )

The major subject of the research proposal at
beginning was nuclear and hadronic experiments at
J-PARC, specifically s=—2 nuclear physics with high
intensity kaon beams. However, the damage by the big
earth quake and the radiation leak accident at J-PARC
Hadron Hall caused a big delay of the schedule of hadron
experiments. Therefore, experiments with a kaon beam
have not yet been done. At J-PARC, three experiments
on hadron physic were performed so far. They are 1)
search for a pentaquark 2) neutron rich hypernuclei 3)
kaonic nuclei. The results of the three experiments have
been published and all the first authors of the papers are
the members of our research group. We have made a
great contribution to the J-PARC hadron physics. We
have proposed new experiments such as a search for an
H-dibaryon. We have successfully obtained JSPS Grant-
in aid and R&D works and construction of new detectors
such as TPC is under progress.

We have participated RHIC-PHENIX experiment
at BNL under the US-Japan program for nuclear
physics, although it was not in the research plan in the
beginnings. The recent discovery of the neutron star
of two solar mass have attracted much attention to
nuclear matter at high density limit. We have studied the

HBERZ/—K Vol22 No.l

December 2014 50



51

300

200

Counts/MeV/c?

-y
o
o

L L L]

|
MR R

1.45 1.5 1.55 1.6
Missing mass [GeV/c?]

E1 wp—->K XRB®Omissing mass DAY KN

Fig.1 The missing mass spectrum for m~p > KX

BT iR BRI % 0.26 b/sr &R 72 (1, Zhide”
DIHEZIZIETHE T2 EDTH S,

(b) H TR A 23— % H DR

SHIFARORINRE LT EL ., BTrehiETo
W1 4 EpPETRFEINA S—ETd 0 fRid THURZE
Vo ZOMHEERIET 20 D2 OMERRAH D, 3
FROHERODT 2L OMEL H D, T ORI KD
bNn T\, ZZTK18¥ -4 T4 & SKSZAXRY b
OX—2—=%H0T - "Li—» K" X RIGIZ & 0 SH % %
TEEEEIT >, - 20HE)EIZ1.2 GeV/c T
b B

ZDRINEZ TILF v — DD D 72 8 4 B i
AN ENZ ERHENT W2, ZD0E — 455
107/spill ©F — &2 #HLB Z L HR® 5z, KA KR
Y — A TOEENHE L wire chamber 125 & D
& L CFiber tracker & silicon strip detector (SSD) % Ff
- BUEL. RARHIIZ 1.4 X 107/spill D ¥ — AFRE T O
FERIZH I L 720 F 72 PCA IS =KD AR ILER & 170,
FTRELULZBEDREINER SN TND T & HERL /2.
2 HED DY — 24 %4 LTS5 MN72 missing mass D
ARG P ER2ISRT, ESREOHEIZE b5
BahkhoHIZRHE T -2 idRohahr 7z, E
Belrmaifg o _EFREIX 1.2nb/sr & WS /NE X ThH B[2),

BEDR T Z TILF v — ORIEE 72 YLioA
78— K% DA R R Tid 10nb/sr LL_E DA B RE 235 6
NTHBEDT, 4 DHPIZHOFEICERM %2 RT3
LDTH %, PHERFTEIE H O ISR RE 0 HIE il % L UE
ELTHAFRMET 22 EI EHLE TS, L2LT
DOHIBRRED FAICHEM A FERERERE I T
T, ZOHIGIRRED AT I35 I IIHMEE L T Fe4
DFEFIT Z O H O ILIGIREDFAEIZ L B 4 29 5 &
DTH 5B,

(c) KT K pp OHFFE
KL OMEAERNESININTSH 2 ZEPRSENRT

HBRIZ /— K~ Vol.22 No.1 December 2014

nuclear physics at high density both theoretically and
experimentally. We have organized a working group
and studied a possible plan of the acceleration of heavy
ions at J-PARC and experiments on high density nuclear
matter.

2. Contents of the study )

(1) Hadron physics experiments at J-PARC
(a) Search for a pentaquark ©

The existence of the pentaquark ©® * is still
controversial. If it exists, its width is considered to be
small. The K1.8 beam line and SKS spectrometers
provide the best mass resolution in the world. The
experiment searched for ® © with the mass resolution
of 1.4 MeV (FWHM) and with high statistics. With
use of the 1.92 GeV/c pion beam, we measured T-p—
KX reaction. In the missing mass spectrum (Fig.1), we
found no peak structure of ®" and the upper limit of the
production cross section was obtained to be 0.26 :b/sr
[1]. This result strongly suggested non-existence of © .

(b) Search for a neutron rich hypernucleus {H

A hypernucleus {H is the heaviest hydrogen isotope.
It is extremely neutron rich since the proton to neutron
ratio is 1:4. Several theoretical calculations suggested
that §H is bound or a state very near the threshold and
observation of a few events of {H was recently reported.
The confirmation was very much awaited. We have
performed the experiment E10 to observe $H by using
- °Li—K "X reaction with K1.8 beam line and SKS
spectrometers at a pion beam momentum of 1.2 GeV/c.

The cross section is very small because it is a double-
charge exchange reaction. The beam intensity of
107/spill is necessary to obtain sufficient data. We have
developed and constructed fiber trackers and silicon strip
detectors (SSD) to replace wire chambers which cannot
be operated under such high intensity. We have finally
succeeded to take data at the pion beam intensity of 1.4
x10/spill. We have also confirmed that the sufficient
mass resolution was achieved by measuring the 2C
hypernucleus. The missing mass spectra obtained during
about two weeks are shown in Fig.2. In spite of high
statistics measurement, no peak structure of §H was
observed. The upper limit of the production cross section
is as small as 1.2nb/sr [2].

In the past similar experiment of double-charge
reaction to produce 'SLi hypernuclei, the production
cross section was found to be more than 10nb/sr.
Therefore, our result is inconsistent with the existence of
¢H. Theoretical calculations on the binding energy of SH
are based on the reported value of H resonance energy.
However, there are also reports which did not find
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any “H resonance. The existence of *H is not yet fully
confirmed. The present result gives a question about the
existence of *H resonance.

(¢) Search for kaonic nuclei K pp

The interaction of a K™meson and a proton is known
to be attractive and the A (1405) hyperon is considered
as a K™p bound state. This fact leads to the prediction
of the bound states of a K meson and nuclei, so called
kaonic nuclei. However, the widths are very large and
the experimental confirmation of its existence was very
difficult for most nuclei. It is important to study the most
simple kaonic nucleus which is the K pp state. There
are two reports which claimed the observation of K pp
state in the past. However, the measurements are not
consistent and the mass, width and even its existence is
still controversial.

We have carried out an experiment to search for the
K pp state through n°d—K * X reaction with use of
K1.8 beam line and SKS spectrometers at the pion beam
momentum of 1.69 GeV/c. In order to improve the S/N
ratio for the K “pp state, range counters were constructed
and located around a deuterium target to detect decay
particles from the K pp state. The analysis of the
inclusive reaction has been completed and recently
published [3].

The obtained missing mass spectrum of the inclusive
reaction is shown in Fig.3a together with the simulation
calculation based on known cross sections of two body
quasi-free reactions and Fermi momentum of nucleons
in a deuteron. The experimental data are well reproduced
by the calculation except in two regions. It is unexpected
and very interesting that the observed peak of Y*
production is largely shifted from the calculation. It may
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Fig.3a Missing mass spectrum for m*+d — K * X reaction

The data cannot be fitted by the simulation based on quasi-
free two body reactions at two mass regions.

HBER®/—K~ Vol22 No.1 December 2014 52



53 HERF./—K Vol22 No.l

fEUHCE L 72, Missing mass D 2 X2 hJUIZ 3 TIZfRMT
A& A Tt am U 2R L 72 (3],

o/ ZxT Pl 2R IR O Wik it & E1-H
Yo7V @it I —Y g VETERERE
X 3allnd . aFHEIE2 A& RO THEEMRE K< —
ML TWB, ARV HIBY OE -2l e K
EL AL T BDRIEFICHAVAIRTH 5, A (1405)
EDE ZATERMRINNTNSEZ &R L T
5XK51C 25, HEmMME 2/ -nd, 50L&
132130MeVICRENBSNAH AT E L THIGNE Y —
I CTHb, K3bITHAKZRT, ERIZESNOL ZW0
ERIREFZZ BN TR, RITITHMIREO TR S
HamEhTnws, ZOMEXZIhE TTRE IIEEED
FWlEE > TW5b, ARG TRl 720
BRI THOZETHD, ¥—rDfiLiizzhTh
2130.5 = 0.4(stat.) & 0.9(syst.) MeV & 5.3+1.4—1.2+0.6—
0.3 MeV &RF o572, ANESNHEAEHDORRIZHT 72
BF—R %52 5RTH B,

KppKREGAp E72 3 SpNHET HLEZLNBD
T, ZOREOHEEREEZHF 5121 DF721E2D
DETELY Y Yy 2 —CHIETIVERD S, H
HOMEEE R THR a4 VYTV ALEEED
missing mass D A X7 bIL &N L7z & Z A K pp IRFE
ElEbhZE—2 2@ UL 72 (X4), EERHETYT T
ICHE L. B A MERTH B,

1p tag Seg2,5

> 002
Z 0.018
£ 0.016
0.014
0.012
0.01
0.008}-
0.006}
0.004
0.002

G - 1 " A 1 ' 1
2 21 22 23 24 2.5 2.6
Missing Mass|[GeV]

L2 LAt aa e

|

T

b |

K4 BFEACVITFVALIEZD missing mass DANRY ML
K ppREEDE—UHRZ %,

Fig.4 The missing mass spectrum with proton coincidence
The peak is consistent with K pp state.
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suggest the importance of multi-body effect related to
the A(1405) production. Theoretical studies are awaited.

The other region is the existence of a peak structure
known as the N cusp at 2130 MeV. An expanded view
of the spectrum is shown in Fig.3b. The peak was long
considered as a cusp due to the XV threshold effect.
Recently the possible existence of a £V bound state is
discussed. The present measurement of the peak was
made with the best mass resolution. It should be noted
that the peak is observed in the inclusive reaction for the
first time. The values of the peak energy and width are
obtained as 2130.5+0.4 (sta.) £0.9 (syst.) MeV and 5.3+
1.4-1.2 (sta.) +0.6 — 0.3 (syst.) MeV. It provides new
input to the study of the AIN-ZN coupling interaction.

The K "pp state decays to Ap or Xp. In order to get
high sensitivity to the K pp state, it is necessary to
detect one or two protons with the range counters. We
have analyzed the missing mass spectra in coincidence
with one or two protons which satisfy the kinematical
condition of the decay from the K ~pp state. The ratio
of the missing mass spectrum with one proton and the
inclusive reaction is shown in Fig.4. A peak structure
which seems consistent with the K ~pp state has been
observed. The preliminary results were presented at
several international conferences and the paper is under
preparation.

(2) R&D of time projection chamber (TPC)

One of the objectives of our group is R&D of new
detectors which work properly at high intensity beams at
J-PARC. We have carried out R&D works of scintillation
fiber tracker (Fiber tracker), silicon strip detector (SSD)
and time projection chamber (TPC). The Fiber tracker
and SSD were constructed and used successfully in
the J-PARC E10 experiment. TPC is described in this
session.

TPC was designed to search for the H-dibaryon
through its decay to two A hyperons together with a
superconducting Helmholtz magnet. The detector is
suitable to detect hyperons such as A, which have mean
flight length of a few cm, with high precision and high
efficiency. The unique point of this TPC is that a target
is placed inside of TPC and beam particles go through
TPC. In order to enable this TPC, GEM is employed as
the electron multiplier with much less ion feedback.

We constructed a prototype GEM-TPC and performed
various test measurements with beta sources, a UV laser
as well as electron beams (ELPH) and proton beams
(RCNP) to study its performances. Through these tests,
we have confirmed that this GEM- TPC can be operated
up to 10%sec beam rate, which is an expected rate of
the kaon beam at J-PARC, without deteriorating the
performance such as position resolution and detection
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efficiency (Fig.5). We have also performed a long
term stability test. The detail of the results of the test
measurements are described in the paper [4]. According
to the results of the test measurements, we have designed
and constructed a TPC of full size. A picture taken when
a quarter of GEM was installed just above the 6000
readout pad sheet is shown in Fig.6.

(3) Theoretical studies of nuclear matter in neutron stars.
One of the most important problems in nuclear physics
is to understand the phase diagram of matter in the plane
of temperature and density. Basically, hadron phase
exists at low-temperature and low-density domain, and
quark-gluon phase otherwise. Recent studies, however,
gave rises to many phases in the precise phase diagram.

Since the first-principle lattice QCD calculation has
revealed a smooth crossover between the cold hadron
phase and the hot quark-gluon phase, much attention is
being paid to nuclear matter in the higher density regime
where the LQCD calculation is difficult.

Equation of state (EOS; relation between the pressure
and density) of nuclear matter is also a long-standing
subject. The correct EOS should be able to reproduce
the mass and radius of compact stars, particularly the
maximum mass had been known to be around 1.5 times
the solar mass (M, ) until a heavy neutron star with 2M,
was discovered. Since then, hadron or quark matter with
stiffer EOS is intensively searched for.

Concerned about the EOS of nuclear matter, the
treatment of phase transition is crucial. If one assumes
a simple uniform matter, there happens a discontinuity
of pressure at the phase transition. Considering
the coexistence of two phases makes the pressure
continuous. To get a correct EOS, however, it is
necessary to take into account the geometrical structures
of mixed phase. We have been studying theoretically to
understand such structures and their influences.

In the study of inhomogeneous structures of low-
density nuclear matter, often used is the Wigner-
Seitz approximation where geometrical symmetry is
assumed. Without employing this approximation, we
have carried out a mean-field calculation in the fully
three-dimensional space. First, in the case of nuclear
matter of supernovae, we have observed the appearance
of “pasta” structures (Fig. 7) [5], i.e., with increase
of density, the nuclear shape changes from spherical
droplets to cylindrical rod, planar slab, cylindrical tube,
and spherical bubble before changing into uniform
matter. We have also found that at some density region
there appears a face-centered lattice of nuclei [6], which
is against the common agreement that only a body-
centered lattice appears which minimize the Coulomb
energy.
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We have investigated the inhomogeneous structures
of matter in proto-neutron stars with trapped neutrinos.
The presence of neutrino was found to enhance the
appearance of pasta structures. For higher densities, we
have studied the structure and property of matter with
kaon condensation, multi-kaonic nuclei, and EOS of
quark-hadron mixed phase. We have proposed an EOS
of quark matter which sustains heavy neutron stars with
twice the solar mass.

3. Importance of the result and its impact )

‘We have obtained the important results from the three
experiments at J-PARC. Among them, the evidence
of the K "pp state found in our experiment has a great
impact on the existence of the kaonic nuclei. Nuclear
matter involving mesons was not established concept
and it is a new state of nuclear matter. The existence of
kaonic nuclei will provide a new paradigm in nuclear
and hadronic physics, if it is established. It is also very
much related to the nuclear matter of neutron stars and
astrophysics.

The development of TPC which has an internal
target and can be operated under a high beam rate was
successfully carried out. This TPC makes it possible
to increase the detection sensitivity of various reactions
by order of 10° compared to the bubble chambers which
played a major role in particle physics 50 years ago. It
will give a new paradigm for J-PARC hadron physics
especially that needs to detect hyperons with a flight
length of a few cm.

Inhomogeneous mixed phase “pasta” is expected
to appear in low-density nuclear matter, meson
condensation at higher densities, and quark
deconfinement. It is now considered as a very general
form of mixed phases and its significance is increasing
in obtaining the EOS. In this situation, our calculation of
“pasta” structures without any assumption of structure is
very important.

4. Perspectives )

The schedule of hadron physics experiments at
J-PARC is unfortunately long delayed by the big earth
quake and the radiation leak accident at the Hadron
Hall. However, the studies of s=—2 strangeness nuclear
physics with kaon beams such as the searches for double
hypernuclei and H-dibaryon will start in 2015. They
were considered as the high priority programs at the
beginning of the J-PARC operation. We try to discover
new quark and nuclear matter such as exotic hadrons
and s=—2 hypernuclei with help of world highest kaon
beams of J-PARC and with new detectors such as GEM-
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BONNZAREEDIHAPHER I N2 Z L IZHETH 5,

SHOFE )
IhETHREENS, KERKSNHFa Y A—LTOIK
HRER NEMD 7= P Y EERZ T ELD KX ER
TWb, LA LREED S ZAKDOELMETDH 572K
HRITE— 2% HOWE, X TANAIS—EERHL AN
FUVEREEDA ML VY X As=— 2 DEMPLOWFZE
NECEB, SHRISINFETHIELTEZLTPCEED
B LR 2 2B LT, J-PARC TR 2 AR X h
TE7-KRBEKPHTE—22H0T, HiLvzFy
F oo ROYRETANA IS5 EDH LT + —
I WER A O TR A BT,

VLS B RS E O R A p e S RS R X < B
HMLTKZATEHAHED W5, 4 I1ZJ-PARCTD
EALVONEIZL D, HizmnFa vyl L CEE
FEREIE D78 % e 37X < Z DHERITFE & & 5 I2HED
BVHETH D,

TPC which we have developed in the past five years.

Recently high density nuclear matter has attracted a
lot of attention in relation with phase diagram of nuclear/
quark matter and neutron stars. We plan to further extend
the current preparatory studies on the acceleration of
heavy ions and heavy ion collisions at J-PARC. It will
open a new field, physics of high density matter, in
nuclear and hadronic physics at J-PARC.

2EZX#k References

[1] K.Shirotori et al., Phys. Rev. Lett. 109, 132002 (2012) .

[2] H.Sugimura et al., Phys. Lett. B729, 39 (2014).

[3] Y.Ichikawa et al., Prog. Theor. Exp Phys. 2014 10ID03
(2014).

[4] H.Sako et al., Nucl. Instr. & Methods A763, 65 (2014)

[5] M.Okamoto et al., Phys. Lett. B713, 284 (2012).

[6] M.Okamoto et al., Phys. Rev. C88, 025801 (2013).

HBERZ/—K Vol22 No.l

December 2014 56



	納品用_基礎科学ノート37_Part53
	納品用_基礎科学ノート37_Part54
	納品用_基礎科学ノート37_Part55
	納品用_基礎科学ノート37_Part56
	納品用_基礎科学ノート37_Part57
	納品用_基礎科学ノート37_Part58
	納品用_基礎科学ノート37_Part59

