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Meson In nuclel

meson: quark-antiquark (gq) pair

- In nuclel, mesons are viatual particles
and form nuclear potential "
(Yukawa theorem)

. eson
- In vacuum, mesons are real particles

having own Intrinsic masses
(cf. meson beam)

Can meson be a constituent particle forming nuclei?

If yes, how do meson and core nucleus change?

We would like to experimentally establish such exotic nucleli



Kaonic huclel
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. Strong attraction in |=0 from scattering and X-ray experiements.

. A(1405) = KN molucle picture is now widely accepted

Why not kaonic nucleus with additional nucleons?




Width (MeV)

The simplest one: KNN(I = 1/2, J* =07) |
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theoretical studies [PPNP 112 (2020) 103770]
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- FINUDA: (K3, ot AP)

- DISTO: pp — ApK™
- J-PARC E27: d(=*, KH)X

Null results

- LEPS: p(y, =KX

- HADES: pp - ApK*

- AMADEUS: C(K;,,pear AP)

. Theoretical calculations agree on the existence of KNN,

but B.E. and I' depend on the KN interaction models.

. No conclusive experimental evidence so far.



Mass number dependence

Not a complete list. sorry---

KNNN I(Jp) . 0(1/2—) AY: PRC65(2002)044005, PLB535(2002)70.
- WG: PRC79(2009)01400T1.
BGL: PLB712(2012)132.
OHHMH: PRC95(2017)065202.

250 | @ AY Binding 120l Width
_ WG Energy © g (mesonic-only)
% 200 |4 BGL 1001~ *
< v OHHMH |2
;;f 150~ |+ E15-2nd | =
o -~ =
w | " s oo & s .
E 100 - = R N
W *ﬁ___..----”’ 20— — _—"
] [
A o - |
o' - - o . .
KNN KNNN KNNNN KNN KNNN KNNNN

Larger binding than KNN and similar width are predicted.



KNNN: Experimental situaion
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. Some experimental searches in 2000s. No conclusive result.

- multi-N absorptions hide bound-state signals in Stop-K



Our approach: in-flight (K-, n)

small recoll
) ~ 200 MeV/c
K 3He (11 K_pp”
? reaction
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Most of background processes can be kinematically separated.

Hyperon decays and multi-nucleon absorption reactions

. Simplest target allow exclusive analysis.



J-PARC K1.8BR

primary
proton beam

- Relatively short beamline suitable for low-momentum K- beam






Experiments @ J-PARC K1.8BR
. E15: KNN search “ K-pp

. 1st data taking in 201 3: forward-neutron PTEP (2015) 061D01, Ap PTEP (2016) 051DO01.

. E31: A(1405) spectroscopy via d(K~, n) w A(1405) (K-p)

. data taking in 2018: arXiv:2209.08254

. E57: Kaonic hydrogen/deuterium 1s with SDDs -

. test experiment in 2019

. E62: Kaonic helium-3/4 2p with TES
. data taking in 2018: PRL 128, 112503 (2022).

- E73/T77: lifetime measurement of light hypernuclei

. [test data in 2020(4He) [2021 (3He)

4 E80: KNNN study

1 P89: KNN spin-parity


https://arxiv.org/abs/2209.08254

I(ﬁ) = 1/207),, =+ 1/2
in "He(K~, Ap)n

PHYSICAL REVIEW C 102, 044002 (2020)

Observation of a KNN bound state in the *He(K~, Ap)n reaction

T. Yamaga,'>" S. Ajimura,” H. Asano,! G. Beer,> H. Bhang,* M. Bragadireanu,’ P. Buehler,® L. Busso,”® M. Cargnelli,°
S. Choi,* C. Curceanu,’ S. Enomoto,!* H. Fujioka,15 Y. Fujiwara,]2 T. Fukuda,'? C. Guaraldo,’ T. Hashimoto,°
R. S. Hayano,12 T. Hiraiwa,? M. Tio,!* M. Tliescu,’ K. Inoue,? Y. Ishiguro,11 T. Ishikawa,'? S. Ishimoto,!* K. Itahashi,’
M. Iwai,'* M. Iwasaki,!'" K. Kanno,!? K. Kato,!! Y. Kato,! S. Kawasaki,'° P. Kienle,!%* H. Kou," Y. Ma,! J. Marton,®
Y. Matsuda,'” Y. Mizoi,'? O. Morra,” T. Nagae,11 H. Noumi,>!* H. Ohnishi,?? S. Okada,? H. Outa,' K. Piscicchia,**°
Y. Sada,”® A. Sakaguchi,'® F. Sakuma,! M. Sato,'* A. Scordo,” M. Sekimoto,'* H. Shi,® K. Shirotori,> D. Sirghi,”> F. Sirghi,”>
S. Suzuki,'* T. Suzuki,'? K. Tanida,?° H. Tatsuno,?' M. Tokuda,'> D. Tomono,? A. Toyoda,'* K. Tsukada,'®
O. Vazquez Doce,” !¢ E. Widmann,® T. Yamazaki,'>' H. Yim,'” Q. Zhang,' and J. Zmeskal®
(J-PARC E15 Collaboration)
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Apn event selection

K. Agari et. al., PTEP 2012, 02B011
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. Apn events are selected with
~80% purity.

. ~20% >%n/Z pp contamination



13

Obtained spectrum in J-PARC E15

bound region PRC102(2020)044002.
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Model functions

KNN production —,
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2D Fit for the “KNN’ state

0.3 < gx <0.6 GeV/c: Signals are well separated from other process

phase Breit Wigner form factor
space

Fit with PWIA o(M,q) x p(M,q)X
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= large binding energy = wide momentum transfer
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_I(Jp) = 0(1/27)

KNNN in *He(K~, Ad)n

Helium-4 data with the E15 setup as a test experiment in 2020
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J-PARC ETSvs T/77 @ K1.8BR

We already have small dataset with 4He target

J-PARC E15@2015 J-PARC T77@2020
42G K-on3He 60G K- on 4He only 3 days!
r
(|) o 500 mm T
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col_
i I I \ —[ |
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e = @ o | II PbF2
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- The same cylindrical detector system ‘He(K~, 2°)4H

+ forward calorimeter in T/ 7 for lifetime measurements of hypernuclel
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A dn event selection

deuteron ID N\ reconstruction Missing neutron ID
CDC track curvature & w/ vertex consistency cut w/ vertex consistency cut
CDH time of flight w/ pipd missing mass cut w/ lambda mass cut
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. A\dn final states are identified with a good purity
by considering kinematical & topological consistensies

~20% contamination from 29dn/2-dp



KNNN Preliminar result
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- Two disributions are quite similar
. structure below the threshold, QF-K-, and broad background
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KNNN: Preliminary result

2D fit on the (M,q) space with simlar shapes to E15b:
“KNNN" Breit-Wigner wtlh Gaus. form factor, Broad BG and QF-K-
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Preliminary result

Binding Energy (MeV)
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T77 preliminary

20| | @ AY Binding 10l Width
WG Energy C
2001 |4 BGL 1001~ *
Y OHHMH . > e -
1501~ | J E15-2nd T = |
| - < 60 y
100 e =
! ,$ 40+
50 . R * = - - e
) e 20— T -
| A
o _ — B — _ _
KNN KNNN KNNNN KNN KNNN KNNNN

. The binding energy Is compatible with theoretical predictions

. “"KNNN" system might have larger binding than “KNN", although

we expect a large systematic error 10~20 MeV.

. Expereimental width is larger than theoretical predictions.
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Comparison with Sekihara calc.

0 T. Sekihara, E. Oset, and A. Ramos, JPSCP 26 (2019) 023009

mg + 2my Theory (A) e
Theory (B) ---
Exp.(all-BG) —@—

n(py) pP@E,) APy)
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- Good agreement in the mass spectrum.
(although 1t failed to explain experimental g spectrum)

. Detailed comparison with theoretical spectrum is important



What's next?

Now we know how to produce “kaonic nuclei”
. Determine spin-parity of the observed KNN state (J-PARC P89)

. Spin-spin correlation between Ap:. need polarimeters

: Comparison with the isospin partner (An)
JP =0

) ] = 1" ~
p expected to be expected to be

deep shallow
$¢ L s S ¢¢ = s |IKN=O|2 3 ¢¢ A |IKN:0|2 _1
Ko 2 ZT Y

|IKN:1| |IKN—1| 3
KNN:I=1/2: Isn=1,Sxw=0,Lk=0 ) KNN 1=1/2: Inn=0,Snn=1,Lk=0 D

or 2*N [I(JP) = 1/2(2%)
. Confirm KNNN [I(J?) = 0(1/27)] and study its property (J-PARC E80)

. Apn in addition to the Ad decay mode

. X 7pp [IJP) = 0(3/27)] possibility should be considered

. Heaviear kaonic nuclel, doulbe kaonic nuclel, ---
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J-PARC EBO with a new spectrometer |

new CDS

E15 CDS

. About 10 times volume
. We got a large budget, R I#EEE (P.l.: M. lwasaki, JFY2022—JFY2026)




New spectrometer

4050

A

Superconducting solenoid (< 1T)

3280

~ cDC oNe
. X3 longer CDC: solid angle 59%—93%

. 3-layer barrel NC (CNC): neutron efficiency 3%—15%

. polalimeter trackers between CNCs in future

- VFT to improve z-vertex & momentum resolution

25



Acceptance

2
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large kinematical-region coverage & better acceptance
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Expected yields

= 0 X \bmm X \f(nqm‘ X €,

€ —

ENAQ X €trigger X €beam X €fiducial X -9.,(_’,,']‘)3 X ECDS

e N .., = 100 G K- on target

« MR beam power of 90 kW
« 3 weeks data taking (90% up-time)

O'(K_ppn) . Br(Ad) ~ 3 ub
O'(K‘ppn) . Br(Apn) ~5 ub
from the T77 preliminary result and an assumption

* N(K-ppn—=>Ad) ~ 1.2 x 104

* N(K-ppn—=>Apn) ~ 1.5 x 103

o c.f. 1.7 x 103 “K-pp” > Ap accumulated
in E15-2nd (40 G K-)

27

Ad / Apn
o(K-ppn)*Br 5ub
N(K- on target) (100G X ~20
N(target) 2.56 x 1023
¢(DAQ) 0.92
e(trigger) 0.98
¢(beam) 0.72
Q(CDC) 0.23/0.059 X ~2
£(CDC) 0.6/0.3
N(K-ppn) 12k / 1.5k

v ~ 40 times more Ad events than existing datain T77

v Similar number of Apn events to Ap in E15



Expected spectra
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@ 3 weeks, 90kW

K-+4He—> Apn+n

M(K-ppn)
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v Clear peak would be observed for both modes



Heavier systems 10 Gev/e

-,n), B.E. = 0 MeV ‘

—— 3He(K
0.7 1
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Knucl | reaction decay I et BE. = 00 they
S °Li(K-,d), B.E. = 0 MeV
/\t//\d / % 05 6Li(K-,d), B.E. = 50 MeV
. N e 6Li(K-,d), B.E. = 100 MeV
“K-a” | 6Li(K-, d) s -
/\pnn 3 0.4
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-
. . o 0.3
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O 0.2
_____________________________________________________________________________________________________________ o
7 99 0.1
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. Deuteron knock-out reaction has a larger momentum transfer
. — We would like test in ESO: 6Li(K-,d)"K-a ", 4He(K-,d) "KObarnn”

. Larger decay particle (like a) can not be detected by the CDS.
many-particle decay modes are also difficult to reconstruct.

. Forward knocked-out particle spectroscopy at relatively large angle
would be an altanative way



Schedule
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FY2OZE FY2023

FY2024 FY202% .
2026
Q1 Q2 Q3| Q4 Q1|Q2|Q3 Q4 01‘Q2|Q3 Q4 Q1 Q2 Q3 Q4
. . Purch . Installation &
SC Solenoid Design (Suécw?:) Construction ne aT:::" 5 :g: <
C. . w® k7] 0 A i

NC Design P(Lér:i:::)e Assembly Test & Commissioning ;% %—8 § p';ailé,;;:
CDC Design Construction Test & Commissioning = S e
K1.8BR Beam Line E73(CDC) > E72(HyoTPC) Experiments w E80 Experiment

Aiming to complete detector
construction in 4 years.
« Superconducting solenoid magnet
« CDC (cylindrical drift chamber)
« CNC (cylindrical neutron counter)
« K1.8BR area modification

HHES

- We plan to be ready by the end of JFY2025




Summary

- Anti-kaon could be a unique probe for hadron physics.
We are performing systematic experiments at J-PARC K1.8BR.

. KNN signals were observed in 3He(K-, Ap)n channel in J-PARC E15.

. Similar structure found in 4He(K-,Ad)n events as a by-product of J-
PARC T77 would include signals of KNNN.

- More systematic study from JFY2026 with a new spectrometer

. KNNN confirmation (J-PARC ES80)

. KNN spin-parity (J-PARC P89)

Kaonic nuclear state Is getting more solid

31
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J-PARC E8B0O/P89 collaboration

1. Asano K. Itahashi, M. Iwasaki, Y. Ma, R. Murayama, H. Outa, F. Sakumag,
T. Yamaga
RIKEN Cluster for Pioneering Research, RIKEN, Saitama, 351-0198, Japan

RIKZN K. Inoue, S. Kawasaki, H. Noumi, K. Shirotori
Research Center for Nuclear Physics (RCNP), Osaka University, Osaka, 567-0047, Japc

H. Ohnishi, Y. Sada, C. Yoshida RCNP

Research Center for Electron Photon Science (ELPH), Tohoku University, Sendai,
TQHOKU 982-0826, Japan

T. Hashimoto
Japan Atomic Energy Agency (JAEA), Ibaraki 319-1195, Japan @

M. Tio, S. Ishimoto, K. Ozawa, S. Suzuki

(D High Energy Accelerator Research Organization (KEK), Ibaraki, 305-0801, Japan

T. Akaishi
Department of Physics, Osaka University, Osaka, 560-0043, Japan

T. Nagae

Department of Physics, Kyoto University, Kyoto, 606-8502, Japan OSAKA UNIVERSITY

H. Fujioka
Department of Physics, Tokyo Institute of Technology, Tokyo, 152-8551, Japan
M. Bazzi, A. Clozza, C. Curceanu, C. Guaraldo, M. Iliescu, M. Miliucci, A. Scordo,

D. Sirghi, F. Sirghi Tokyo Tech
IN FN Laboratori Nazionali di Frascati dell” INFN, 1-00044 Frascati, Italy

P. Buehler, E. Widmann, J. Zmeskal
Stefan-Meyer-Institut fiir subatomare Physik, A-1090 Vienna, Austria

Istituto Nazionale di Fisica Nucleare

- We welcome new collaborators !

- Now 1 postdoc position is open at JAEA (deadline: Dec. 23)
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Fit result
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=% The whole 2D distribution is well reproduced.
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. K
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-~ = > ~0\\\\\)“0
-2 RSN
2l E Bound ;jmm}:\:\ * Momentum transfer analysis
] \\\ ~ \\ \ ° - °
- TS Tl Y using the (K’,n) reaction
— \\\ \\\\ 0
L \\:\ 8 N v M(Ap) vs. q
-0 S~o gy T T~—_064 _-dE & v'give a clear information on
_"\\\ \\\ T /\\Q‘\Q‘\ :
0.5_ o S~ :\\\ 5@9,/0.,//,_'\\@§ reaction processes
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q : momentum transfer of (K-,n)
M : invariant mass of Ap
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Similar to +nmiss

= The reaction could be understood as KNN production & quasi-free process
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would be O(10) times larger thanT

non—mesonic

mesonic

non—mesonic*

24 2.6 2.8
m_., (GeV/c?)
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Forward neutron semi-inclusive spectrum

Binding Energy [GeV]

Resolution o ~ 10 MeV/c2 @ threshold

03 02 01 0 102
160 ,\E ++ 130
1402— — Data g " DATA _525‘“g Quasi-elastic
1200 L BOgecay <t § 2 |K-+3He = K+ds +
122; gg;:_tral §§+ 25 K-+ 3He —» K-+ 2ps +
- accidentfFINUDA . H 0
SOF DISTO/E27 . -~ .= J10§ _— Hyperon decay
OF s _55 8 K-+ 3He — Y + 1i(m)() + 2Ns
20F T Y —2n+T
O EBEEHEREREE R
- _A'_' _ Deep-bound region
'§ - Kn—Kn — No significant peak
=F " Kp—Kgn set upper limit:
S - KN=An(m)(m) a few hundreds pb/sr
g e KN—Sa()() T = a few % of quasi-elastic K
== K N—=Y 7,NKn(xn),AK =
- : G ---"7 Just below the threshold
2_1 - 12.L1LU JZJ.ZL - l2.3 2-.4 - 25 | 2627 —Significant yield ~ 1 mb/sr

He(K',n)X missing mass (GeV/c?)

should include quasi-free A(1405)



