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1. Status on KNNN
2. Preliminary result of K- +*He - A+d+n
3. Future detailed investigation of the KNNN (J-PARC E8O)

4. Possible strategy to study heviear kaonic nuclei beyond KNNN



“‘“KNN” in J-PARC E15
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. Exclusive measurement of all the final state particles in a wide g region
- We have found a way to effectively observe a kaonic nucleus



Need further investigation

to establish kaonic nuclel

« A(1405) state
— K N qusi-bound state as considered? w
— Relation between KN and KNN K'p

. Further details of the K NN

— Spin and parity of the “K-pp” “

— Really compact and dense system?

» e Heavier kaonic nuclei

— Mass number dependence

— Interplay between KN & NN
— Modification of clustering in core nuclei

« Double kaonic nuclei?

— Much compact and dense system?



KNNN: Theoretical situaion

Not a complete list. sorry:--

1~
I(Jp) — O(_ ) AY: PRC65(2002)044005, PLB535(2002)70.
2 WG: PRC79(2009)01400T1.
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OHHMH: PRC95(2017)065202.

50— | @AY Binding 120 Width
. | B WG Energy - (mesonic-only)
E 200 | 4 BGL "’"'f
= | ¥ OHHMH w5 ol
5 150~ |9 E15-2nd s
S 100 = i
E 40—
= - e
50—
20— —
0—— — 0—— —
KNNNN KNN 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



Preliminary result
of the KNNN search



Our approach

K- 3He 1178 39 (n)
- reaction K PP
J-PARC E15 O + — +
~1 GeV/c /\ ~1 GeV/c
A p
add one neutron @ O o
K_ 4He “K_ppn!! (n)

E ‘ reaction
-
JPARCT77/E80 O+ < > (P

/\O/\ ’d
decay branch unknown

Use in-flight (K-,n) reaction, just as successful J-PARC E15



A dn event selection

S © © o o o
A D O NN DM O 00

o
o

Momentum x Charge (GeV/c)

|
—_

D A S s L 4 i S Pos 109 1. 1 111112 1.13 1.14 1.15

N\ reconstruction

deuteron ID

CDC track curvature &
CDH time of flight

w/ vertex consistency cut
w/ plpd mlssmg mass cut

120F

1oo_

80|

N\

- N\ —
NN
NN

— AN ]
NN

- NN -
NN
NN

- AN —

NN
NN

- NN -
NN
NN

— NN —
NN
NN

- NN —
NN

NN _

20|

Mass squared (GeV/c?) pn- (GeV/C )

only 3-day data!

Missing neutron ID

180F

160

140
120
100
80
60
40
20

8.4

w/ vertex consistency cut

w/ lambda mass Cut

 final sample

NN
ANNN

NN
NN\
NN
NN
NN

\\\\\\
NN
NN
NRNRN
NN
AN
\\\\\

\\\\\
\\\\\
\\\\\

406 08

. \dn final states are identified with a good purity
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. ~20% contamination from >'dn/>dp
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Prel l m l na ry resu It before acceptance correction

E15: Ap (~42x10° K°) T77: Nd (~6x10° K°)
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- Two disributions are quite similar
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Model functions

from T. Yamaga's slide
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. From E1b functions, simply shift the mass by 1 nucleon mass
. Shapes of the “quasi-free” and “broad” distributions are fixed by E15 results.
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Preliminary result

“KNNN” Breit-Wigner wtih Gaus. form factor
Broad BG and QF-K-shape from E15 PRC
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Preliminary result

“KNNN" Breit-Wigner wtih Gaus. form factor

so_ﬂ': """""""""""""" 4 Broad BG and QF-K- shape from E15 PRC
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Preliminary result

177 preliminary
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. The binding energy is compatible with some 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.



Status on KNNN

. The 1sospin of the observed state is uniquely assinged as =0
from the its decay to A(I = 0) d(I = 0), but how about spin-parity?

. JP=1/2- assuming all the consistuents are in S-wave
KENNN (I=0, JP = 1/27)

. X*NN (I =0, JP =3/2%) possibility still remains

- We need more data
. To compare with KNN in ET15
. to study other decay mode: KNNN — Apn,zXd, n¥pn,

. peak position, branching ratio, -
- |I=1 component could be contaminated

- to study I=1 state via (K-, p) reaction

15



Further experiment on KNNN
(J-PARC E80)
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J-PARC EBO with a new spectrometer |

- x3 longer CDC: solid angle 59%—93%
- 3-layer barrel NC: neutron efficiency 3%—15%
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Acceptance for K- +*He — Ad +n
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. large kinematical-region coverage & x2 acceptance



Expected spectrum @ 90 kW x 3 weeks }
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O pt/ pt
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Improvement in resolution with VFT
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. Z-vertex resolution ~7/mm — ~1mm

. X2 better momentum & mass resolution
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AV separation might be possible

J-PARC E15 data MC with VFT
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- Resotluion would be improved ~40 MeV — ~ 25 MeV
. We expect different structure in myo, (I=1) because KNNN — Ad (1=0)



Acceptance for K~ +*He — Apn +n
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0.03

—0.02

—0.01

. Still, one order of magnitude smaller compared with Adn



Expected spectra
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@ 3 weeks, 90kW
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K-+4He—> Apn+n
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v Clear peak would be observed for both modes

v Peak positions etc. should be carefully compared
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decay

ION KNNN — Apn

Spacial informat

P. Kienle et al., Physics Letters B 632 (20006) 187-191
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. If KNNN — Apn is 2NA process, spectator momentum would

reflect the system size.

- However, we cannot detect low-momentum protons:---



Heviear systems



Predictions

kaonic nuclei(J™,T)

KNNNN(0~,1/2)|B.E. (MeV) 60.8 93.2

1Y. Kanada-En’yo )
resern
EPJA 57, 185 (2021) .
UN (fm—Q) 0.16 0.25

S. Ohnishi et al.
PRC 95, 065202 (2017).

TABLE VIII. Properties of the %Li system with J* = 0.

26

RNN (fm) 1.77 1.41
R~ f 217 1.73
L ) gy (fm) y

TART L X7 Properties of the }He system with J* = 0.

;‘ZHe(O_)

%LI(O_) Kyoto AY
Type 1 Type 11
B (MeV) 69.8 79.7 103
' MeV) 23.7 75.6 88.0
TABLE IX. Properties of the %He system with J* = 0.
6 H —_ Kyoto AY
-He(07)
K Type I Type II
B (MeV) 70.6 80.0 103
' MeV) 23.9 75.5 88.0

TART E Y Properties of the %Li system with J* = 17.

oLi(17)

Kyoto AY Kyoto AY
Type I Type 11 Type 1 Type 11
B (MeV) 67.9 72.7 85.2 B (MeV) 70.8 77.5 92.9
[' (MeV) 28.3 74.1 86.5 I' (MeV) 26.4 75.2 88.0
TABLE VI. Properties of the LI%H system with J* = 0. TABLE XI. Properties of the %He system with J* = 17.
4;H(O_) Kyoto AY 6 He( 1 —) Kyoto AY
K K
Type 1 Type 11 Type I Type I
B (MeV) 69.6 75.5 87.4 B MeV) 72.8 80.7 95.6
' (MeV) 28.0 74.5 87.2 I (MeV) 26.0 75.6 88.5



Experimental strategy
KNNNN d

K-+ 6L —> O

\V At/ Adn/Apnn/nt. ..
KNNNNNN p/n

—

K-+7Li  —>

\o Ap+X/I2Z+X...

.- Exclusive analysis by detecting all the decay product becomes
more and more difficult with increasing mass number.

. Instead, detect forward knock-out nucleons with hyperon tag

27



Experimental strategy
RNNNN @D

K-+ 6Li —> o

N (At/(Rdn/Aprn /Sy . .
KNNNNNN

K-+7Li  —>

o AD+XIED+X...

.- Exclusive analysis by detecting all the decay product becomes
more and more difficult with increasing mass number.

. Instead, detect forward knock-out nucleons with hyperon tag

27
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(K-, N) at forward angle

E15 semi-inclusive E15 exclusive (Apn)
e PTEP 2015, 061DO01 (2015). PhyS Rev C] OZ 044002(2020)
0T —T T 1 100 —— | LN I
g tif CIoCHBE |y semiancuave 1 | g <03Gve [y 03<a <006
o% . 3| SHe(K-, n)X sl o 1 + data i
<>f.< ;1205— . * \ 6,=0 ERE fit total ]
= = 100F o | PP = 0 — KNN—Ap -
a E, 802— é ’ backscalftel;'ing r g i r KNN fzop |
g _g 60;— S .’ (0::3 ell) _ h§40__ quasi-free
T pF A 1 o [
E Yt ] ook
20 - 3 .
ok LN I R T R N N
2.0 2.2 2.4 2.6 2.8 3.0
M, [GeV/c?]

bound state??

- In semi-inclusive spectrum at forward angle, we clearly see
the quasi-free peak but cannot isolate the bound state.

. The situation does not change in Apn exclusive analysis
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Possible setup

~4 m ~bm
< > < H >

CapTOF 8-~20°

Superconducting solenoid magnet (< 1 T)

ForwardTOF

/ 0~6°

- large-q region would be better to isolate the bound state.
- Wide angular acceptance to study g-dependence.
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Possible setup

~4 m ~bm
< > < H >

CapTOF 8-~20°

Superconducting solenoid magnet (< 1 T)

—
N
i

(GeV/c)
b

—
I|II

q
o Ad
(0]
T T

tinETH

9 3 313233343536373839
m, (GeV/c)

- large-q region would be better to isolate the bound state.
- Wide angular acceptance to study g-dependence.



Expected resolution

LtoF (M) time resolution (ps) | mass resolution (MeV)
E15 NC 14 150 10
"""""""" Cap | =2 | 100 |  s0
~ Forward | 7 150 | 20

30



Mass resolution (MeV)

Expected resolution

Ltor (M) time resolution (ps) | mass resolution (MeV)

E15 NC 14 150 10

Cap 2 100 50

Forward 7 150 20

FL:150 cm, TOF resol: 80 ps, angle: 10 degree

60 g 01— T [ 7Tt -
—— K~ +%He-p + X o - -
50 - - K +5Lind + X % O'OQ‘H K~ +3He — An +@_;
(G 0.08F _ =
. S 0.07 H}l Simple MC =
5 0.06f} +H++ kinematic fit -
30 - ? 0.05F =
S t +++++ -
c0.04 +H —
20° £ 003 e 3
- ROI o, -
” % 0025 T e e
RO X+a 0.01E " T ]
- L L . T B R
300 —150 —100 —50 @ 50 100 130 200 22 2.3 2.4 2.3 2.6 2.7

Excitation energy (MeV)

. Moderate resolution ~50 MeV

can be improved to <20 MeV with a kinematic fit.

An mass (GeV/c?)

. Reasonable resolution to identify missing nucleon ~50 MeV
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(K-, N) vs. (K-, d)
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(K-,n), B.E. = 50 MeV

3He(K-,n), B.E. = 100 MeV

oLi(K-,d E. = 0 MeV

), B.
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- momentum transfer is large in (K-,d)

1.2
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g-cutin EI1b

. ho clear signal of quasi-elastic process *He(K, d)



Other merits with the forward counter

- We can reconstruct full reaction kinematics without
detecting one of the decay particle

- neutral paritcle

- low-momentum proton. (cf. spectator in decay)

_ - 44 ¢
K- +3He — RNN + n K~ 4+"He - KNNN +n

— ﬂZpS +n R Apns Tn
Anp, +n

Useful to analyze decay kinematics
and to understand background processes

32



, KN @Oy=0 =
- | S —
(K-, N) on Carbon | sEE | |,
5| B %
2. O
z o
“Semi”-Inclusive J -
Prog. Theor. Phys 118, 181 (2007). B S 2 AN
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n :
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) 220
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. The situation is similar to what we observed with a helium-3 target
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(K-, p) semi-exclusive in E42

figures from Y. Ichikawa
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. By-product of H-dibaryon search. under analysis---
. Resolution can be potentially improved as good as 1 MeV using S-2S, but
the acceptance is quite Iimited.

Complementary to the measurement
iIn wide angular coverage & moderate resolution
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Summary

. Investigation of heavier systems beyond KNN has been already started.
. We observed 4He(K-,Ad)n events, which would be signals of KNNN.

- We are constructing new large solenoid spectrometer
- large acceptance

- neutron detection capabillity

. additional forward counter would be useful

- Kaonic systems to be investigated includes
. KNNN — Ad, Apn,n2d, ... (J-PARC E8O)

. K~a via °Li(K~, d)
. K~ad via 'Li(K~, n)
. K~aa via °Be(K~, n)
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