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Observed Shift was REPULSIVE!

Is KN interaction repulsive?
Coulomb + KN interaction
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Let’s study how atomic level shifts
depending on KN interaction.

Without KN interaction
(Veny = 0, Wiy = 0), Coulomb potential
forms K™ p atomic levels.
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Observed Shift was REPULSIVE!

Is KN interaction repulsive?
Coulomb + KN interaction

. r
(Gent gy ) exp ( Ry )

(Rgn = 1fm)
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Let’s study how atomic level shifts
depending on KN interaction.

Without KN interaction
(Veny = 0, Wiy = 0), Coulomb potential
forms K™ p atomic levels.

Each atomic level shifts downward as a function of
—Vien (at Wiy = 0) in a step-like function, and atomic
Is change its nature to be a nuclear ground state.

When switching on the absorption part Wz,

a level crossing happens and connects to
another level,

As a result, a wiggling pattern appears in energy levels
(red lines), and the nuclear bound state is branched and
separated from the atomic ground state.



Observed Shift was REPULSIVE!
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As a candidate of K p bound state, A(1405) is the most natural
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- Is it quark excited state of A baryon (qqq)?
A(1405) = KN ... a “molecule-like hadron composite”

KN

nZ

ni

R.H. Dalitz and S.F. Tuan, Ann. Phys., 3, 307 (1960)

¢+ supported by kaonic hydrogen data

Phys. Rev. Lett., 78, 3067 (1997)
~ ¢ supported by Lattice QCD

J.M.M. Hall et al., Phys. Rev. Lett. 114(2015)132002.
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A(1405)
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KNN bound state as multi-Baryon Hadronic-
Molecule / Cluster with Strangeness

T. Yamaga, S. Ajimura, H. Asano et.al., Phys. Rev. C 110, 014002 (2024)
T. Hashimoto, S. Ajimura, G. Beer, PTEP (2015) ptep/ptv076.

S. Ajimura, H. Asano, G. Beer et al. Phys. Lett. B789 (2019) 620.
T.Yamaga, S. Ajimura, H. Asano et al. Phys. Rev. C102 (2020) 044002.



J-PARC E15: “Kpp” Exploration

K- +°He (ppn)

knocking out n from 3He

(K"+pp) +n
substitute n in *He by K-
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J-PARC E15: “Kpp” Exploration

K- +3He (ppn

If “K pp” exits, a peak will be formed In invariant

mass spectrum below M(K~pp)

M(K™pp) = mg- + 2m,

K-+3He - (K=+pp) + n : formation
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substitute n in *He by K-



J-PARC E15: “Kpp” Exploration

K- +3He (ppn

knocking out n from 3He
by K-

(K™ +pp) +n
substitute n in *He by K-

If “K pp” exits, a peak will be formed In invariant
mass spectrum below M(K™pp)

M(K™pp) = mg- + 2m,
kinematically identified

- formation

(K~ +pp) ~(A+): decay (.
identified a—d particles
select K™ +°He — (A+p)+n events,
analyze mvarmntmss, Of (K~ + pp)-system
and{ momentum transfer 1} to the system

provides multl dlmensmnal klnematlcal mformatlon
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+n ' events Acceptance corrected event distribution on (M, q)
‘ reconstructed “KNN” mass (1) =

binding threshold

on (M, g)-plane

q-distribution: system size 10

— high-g capture happens if the
system is compact —

M-distribution: binding energy
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Phenomenological model fitting function 'Y
in (m, q)-plane

P : Lorentz-invariant phase-space
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PWIA based interpretation

(plane wave impulse approximation)

o (M, q) x p3p(M,q) X

Differential
cross section

(Fl(pp/z)2

(M - 1‘41(1)1))2 + (erp/z)

: xexp(

2

2
QK pp

|
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PWIA based interpretation

(plane wave impulse approximation)

o (M, q) « [p3s(M,q) X

Differential Lorentz invariant
cross section phase space (Apn)
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PWIA based interpretation ... timeintegrai

B.W. / Lorentzian

(plane wave impulse approximation) 2
erp/z qz
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PWIA based interpretation

(plane wave impulse approximation)
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PWIA baSEd interpI'EtatiOn — from time integral — — from space integral — 1 1

B.W. / Lorentzian Gaussian form factor / structure factor
(plane wave impulse approximation) (FK /2)2 ,
PP q Fourier Transformation of S-
O (M q ) X P 3B(M ? C]) X 5 X eXp ( Q2 ] wave Harmonic Oscillator (HO)
Differential Lorentz invariant (M -M Kpp) T (F Kpp/ ) Kpp — from spatial integral —
cross section phase space (Apn) =
Invariant Mass Snectrum Momentum Transfer Spectrum E T P 2 3 r
80 | | ] VT T T T T T T T T T 11 =T
acceptance corrected 1= | ¢ data i acceptance corrected - L
701 03<¢g<06 |1l S |— Kpp— Ap I 2.27 <M <237 GeV/c? .
— GeV/c VIRE Kpp — 5°p i 114 ¢ data i -100
% 60 ® | —YyAp | | ¢ — Kpp— Ap
S |7 QF gnoap, 2 20k IBEK; : 0p —
> | p,&'p = 20 Kpp — 2'p /
2 T ] BG o | ¢ SyAp - -200 YA
S 40 ' + all S N — OFRnn-snp, 3% - /' Bg~50MeV
c | H+ = ; H BG - /" Ty ~60MeV
= : + — L _ -300 T. Yamazaki & Y. Akaishi,
§ 30} | ++ _ o * + all PLB 535 (2002) 70
s ® ! (S _ -
kS + \ ¢ +++ 3 ‘ + } " -
T 20} i - S \ + l :
° .+.H + | + ++ # \ + +#+ H++ + | i -400 Byp, ~ 50 MeV Qg ~400 MeV/c
10} » SN L, - fH 1 h + { - Ticpp ~ 100 MeV
, ' ¢ N N\ sooL o~ 260 MeV
2.1 2.2 2.3 2.5 2.6 0 1.0 B+ % hw ~ 435 MeV

0.5
q(Ap) [GeV/c]

2.4
M(Ap) [GeV/c?]

strong binding (l-(N attraction) wide momentum width ... could be quite compact ...
BKpp~4O MeV, erp ~100MeV QKpp~ 400 MeV/C ( Rl<PPN 0.6 fm (H°O') )



. * ,’ SR & -
- *9’5 .

¥ THE 23" INTERNATIONAL CONFERENCE ON
", FEW-BODY PROBLEMS IN PHYSICS (FB23)

Further analysis on other data 12
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Signal of KNNN ?

K-=+°He = (K" +pp) +n » K-+%He - (K" +ppn) +n
(K= +pp) 2 A+p (K=+ppn) 2 (A+p)+n

Preliminary data analysis for KNNN formatlon study utilizing , ‘He

lifetime measurement via K~ + “He — 7' + f\lHe reaction giving us
a very interesting result

.. Analyzed by T.Hashimoto 12
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K-4He - {Ad} + n AnalysIs (with the T77 Data)

Promising signal is observed!
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Promising signal is observed!
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K-4He - {Ad} + n AnalysIs (with the T77 Data)
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Promi sing signal IS observed! 1) Itsuggests kaonic nuclei exist more universally, not just in cases like K pp.
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K-4He - {Ad} + n AnalysIs (with the T77 Data)

13

Promi sing signal IS observed! 1) Itsuggests kaonic nuclei exist more universally, not just in cases like K pp.

2) Despite more nucleons absorbing the K meson, the width remains
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K-4He - {Ad} + h AnalysIsS (with the T77 Data)

Promi sing signal IS observed! 1) Itsuggests kaonic nuclei exist more universally, not just in cases like K pp.

2) Despite more nucleons absorbing the K meson, the width remains

X :: ﬂ. +:+ I | : unchanged, suggesting a near plateau.
% :: ++ 4 4 : HJF : 3) Inthe case of K ppn, isospin and spin-parity I(J*), has been fixed to be
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1(JP) of X in K-4He - X + n

Why I(JP) of the state would be 0(1/2-)?
Apn would be the major decay mode (relatively
easily identified in this channel)

1. “X”-2Ad decay mode is unique evidence of l.y» =0
1(JP) : A =0(1/2+), d = O(1+), k- = 1/2(0), 3He = 1/2(1/2+) , *He = 0(0*)



1(JP) of X in K-4He - X + n

p 2\9 BE (MeV)
Why I(JP) of the state would be 0(1/2-): O e
Apn would be the major decay mode (relatively MANAS
el o . o . . 27
easily identified in this channel)
1. “X”-2Ad decay mode is unique evidence of l.y» =0 MENN)
o 1(JP) : A=0(1/2%), d = O(1+), k- = 1/2(0), 3He = 1/2(1/2+) , *He = 0(0*) MOENN)
U
2. I “X"="K-ppn”, ) should be Jxopn=1/2, because Jynn must be 100
1/2 (two nucleons out of three are identical).
«  Most likely, it is “X”=“K-ppn”, in which K’s isospin anti-parallel 190 M(nANN)
coupling with NNN [I(J) =1/2(1/2)] in S-wave
»  Difficult to interpret as I*NN: 1) spin/isospin of NN [I(J) = 1(0)] part - - -
must flip to form deuteron [I(J) = 0(1)] without breaking the NN pair,
while 2) the energy release of 2*N = AN is much bigger than the 4 % A
binding energy of d. He d




Size of KNNN via Data?

One nucleon K absorption (1Nka):
K-+%He = (K~ +n)pp) +n
(== A)+pp) = = A + pp

Two nucleon K absorption (2Nga):
K-+%He = (K~ +ppn) +n
(K=+pp)n) = (A+p)+n
(K=+pn)p) = (A+n)+p

Three nucleon K absorption (3Nka):
K-+%He = (K~ +ppn) +n
(K"+pd) > A+d d=(pn
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Size of KNNN via Data?

One nucleon K absorption (1Nka):
K-+%He = (K~ +n)pp) +n
(== A)+pp) = = A + pp

Two nucleon K absorption (2Nga):
K-+%He = (K~ +ppn) +n
(K=+pp)n) = (A+p)+n
(K=+pn)p) = (A+n)+p

Three nucleon K absorption (3Nka):
K-+%He = (K~ +ppn) +n
(K"+pd) > A+d d=(pn

s

*. The ratio of the three nucleon processes
'« would be sensitive to the core size.

)
S

*. TNka: 2Nka : 3Nka ~ py : p]%, : p]%,?
s Theoretical inputs are needed.
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Size of KNNN via Data?

One nucleon K absorption (1Nka): ‘\ The ratio of the three nucleon processes
K-+4%He = ((K-+n)pp) + n \‘ would be sensitive to the core size.
. L ONos s ANk - A2 e A3

N Theoretical inputs are needed.

Two nucleon K absorption (2Nka): === temeemmeeemeemeeeaeaoaaaa-
K-+%He = (K~ +ppn) +n
(K=+pp)n) = (A+p)+n
(K=+pn)p) = (A+n)+p

'hree nucleon K absorption (3Nka):
. K-+%He » (K=+ppn) +n

~ 4 b (K"+pd) = A+d d=(pn ;
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Size of KNNN via Data?

s

One nucleon K absorption (1Nga): spectators *, The ratio of the three nucleon processes
K-+%He — ((K-+n)pp) + n PF ~ 14°¢""e‘”° \‘ would be sensitive to the core size.
* =« ONza * ANz ~ .. 02 - 3
(e~ A)+pp) = 7= A + pp *. TNka:2Nga:3Nka ~py i py i Py ?

s

~ 380 MeV/c m =l

5 Theoretical inputs are needed.

Two nucleon K absorption (2Nka): = temeeememmmeeemeeeaoaaaa
K-+*He — (K" +ppn) +n Dalit plots

Normal core:

(K=+pp)n) = (A+p)+n

(K=+pn)p) = (A+n)+p
Normal core: ~ 600 MeV/c * *f "

— _ spectators ,,
Three nucleon K absorption (3Nka): pr-~ 140 Mev/c

K-+%He = (K~ +ppn) +n
4 ub (K"+pd) > A+d d=(pn
R ~ 700 MeV/c <fm =i

P. Kienle, Y. Akaishi, T. Yamazaki: Phys. Lett. B 632 (2006) 187 15



Size of KNNN via Data?

One nucleon K absorption (1Nga): spectators *, The ratio of the three nucleon processes
pr-140MeVic — *,  would be sensitive to the core size.

K-+%He = (K~ +n)pp) +n | . .
((n— A)+pp) — - A + pp ‘. T1Nka : 2Nka : 3Nka ~ PN - pN : pN ?
~ 380 MeV/c m =i ‘\ Theoretical inputs are needed.
Two nucleon K absorption (2Nga): R —
K-+*He — (K" +ppn) +n Dalit plots

Normal core:

(K=+pp)n) = (A+p)+n

(K=+pn)p) = (A+n)+p
Normal core: ~ 600 MeV/c * *f

v | || S
% LT Y~
I e N
T
] e e
(e 25 e S P,
A Ay T
- m ey RO <4
g >
~ e
Nl T Y
. -, b L )
':' d:i:
.:"0 -, - :‘_?‘-"*lw,
— 4
Tl VR S % .
e o
Vg oy S v - o
A W Py g hae
_ ﬁ.’. P e
Q2O x

K-+%He = (K~ +ppn) +n
4 ub (K"+pd) > A+d d=(pn
~TH ~ 700 MeV/c <m =P

e T o
— .
LT

26~
2 27,4
my,, (GeV?/c*) my, (GeV=/c™)

P. Kienle, Y. Akaishi, T. Yamazaki: Phys. Lett. B 632 (2006) 187 15



Size of KNNN via Data?

\

One nucleon K absorption (1Nga): spectators *, The ratio of the three nucleon processes
K-+%He — ((K-+n)pp) + n PF ~ 14°¢""e‘”° \‘ would be sensitive to the core size.
) 3
((m~ A)+pp) = 7= A + pp . TNRa : 2NRa : 3Nka ~ py - PN : PN
~ 380 MeV/c <m =i i Theoretical inputs are needed.
Two nucleon R abSOrption (ZNKA): Compact core: ‘emmemsssscss s s s e e ..,
K-+*He — (K™+ppn) +n foufh'y l — Dalitz plots
Normal core: Compact core:

(K=+pp)n) = (A+p)+n

(K=+pn)p) = (A+n)+p
Normal core: ~ 600 MeV/c * *f

spectators ,,
Three nucleon K absorption (3Nga): pr- 140 Mev/e

K-+*He —» (K +ppn) +n (!
~ 4 ,l/tb (K_ + pd) — A+d d= pn m2 (GeVz/c.4) mlén (GeV?/c*) m?, (GeVz/c4) a8 my, (GeV?/c*

~ 700 MeV/c <m =l

P. Kienle, Y. Akaishi, T. Yamazaki: Phys. Lett. B 632 (2006) 187 15



Toward next generation research — New Spectrometer —

Does Isospin-partner (K°nn) exist?
l3=-1/2 Return Yoke
Al"e kaonic HUClei really COmPGCf? _ SuEer conducting solenoid coil _
. . . . S outer NC |
Theoretical exploration of Kaonic Nuclei. l inner NG |
K_ CDC
for the systematic study on - —— VST target

! I N O ‘ - | | |
molecule-like hadronic nuclear cluster® 1m ksk=kagil

"Does it have a unique shape
like a chemical molecule?”

.. Construction is in progress, led by F. Sakuma 16



Toward next generation research — New Spectrometer —

Does Isospin-partner (K°nn) exist?
I3 =-1/2 Return Yoke
Al"e kaonic HUClei really COmPGCf? _ SuEer conducting solenoid coil _
. . . . S outer NC |
Theoretical exploration of Kaonic Nuclei. l inner NG |
K~ RGO L. VST

for the systematic study on

Boc.§

/) 'A(1405)

A0 OC

---------------------- NN NN . l l l l :
molecule-like hadronic nuclear cluster® 1m ksk=kagil

"Does it have a unique shape
like a chemical molecule?”

.. Construction is in progress, led by F. Sakuma 16



New Cylindrical Detector System (CDS)

\

Present CDS

\
'''''

v Solid angle: x1.6(59% > 93%)
v'Neutron eff.: X7 (3% > 12%x1.6)



With new spectrometer, we will conduct
— a systematic study on light kaonic nuclei —

e R S— S Y G S s — Y s S s S cs— S e T e S s— S e S e S at— N e S S S suS— G Y e—

hiae - "Does it h ique shape lik
, “ \ oes It have a unique shape like a
_Kp chemical molecule?

molecule-like hadronic nuclear cluster
By establishing the I[(J"), presence of

2 Color Super

How hadron mass is generated? “K~ nn” — a Charge Mirror State of “K~ pp”
Physics at high density? — and the Detailed Study of Three-

LAY Nucleon Kaon Nuclear Bound State as

Neutron e ey HEW Sarting points, we aim to open the

Conductivity

door to research on high-density
nuclear matter.

Quark
Star

Compresiid LT
e J?????%

wx 00006898 °
coooooo
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THE 23" INTERNATIONAL CONFERENCE ON
FEW-BODY PROBLEMS IN PHYSICS (FB23)

Sept. 22 -27,2024 - Beijing, China

Thank you for your attention!

19

19



Mesonic Decay Modes of KNN

T. Yamaga et.al., Phys. Rev. C 110, 014002 (2024)

* Mesonic decays will give us further
information on KNN
v i?te rnal structure Phys. Rsc.v.()(}“.] ?zl;h(lzoc 3 )l 025204,
v' KN interaction below the threshold
v density of the state by <Ly
Mesonic Non-mesonic
KNN KNN
K " K -
N . Y N ‘
N N N N

1N absorption

2N absorption

w(py W) (10"MeV™>

Fractions

0.8

0.6

0.4

0.2

3.5 * ;
(b)
25 ,
2 [ J\ / Mesonic
| /
15+ 0 : i /
N 2300 2350KNNJS
11 /
/7 .
0.5 | 27 Nonmesanic
0 ————————————————
=N 2300 2350 KNN
W. ., (MeV)
| Mesonic
(nx)’ -----

Nonmesonic ==-===--

T. Sekihara ef al.,
Phys. Rev. C 86 (2012) 065205

‘
.......

0 0.05 0.1 0.15 0.2
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Plane Wave Impulse Approximation

Fit with PWIA

"K—pp"

|
|
[ | -
p— —
] N
l .

0.5

My (GeVic?)

(M, q)

Phase space Momentum term from spatial integral
(Tk,py/2)°

Kpp

(M — M) + (T /2)°

Energy term (BW type) from time integral
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Plane Wave Impulse Approximation

Fit with PWIA °M.q)

mya,y (GeV/c?)

Phase space Momentum term from spatial integral
(Tk,py/2)°

Kpp

(M — M) + (T /2)°

Energy term (BW type) from time integral
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Phase space Momentum term from spatial integral
(Tk,py/2)°

Plane Wave Impulse Approximation

Fit with PWIA oM. d)

Kpp

(M — M) + (T /2)°

Energy term (BW type) from time integral
Mesonic decay suppression / spectral modification happens, due to the Phase Space Difference!

... -
- . -

0.5

L : ) l“\en L} :."_l I W S S S W
2 22 24 26 28
mya,y (GeV/c?)
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Mesonic decay suppression / spectral modification happens, due to the Phase Space Difference!

m{Ap} (GeV/Cz) m{ﬂizxp} (GGV/CZ) m{ﬂ+An} (GeV/Cz) m{ﬂ_Ap} (GeV/Cz)



Mesonic decay suppression / spectral modification happens, due to the Phase Space Difference!

|
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24
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Mesonic decay suppression / spectral modification happens, due to the Phase Space Difference!

1) mass threshold m(,, ,, € [m, + m,, E{*K Hel m,| — |m_+ my+ my, EF — M|

) .
lm\.\".'\"
2.2

My p )y (GeV/c?) My ey (GeV/c?) Ty (GeV/c?) My - Ap) (GeV/c?)




1) mass threshold m(,, ,, € [m, + m,, E{*K He!

—m,| = [m_ + my+ my,

E>I<

K 3He}

Mesonic decay suppression / spectral modification happens, due to the Phase Space Difference!

— mN]

21

2) Near the thresholds, the four-body phase space is significantly suppressed compared to that of the

three-body phase space.

22 24 26 28

M,y (GeV/c?)

|

- - - - -

e .

SN

A .

m{nizFP} (GEV/CZ)

My zenn (GeV/c?)

Myynpy (GeV/e?)
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Mesonic decay suppression / spectral modification happens, due to the Phase Space Difference!

1) mass threshold m(,, ,, € [m, + m,, E{*K Hel m,| = [m_ + my + my, E{*K He) my|

2) Near the thresholds, the four-body phase space is significantly suppressed compared to that of the

three-body phase space.
Thus, the peak structure is difficult to be detected in the K™ ‘He — {nYN} + N’ reaction dynamics.

-m
.............
«® IS
. S
® .
.
R
.

[ 4

! [ | — — ' [ | ‘\
H: i - 1Y ' —_ *e -
‘oI by, K nn"_— n~Ap-
¥ —————— Ly e N
1 L ————— N\ 1= e 5]
1 1 . ':':':" 1 )
] A _ X o -
if = -
R A~ - - N 7
i 1 - B . A SN~ 7 7
: " : ) '\ o
0-5 - "",'.‘,/r\\- 7 = 0-5 [ ' .,"'."'/\ "\\’,./’% ) =
- | : ” — = 'l‘H' \& ”, ~ -
' A" \
: ] I /) ]
- — p— J' ""‘ / . J‘ —
[~ L‘f ’X') :' = ~ f ’X') TAT |' -.-’-:.j-._.. ::.-l -
| ' A lnzP,I ‘( l > O 1 IA 1 lnjl\‘:\:;\ 1 'f | l\l“-; 1
B33 24 26 28 YTT3aTTha 36 Tas ST T TS 26 23

My p )y (GeV/c?) My ey (GeV/c?) Ty (GeV/c?) My - Ap) (GeV/c?)
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Mesonic decay suppression / spectral modification happens, due to the Phase Space Difference!

1) mass threshold m; »,,, € [m + m,, E* - m,| = [m_ + my+ my, EF — M|

K 3He)

K 3He}

2) Near the thresholds, the four-body phase space is significantly suppressed compared to that of the

three-body phase space.
Thus, the peak structure is difficult to be detected in the K™

-------------
" ~
. S
o’ ¢
.®
.
.
.
L 4
%
o*
*

'K pp' — x°X%p

1 1 1 1 1 ! .l 1 1
2 2.2 24 2.6 2.8

M,y (GeV/c?)

‘He — {7nYN} + N’ reaction dynamics.

" l{—
1
1
1
1

Il )
'l )
'l ) 3
I} ) 3
’
’
' /
. Z
° :
- L 4

...............
.® L
. ..
** 5
“
L d
*
*
L 4
%
‘O
*

*
*
*

Py ﬂAnn"}\‘

pp" — mTAn

Therefore, we focus on the test whether the mass spectra are
consistent with the K~ + *He — {Ap} + n’ reaction dynamics.



Mesonic Decay Analy5|s (W|th the E15 Data)

* with neutron detection using a thin
scintillation counter array (CDH)
* small efficiency (3~9%)
 BG from the inner wall of the magnet

’ ________ \
/7 N\ —
" n g — " + S F " — " +
/ Kpp—>Ap v KTpp" — mT2%p K pp" — n"An
I mp K + 2mN I 2NA W/ Prermi
i | l:l T T T T T T T l T T T T T T T T ] N | T T T T T
[ 1 1 , l-: 1
| 10 § : S r _
[ 113 : ?5 : >
i i N~ Nt |
[ 1 | — : I 8 15
1 7 hy I 5 I ~ o
I - T I N =1 f | T~ o~
P . i illi 15;': I = \ % %
| T 11 5 |z > & s
> - C S c
: %.1..11. AEEEEE : I 0 -% - PR XA B (L {7 E—— . N .. 5 _ FE
\ 23 Y3 ST ETIET, J 79 4 76 7 8 % Y 76 X 0 55 51 X 52
\ m (GeV/c?) m; v+ (GeV/c?) m; .\ (GeV/c?) m; . (GeV/c?)
{Ap) / (r=27p) (z+An) {r=Ap)
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Mesonic Decay Analysis (with the E15 Data)

Phase space Momentum term from spatial integral

Plane Wave Impulse Approximation

Fit with PWIA ©°M.d)

Energy term (BW type) from time integral

— e — -~
\ _
"K ppn — Ap \ nK—ppn N Eiz+p nK—ppn — 7C+An
Mg+ 2m : mk‘l‘sz m,g+2mN
1.2 I
! I
| <
0. I % }
0.6 =l g j::
0.4 62‘.;;;\ - @4% | %’
| E
0.2 I 5%
R R TR 28 22 24 26 28 22 24 26 28
mipy (GeVic?) II M geser) (GeV/c?) M penn (GeV/c?) My ny (GeV/c?)
, Fit the 1D spectra in 0.3<g<0.6 with the same model func.
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Mesonic Decay Analysis (with the E15 Data)

Plane Wave Impulse Approximation

Fit with PWIA

Phase space Momentum term from spatial integral

c(M, q)

Energy term (BW type) from time integral

K +°He - "K pp"+n' ———— K +°He —

"
K pp' — A p_
- TN
Orrr—T"T""T"T"T"T"T 1 \
a :a acceptance corrected
70k 1< S 300 < g <600 MeV/c-
= = I
< 60) | | ¢ data -
< : : I
> sof | i: — Kop— A
-2 40 | === OF gnNsap, 590 I
S [T i ﬁ all I
T 20} | * i -
e m = '
2.0 2.2 2.4 2.6 2.8 3.0 I
2
mpyy (GeV/e?) /
D - /

"K pp" — = 2X%p "K pp" — nTAn

Mg + 2my i + 7mN
soo | 0-35¢<.6 GeV/e 1 sook ~o ek
. S|
o H B - - L k
400 I KNN 4 400 >0 4
b - o B -
: C
200 |- - 200 §0.2
. . B
: _ _ 3
0 P‘:‘ \‘\\‘{Q’&}.‘ i 0 g ;\k\\\\\'{: S AN N 3 ox e
22 24 26 . 28 22 24 26 . 28 37 04 26 28
My s, (GeV/c?) MY i) (GeV/c?) My A ) (GeV/c?)

With the model func., the spectra are consistently explained.
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T.Yamaga et.al., Phys. Rev. C 110, 014002 (2024) arXiv:2404.01773 [nucl-ex]

Mesonic Decay (suppressed by the 4-body phase space)

7 \
_ \ — + 37— — =
"K'pp" > Ap | "K'pp" — n"27p "K™pp" — n"An "K'nn" — 7~ Ap
oy X Br (ub) = I oy X Br (ub) = o X Br (ub) = o X Br (ub) =
9.3+0.8" [aII] : 38+3+3 [aII] 62+11+9 [aII] 29+3+3 [aII]
5.5+0.550¢ [<M(KNN)] I 3240202 [<|V|(KNN)] 155+2.7+2.1 [<|V|(KNN)] 72+06+0./ [<|\/|(KNN)]
I
I
"K—pp" — Zop I "K_pp" —_ E_Z_I_p
I
o%w X Br (ub) = I oty X Br (ub) =
5.3+0.4%08 [aII] | 110 + 8+ 8 [aII]
3.1+0.2%5; [<M(KNN)] I 9.4+04+0./ [<|V|(KNN)]
I

-y
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Mesonic Decay (suppressed by the 4-body phase space)

+ I'yy < T _yv: mesonic decay is dominant (about ~ 10 times in total)

ﬁI—______I*IIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIII..

Vs \ %

I " " \ " " |
- - Ty — + T ongp _
K pp"—=Ap | "K'pp"—>a"27p "K™pp" > n"An 1 "K'nn" - a7 Ap
o X Br (ub) = | o X Br (ub) = o N X Br (ub) = : o N X Br (ub) =
| 9.3+0.8" [aII] : 38+3+3 [aII] 62+11+9 [aII] n 29+3+3 [aII]
' 5.5+0.5% [<M(KNN)] I 32+02+02 [<|V|(KNN)] 155+2.7+2.1 [<|V|(KNN)] : 72+06=0./ [<|V|(KNN)]
. [ -
[ -
'K pp"— X% 1 "K'pp"—a"X'p :
[ :
oy X Br (ub) = | 6% X Br (ub) = -
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Mesonic Decay (suppressed by the 4-body phase space)

+ I'yy < T _yv: mesonic decay is dominant (about ~ 10 times in total)
* T sy~ T an: significant contribution of the Iz, = 1 aswellas [z = 0

ﬁI—______I*IIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIII..
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Mesonic Decay (suppressed by the 4-body phase space)

+ I'yy < T _yv: mesonic decay is dominant (about ~ 10 times in total)

* T sy~ T an: significant contribution of the Iz, = 1 aswellas [z = 0
’ 1—17#/\n/1—1

71'_/\]9 i 2: if We assume BF{K_pp}_)ﬂ+Ap/BV{Konn}_m_Ap A, 1 & G{K_pp}/G{KOnn} A, 2
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Mesonic decay branch of K'nn ?

K-+3He - (K- +n)p) +p
(k=A)+p) > A +p

(a) (mApp) final state

o o o
S N o0

do/dm (ub/(MeV/c?))
-
bo

-
—_—
n

[—

Ic3))

(GeV/c)
FEEEEREEEEERER

anN

dmdg (nb/(MeV

d*c/

2.2 24 2.6 , 2.8
m s, (GeV/c?)

26

26



Mesonic decay branch of K'nn ?

- 3 _
(a) (T-App) final state K™+°He = ((K"+n)p) +p

208 (x=A)+p) 2 mA+p
> P
§0.6 ... but the excess is still not easy to see ...
3_0.4
.§ 0.2
< 0
i 1.5/\
IS )
S i 2
> | S
S S
: =
5 . .5"§
S
B
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2.2 24 2.6 , 2.8
m », (GeV/c?)
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Mesonic decay branch of K'nn ?

K-+3He - (K- +n)p) +p

(a) (mApp) final state ((J'li_ I\)+p) o A+ D

do/dm (ub/(MeV/c?))
© o o o9
() B — ) o0

-
—_—
W

Ic3))

(GeV/c)

'
'

'

'

'
Il
'

'

'

'

'
\

dmdg (nb/(MeV

anN

d*c/

22 24 2.6 2 2.8
miy, g&V/c )
excess!

... but the excess is still not easy to see ...

due to the OF -K
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Mesonic decay branch of K'nn ?

K-+°He = ((K_+n)p) +p

(a) (mApp) final state

Sos (= Ay+p) = 2~ A +p
30.6 .. but the excess is still not easy to see ... due to the QF-K
%0‘4 If m__\ > mg_+m,,then the “K np” bound state cannot be
S 02 formed, but will form a quasi-free background.
S0 ' 1.5/_\
I, L
S | >
2 | 2
2 [ g
R 5
) S
Re
=

2.2 24 2.6 , 2.8
miy, g&V/c )

excess!
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Mesonic decay branch of K'nn ?

K-+3He = (K- +n)p) +p

(a) (mApp) final state

g0 (" A)+p) > T=A+p
50.6 .. but the excess is still not easy to see ... due to the QF-K
e If A > mK_ + m,,, then the “K~ np” bound state cannot be
S 02 hut will form a quasi- free background
S0 ' 1.5
I Q
S | >
Wk 2
< | g
2 I S
7 S
9
A S
022 24 26 28

miy, g&V/CZ)
excess!
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Mesonic decay branch of K'nn ?

K-+3He - (K- +n)p) +p

(a) (mApp) final state

§0'8 5XCosS! (m=A)+p) 2> nA+p
306 ... but the excess is still not easy to see ... due to the QF -K
%O“‘ If m__\ > mg_+m,,then the “K np” bound state cannot be
S 02 formed, but will form a quasi-free background.
" 0
1.5
| R v Sl Sl
E 2NA 3*

(GeV/c)
FEEEEEEEEEER

anN

dmdg (nb/(MeV

-?-----

d*c/

yield normalized by phase space (arv.)

2.2 24 2.6 2.8

, 22 24 26 23
m_y glesz/c ) m., (GeV/c?)
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Mesonic decay branch of K'nn ?

K-+3He - (K- +n)p) +p

(a) (mApp) final state

‘;‘:0‘8 excess! (®=A)+p) > " A +p
$ 06 ... but the excess is still not easy to see ... due to the QF -K
%OA If m__\ > mg_+m,,then the “K np” bound state cannot be
S 02 formed, but will form a quasi-free background.
" 0
1 . A - my A <<mg +m,  Whydon’t we normalize it by the
Rk c§ S F . 7 oNA S Phase Space? It is very promising,
% s Q b (K "?)|3=-1/2 but needs further verification.
2 I\ g v QF
' ~ & 1suppressed
@g . ‘5§ Ez 1 : How large? i“k*
S F |{|
L3
S

2.2 24 2.6 2.8

, 22 24 26 23
m_y glesz/c ) m., (GeV/c?)
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exXCessS! o6



_ 26
Mesonic decay branch of K'nn ?

K-+3He = (K- +n)p) +p

(a) (mApp) final state

% "% Bxcess! (m=A)+p) > " A+ p
50.6 ... but the excess is still not easy to see ... due to the QF-K
e If m__\ > mg_+m,,then the “K np” bound state cannot be
S . .
S 02 formed, but will form a quasi-free background.
" 0
1 : P m__, < mg-+m, Whydon’t we normalize it by the
' . § T T T T 9 ; P
~ | T3 Ronm A 3 Phase Space? It is very promising,
Nk S 12 =12 but needs further verification.
@ : S % : QF - 43 - 3
% 7 ‘:’, £  suppressed K He = (K"+np) +p
Sy .5§ % 1 lli: How large? k* (K_+ np) — A +n
~ S r
6 =
% % |||||| '!"'aﬂﬂa ‘ K-+°He = (K +pp) +n
£

2.2 24 2.6 2.8
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Mesonic decay branch of K'nn ?

K-+3He - (K- +n)p) +p

(a) (mApp) final state

Ngo‘g excess! (®=A)+p) > T A +p
éo.é ... but the excess is still not easy to see ... due to the OF -K
%OA If m__\ > mg_+m,,then the “K np” bound state cannot be
S 02 formed, but will form a quasi-free background.
" 0
! 1'58 m_, <<mg-+m,  Whydon’t we normalize it by the
N\Q F T 7 T 7 T " "1 ? y ® Ny
Ko A 5 Phase Space? It is very promising,

> =12 but needs further verification.

) QF -4 3 -
:suppressed K™+"He _’iK +np) T P
N (K +np)= (K°nn), _ = A+n

(GeV/c)
FEEEEEEEEEER

anN

dmdg (nb/(MeV

i
I5=-1/2

llil How large?

d*c/

K-+°He = (K +pp) +n

yield normalized by phase space (arv.)
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excess!

26



W—"
- » 4
v N

FR
THE 23" INTERNATIONAL CONFERENCE ON
FEW-BODY PROBLEMS IN PHYSICS (FB23)

Sept. 22-27,2024 - Beijing, China

i A adey

L
s

Other materials

27

27



SHe(K-, nnc)X — semi-inclusive

‘He — (K + NN) + n’

K-+
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SHe(K-, nnc)X — semi-inclusive

K~ +°He —» (K+ NN) +n’

e L L L L L L L L
. F . ' : - ,
NE160:_E:K -tagged rF+ ) F - 430 M(K pp) ~ 2.37 GeV/c
3 ~ Qe —
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3He(K_, n)X missing mass (GeV/c?)

A nucleon knockout reaction K~ N — Kn'is the dominant reaction process



SHe(K-, nnc)X — semi-inclusive

K~ +°He —» (K+ NN) +n’
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3He(K_, n)X missing mass (GeV/c?)

A nucleon knockout reaction K~ N — Kn'is the dominant reaction process
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Possible I(JP) ?

KNN:JP=0-1=1/2: INnNn=1,Snn=0,Lk =0
nucleon isospin symmetric (Inv = 1) and spin anti-symmetric (Snnv = O)
KNN:JP=1-1=1/2: Iyw=0,Syn=1,Lk=0

nucleon isospin anti-symmetric (Inv = 0) and spin symmetric (Snn = 1)

I(KN\N) / J¥(KNN) (1/2)/(07) (1/2)/(17)
NN symmetry INN)=1, S(MAN) =0 IINN)=0, S(M\N) =1
“K_pp” —p
_ 1 o * ) s
I;(KNN) = +5 K p
pp+k0pn+np
" — " . —
—_ _ P
K™ pp Ap requires ., ,
[ = 1/2, presence of : ! Q- <5 "
’ 1—;(WV) — ‘—5 EO

kaon requires negative

parity, and the Ap
dacay must be in P-wave RN coupling
due to the negative -
parity T 0.13 ~0.15

Ign =0 ’

IIZN=1




M.lwasaki, ECT*2023 3

Ap decay axis and spin axis of KNN JP

spin axis distribution referring to the decay axis

KNN:JP= 0~ | = 1/2: Inn=1,Snn=0,Lk =0 KNN:JP= 1- 1 = 1/2: Inn=0,Snn=1,Lk=0
Ap spin triplet §$ Ap spin singlet $¢ Ap spin triplet ee |!
spherical
symmetric Kpp S% @@} as;‘)c()rlr‘lrr‘r(\je't(r’i)%
around K | .
decay ax‘i)sp dg,ﬁasy W decay axis
BR=1/3 BR=2/3

normalized yield
normalized yield
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How to measure spin-spin correlation

— spin asymmetry measurement using A — pm~ & p-C(H) scattering-

p-C(H) scattering sensitive only on ¢ asymmetry

S;i)(' AN—pr™) ~ T; (A—=pr~ )( l.n A— C M )
‘ N(P)dp x (1 +r-ay,cosp)dp

I' . scaling factor
r3::f4AL°

A/\ . \ asymmetry parameter

ApC . proton spin-analyzing-power
on carbon (and on p)

S-Sl (= Sp -Sp“) : spin sensitivity
referring to motional axis
c. . . convolution coefficient

cony
between two asymmetries
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knockout n
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A\p spin-spin asymmetry

. (a) J© =0 case
AT T T 1T T T T [ T T 1

N(¢Ap) /NO

O 9 | | 1 | 1 | | 1 I | 1 | 1 I | | |
.




... Construction is in progress, led by F. Sakuma

New Spectrometer under construction

Preparation of planned devices / detectors under construction
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Return Yoke Super-conducting Solenoid Coil  Cylindrical Drift Chamber (CDC)
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... Construction is in progress, led by F. Sakuma

New Spectrometer under construction

Preparation of planned devices / detectors under construction
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Return Yoke Super-conducting Solenoid Coil  Cylindrical Drift Chamber (CDC)

Additional detectors to improve

To detect the proton in Fermi-motion
& to drastically improve vertex resolution (A/20 separation)

Vertex Straw-tube Tracker
(VST)

Constructed by 1. Hashimoto

\
doble layer

@ crossing
angle + 450°

Vertex Fiber Tracker (VFT)

Currently, J. Zmeskal at
SMI is applying for funding.

six layer @

crossing angle + 6°
35
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Superconducting Lo Grslng oo
Solenoid Magnet

 Same design as “the detector solenoid
magnet” for COMET-

being constructed in cooperation with

the J-PARC Cryogenics Section

* 3.3m x 3.3m x 3.9m, ~108t in total

e Max. field of 1.0T @ center

* 189A-10V - | B
* NbTi/Cu SC wire, 98km in total | WOSINANNE |, ¢

* Conduction-cooling with GM*3

* Semi-active quench-back system
* Will be completed in FY2024

- .Completéd in FY202 ,— Completed in FY2022



Cylindrical Drift Chamber (CDC) ==
* 3 times the length of the existing CDC

e Gas: Ar/CO,=90/10
* The same design of the present end-cap
 Readout systems are reused

Completed this month, and commissioning will soon start @ J-PARC

- 61060
_ 41020

—
P—

~ -
: .

2280

Wire length = 2.55m
(Almost the same length as the longest wire of the Belle2-CDC)




* scintillator array: 2 layers, 12cm thickness

* Neutron detection efficiency of 12~36%

e 56+80=136 modules
 ELJEN EJ-200: (T)60mm, (W)60mm, (L)3,000mm

e 1.5-inch FM-PMT [H8409(R7761)]
& MPPC array [S13361-6050AE-04]

136 scintillators in total

* 56 segments @ r548~608mm
> 112 FM-PMTs

* 80 segments @ r/80~840mm
> 160 MPPC-arrays




Support Structure

* CNC is supported at upstream,
downstream and middle position

1. pillars are mounted on the inner cylinder of
the magnet

2. ring structures are installed on the pillars

3. each module is mounted on the ring
structures

* CDCis installed by inserting a long frame
bar into the center of the CDC and
magnet

Will be prepared in FY2025-26
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Summary of Experimental Status

Negative results

Positive results

AMADEUS@DADNE FINUDA@DA®NE PrL94(2005)212303
12C(K-s0ppeds AP) EPIC79(2019)190 JEVRIRVECT | OWNNAN )l VIulti-NA processes?
HADES@GSI &==) DISTO@SATURNE Frr.1042010)132507
p+p—~> (A+p)+K @ 3.5GeV p+p—~> (A+p)+K @ 2.85GeV

PLB742(2015)242 Intermediate N*=> AK+?

LEPS@SPring-8 dinmp E27@I-PARC Prer(2015)021001.
d(y, wK+)X @ 1.5-2.4 GeV d(m+, K*)Z% @ 1.69 GeV/c
PLB728(2014)616
200 |
- . o o - E2 N ...
-~ Controversial Situation ‘?
§ — IST@_
= 100— d :
= 9 SN & & . FINUDA
SIS & — 1 T ' :
Og —20 4 60 s 10 120

Binding Energy (MeV)

40



41

knaN Searches so far

E471/E549@KEK / FINUDA@DA®NE \ 7 FoPI@GsI

K'ppn

4He(stopped K,p/n/Yd) Li/C(stopped-K-,Ad) Ad in Ni+Ni
o ”_ I N L
x10)[ ><3- ,\1-0 LA B | A B B B B R L 4000 T 7 i T - 3
NC( 1'8)5 f 1108;_ 2 Ik s 3000 [ ] 5 tig%“‘*- l ﬁéﬁ :
S MM(K')p) e MM(K'ln) = 08 - 3'4} i : A :
2 14f = 3 D S " o3 2000 4 e =
S 1of PLB659(2008)107, PLB688(2010)43, S osf S 2| ]- N o :
E’. 15— S i’10 fﬁ'/ L \." 3'1 h“ I : B i ***M""‘-\-_;I
;g;o.sf— I —f %8 I A v 04 F ,\\ 5910[{]—0500— Y S S S S o s B S
'>c;.> 0'4;_ % % .. 2 ; S(3140:!5471)} } . ' lK ppn _ : P3 0.9007+ _ OAS12E01-
5 o2f W' “‘F 2l 9 AN NN eSIATNNGZanN R D Y. e 1001 "
o 0:1 ‘30[06%' T—-‘31'Od | ';'56 N 3:|00 E 0 '1".".”.":,.&.—.,.—1]?'&%” AT |KNN—>§N§rr;d 3000 3100. 3200. 3300 3400. 3500. 3600. - H” H H H +H'_|_+ _H_
' 0
Missing Mass (MeV/c?) - - M('a:ac\)zc?) 7 0 m, . (MeV / Cz) El ?sl 1 Jfl KH} IJ” JHI 1++ ]
R A A A :' B lsl ] 13:2l | 1314 | ls.el | lslal |
» IM(Ad) _f PLB654(2007)80 M. (GeV)
PRC76(2007)068202 _5 EXAO5 Conference (2005)
= >0d Ad |
T30 :
| 315
R 53 \ »
o 1 No conclusive results.
Y Y

2950 3000 3050 3100 3150 3200 3250 3300 3350

multi-N absorption in stopped-K reaction makes interpretation difficult
M, (MeV/c?)




Kaonic Nuclel from the

The detail can be found: Experimental Viewpoint

— in a review — ot nsera il

KN interaction study via kaonic atom
Handbook of

Search for KNN nuclear bound state as a Nuclear
natural extension of A(1405) = KN

Physics

Recent results on K bound state ,
Iwasaki, M. (2022).

Kaonic Nuclei from the Experimental Viewpoint.
In: Tanihata, I., Toki, H., Kajino, T. (eds)
Handbook of Nuclear Physics . Springer, Singapore.
https://doi.org/10.1007/978-981-15-8818-1_37-1

https://link.springer.com/referenceworkentry/

This s a fee-based 10.1007/978-981-15-8818-1_37-1

literature.


https://link.springer.com/referenceworkentry/10.1007/978-981-15-8818-1_37-1
https://link.springer.com/referenceworkentry/10.1007/978-981-15-8818-1_37-1

proposed K1.8BR Up

 Shortened beam line
to enhance Kaon yield

Shorten the beam line (~2.5m) by
removing the final D5 magnet

with /K ratio ~ 2

Relative beam-

@ D5 @ D4

line length (m)
Present CDS 0 -3.7

New CDS +1.2 -2.5

> K- yield increases by
~ 1.4 times @ 1.0 GeV/c
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Proposed K1.8BR

 Shortened beam line
to enhance Kaon yield

Shorten the beam line (~2.5m) by
removing the final D5 magnet

with /K ratio ~ 2

Relative beam-
line length (m)

@ D5

Present CDS 0 -3.7

ALl FL3

I

I [l

New CDS +1.2 -2.5

> K- yield increases by
~ 1.4 times @ 1.0 GeV/c
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K-+ 3He —(-Ap)+p reaction

((2/,ASIN)/qu) bpuip /0 p
ok )

(a) (mApp) final state

(- e

o o o o
((2/ASWD)/QM) uip jop

44

.. analyzed by 1. Yamaga



K-+ 3He —(mmAp)+p reaction

(a) (m-App) final state consistent with K-+ 3He — Apn reaction

208 branch seems to be oder bigger
S 06
s
30.4
502
< 0
i 1.5/\
IS )
< | %
% | S
S c
: =
@2 \ .5'~§
S
O
s

2.2 24 2.6 , 2.8
m s, (GeV/c?)

... analyzed by 1. Yamaga 44



K-+ 3He —(mmAp)+p reaction

(a) (m-App) final state consistent with K-+ 3He — Apn reaction

208 branch seems to be oder bigger
% 056 .
>, ... €Xcess 1S not easy to see ...
S04
3
.§ 02
S
i 1.5/\
I, )
S | 3
2 | S
S | G
' =
@g \ .5'~§
<
9
=

2.2 24 2.6 , 2.8
m ., (GeV/c?)

excess! ... analyzed by T. Yamaga



K-+ 3He —(mmAp)+p reaction

(a) (m-App) final state consistent with K-+ 3He — Apn reaction

208 branch seems to be oder bigger
06 .
>, ... €Xcess 1S not easy to see ...
504 . BT
< Let’s normalize eventdensity ~—f ' ' ' ' U 11T
S 02 by 4-body ph
P y 4-Dody phase space
< 0
i 1.5 1.8
. &~  The normalization by 4-body j
Ir, X phase space, i.e., final-state- %' |
< |, > density S |
~ 1 L )
% : \2./ o) O, 1.6
2 | 3 A"Nppp) *E
: ~ PaApp) = E |
5 ) 53 Ay z-npy dMz-n) |
~§ 1.4.
9 X P, X p¥ X pFE
. Pp X Pp XP\" e
O2.2 2.4 2.6 2.8 1oL T T T T T
My, (GeV/c?) 2.2 2.4 2.6 2.8

M ap [GeV/c?]
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excess! ... analyzed by T. Yamaga



K-+ 3He —(mmAp)+p reaction

S O
N 00

&
N

do/dm (ub/(MeV/c?))
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What we learned for kaonic nuclear bound state:

- K pp (I(JP) ——(o or 1” ‘?)) identified in KNN — Ap analysis (2Nka)

Phys. Lett. B789, 620-625 (2019)

“K pp” — Ap decay requires Phys. Rev. C102, 044002 (2020)
the isospin to be gy = 1/2.

- KNN — 7Yp decay dominance (1Nka >>2Nka) Br,y, > 10 X Br,,
- K™ pp isospin partner, K'nn, would be identified in 7~ Ap decay

KN interaction is also strong in I, = 1, at least for absorption

=}iE
htitps://arxiv.org/abs/2404.01773 «-- 1. Yamaga i

% 1~ . . g . — r
- KNNN (I(JP) = 0(— )) identified in K ppn — Ad  waitable i
2 Spin-Parity automatically FIXED!
Preliminary analysis — Three nucleon bound state!

Higher statistics is needed to be conclusive... 1. Hashimoto
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https://arxiv.org/abs/2404.01773

