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‘.\% Kaonic hydrogen atom (pre-history)

Counts/64.9eV  Counts/ 100 eV

Counts / 62.5 eV

Dalitz and Yazaki’s naive question:

“Why you cannot resolve kaonic hydrogen puzzie?”
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‘.‘.j nuclear physics (pre-history)
d

How to approach kaonic hydrogen puzzie?

* Gas Target Stark Free » Si(Li) in Hydrogen Gas
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nuclear physics (pre-history)

How to approach kaonic hydrogen puzzie?

* Background Free
gaseous target / final state tagging / stop K selection / fiducial cut

Reaction Produced Branching =/u/e Multiplicity -~ Multiplicity

Particles Ratio (> 150 MeV/c)
Free Decay of K~
T, wv 63.5 % 1 0
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TR mmmT 5.59 % 0 0
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nuclear physics (pre-history)
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‘.‘j nuclear physics (pre-history)
d
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SIDDHARTA setup at DAO®NE

Inside vacuum

127 MeV/c
Ap/p=0.1%




Residuals of K-p x-ray spectrum
after subtraction of fitted background

Kaonic hydrogen
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Width (eV)

KAONIC HYDROGEN results
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Width (eV)

KAONIC HYDROGEN results

€= —283 = 36(stat) = 6(syst) eV
[ = 541 £ 89(stat) = 22(syst) eV
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‘.\j Dose KN interaction repulsive?
d

S-wave Kp atom level [keV]
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‘.\j Dose KN interaction repulsive?
d

atom K
Coulomb

S-wave K'p atom level [keV]

nuclear

W= 0,10,20, | (overlapping]
MeV %/ W= 0, 10, 20

-200 -100
V [MeV]



‘.\j Dose KN interaction repulsive?
d
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‘.\j Dose KN interaction repulsive?
d

Coulomb + (V +iW) (i
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S-wave Kp atom level [keV]

Very strongly attractive so as
to form bound state!

V. KN = A(1405)

W= 0,10, 20 (overlapping) + Strong

MeV %/ W= 0, 10, 20

-200 -100
V [MeV]



R. Seki, Phys. Rev. C5 (1972) 1196

‘.\j Dose KN interaction repulsive? S. Baird et al., Nucl. Phys. A392 (1983) 297
d

C.J. Batty, Nucl. Phys. A508 (1990) 89c

Repulsive shift means possible KN bound state PR
Wy = 277 MeV fm™ x a = -30 MeV

. i . K- He a; =0-1tm

Shift (eV)
» (@]

, A

~ Coulomb + (V+iW) (—
L)) r
X, _
3 =
2 w : 2 oF
= - e
-9 : 0 R v e . - 2.0 2.5 30
© : ag (fm)
Q '
< : atom
% :
dB) - repulsive shift!

nuclear =K=

Very strongly attractive so as
W= 0,10, 923\ “(’0_\'90”?89;%9) + Strong to form bound state!
V KN = A(1405)

-200 -100
V [MeV]



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”
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From A(1405) to kaonic nuclel
Is A(1115) an excited state of uds?

A(1405) .

AEx ~ 290 MeV
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From A(1405) to kaonic nuclel
with qq (y-condensate) in vacuum

A(1405) .




From A(1405) to kaonic nuclel

two color-singlet objects bound by meson exchange : p = K-

- - o
- -

A(1405)

p K
M( pK- ) = 1432 MeV/c2

A(1405) is the most natural candidate as for the K p bound state due to

the strong interaction, which locates far below the Coulomb bound state
(atomic states).



Is A(1405) be a gqq or meson-baryon composite?

\(1405)
:=qqq

M(A(1405)) = 1405 MeV/c?

56 K_ p99

P M(pk)=1432 MeV/c?, B, =27 MeV

A(1405) is on-site of "hadronization”, where the
system captures qq from vacuum



Is A(1405) be a ggqg or meson-baryon composite?

A(1405) can be molecule-like

hadron cluster composed of “K p”
or in between the

\(1405) ! quark- and/or hadron-composite
-=q49 " in lattice-QCD
quark-composite: ~10%
hadron-composite: ~90%
M(A(1405)) = 1405 MeV/c?
56 K_ p99 ' ‘

M( pK-) = 1432 MeV/c?, B, =27 MeV

A(1405) is on-site of "hadronization”, where the
system captures qq from vacuum
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Is A(1405) be a ggqg or meson-baryon composite?

A(1405) can be molecule-like

hadron cluster composed of “K p”
or in between the

\(1405) ! quark- and/or hadron-composite
-=q49 " in lattice-QCD
quark-composite: ~10%
hadron-composite: ~90%
M(A(1405)) = 1405 MeV/c?
56 K_ p99

M( pK-) = 1432 MeV/c?, B, =27 MeV
Then you may put one more proton ...

A(1405) is on-site of "hadronization”, where the “K~pp” may exist

system captures qq from vacuum
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Basic understanding of nuclei =

2
- . +—u| c| t
- Nuclel consist of nucleons bound by nuclear force i]f
nucleons (N): qqq meson: qq —1d| s | b
qgq=uord Fermion: Boson: auark flavor
Pauli exclusion particles can share a quantum state

Yukawa Theorem tells :
- in nuclel, mesons are virtual particles and form nuclear potential

19
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Basic understanding of nuclei =

2

- . +—u| c| t
- Nuclel consist of nucleons bound by nuclear force ff
nucleons (N): qqq meson: qq —1d| s | b
qgq=uord Fermion: Boson: auark flavor
Pauli exclusion particles can share a quantum state

Yukawa Theorem tells -

- in nuclei, mesons are virtual particles and form nuclear potential ¢ x —exp (—mr)
- In vacuum, mesons are real particles having own intrinsic masses

Long standing question -

Can meson be a constituent particle forming nuclei?

— Can meson form a guantum state as a particle ? —
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K meson (K-:us, K°: ds) 10
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Basic understanding of nuclei =

2

- . +—u| c| t
- Nuclel consist of nucleons bound by nuclear force ff
nucleons (N): qqq meson: qq —1d[S | b
qgq=uord Fermion: Boson: auark flavor
Pauli exclusion particles can share a quantum state

Yukawa Theorem tells -

- in nuclel, mesons are virtual particles and form nuclear potential
- In vacuum, mesons are real particles having own intrinsic masses

Long standing question -

Can meson be a constituent particle forming nuclei?

— Can meson form a guantum state as a particle ? —

.- finally resolved as ...
K (gs) forms a bound state totally new probe (impurity)

with two nulceons to study inside nuclei
K meson (K-:Us, K°: ds) 10




J-PARC E15: “Kpp” Exploration Research

K- +°He (ppn)

knockingout n from 3He

(K"+pp) +n

substitute n in *He by K-
@ 1GeV/c
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K- +3He (ppn

knockingout n from 3He
by K-

(K +pp) +n

substitute n in *He by K-
@ 1GeV/c

strong KN attraction?
“KPP” bound state? / compact system?

: formation
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J-PARC E15: “Kpp” Exploration Research

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,
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substitute n in *He by K-
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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,

: formation
knockingout n from 3He _
by K- (K= +pp) = A+ p :decay (M, g)
(K"+pp) +n only when all the particles are in the strong interaction range

substitute n in *He by K-
@ 1GeV/c

strong KN attraction?

“KPpP” bound state? / compact system? ”



J-PARC E15: “Kpp” Exploration Research

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,

final state particles

knockingout n from 3He

by K- ;
(K"+pp) +n only when all the particles are in thesfrong interaction range
substitute n in *He by K- select K™+ 3He — (A+p)+n events,
@ 1GeV/c

) of (K- + pp)-system

analyze | mamm tm as,
strong KN attraction? and { momentum tmnsfer q f tO the SyStem

“K PP” bound state? / compact system? 20



Experlmental Setup for E15
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SHe(K-, nnc)X — semi-inclusive
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SHe(K-, nnc)X — semi-inclusive

K~ +°He —» (K+ NN) +n’
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A nucleon knockout reaction K~ N — Kn'is the dominant reaction process



SHe(K-, nnc)X — semi-inclusive

||||||||||||||||||||||||||||||||_
_ ] : N
S — _K -f d 7 o ]
o 160 = agge r|-'+ i _ic?.. M -
- ~ Qe —
 140F > UL I -
= O +1 A B —
= =t <+ 24 S -
(7 120__:5_ E:i-l- E-I; _ E _
s i % e o+ ]
3:100_— ] .I" | e : -
té’} -225232352424525 E _
< 80F excess! . 7
B -EL : e -|-+|.|_++t

X - = A
60+ i = S =t _
= - o Zz Z Z T y i —
o 5 + - + — F 4 1 -
3 40k & H = = b _
% = = = = = # _
B N . 1
N-G 20:— ...-l- E
O;_|_|__|__|__|_|_|_|_|_J_g=|-.a-n-"'*|||i||||||||||||||||'
2 2.1 2.2 2.3 2.4 2.5 2.0 2.

K-+

‘He — (K + NN) + n’

3He(K_, n)X missing mass (GeV/c?)

30 M(K pp) ~ 2.37 G@V/C2
25 o,

> How to study excess:
20 = —
.- K + NN — Ap happens
5 2

3 only when all the
10 © : .

particles are in the

> strong interaction range,
0 because of energy-

momentum mismatch

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






Acceptance corrected event distribution on (M, q)
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Ap + Nmis. VS. theory

Theory helps a lot to understand Ap invariant mass
spectrum, but still not compatible in large-q distribution
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PWIA based interpretation
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K-+ 3He = m-App reaction -+« I Yamaga's talk

(a) (mApp) final state
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K'nn signal-like event concentration
below K-bound thereshold is observed

again, although the statistics is not
sufficient.
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sufficient.
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compared to (Ap) + n final state.
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spectator proton
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;  spectator proton
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Comments on m-App reaction

Hint of K'nn (isospin partner of K™ pp) is given
statistically insufficient to conclude, though
The 2NA (two-nucleon absorption) reaction induced by K

mesons is of interest regarding short-range pn-pair
correlation in nuclei.

strong m,—,, & \/Skx-4 ~ 2.63GeV is seen, but not in

Mypn R A/Sk-pp NOT IN M 25, Which may suggest much

JU

weaker short-range pp-pair correlation in “He nuclei

31



what we are working on ... Il

Signal of KNNN

K-+3He = (K +pp) +n
(K~ +pp) = A+p

>

K-+%He = (K- +ppn) +n
(K™ +ppn) - A+d

... I. Hashimoto
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E15: Ap Preliminary Ad result

before acceptance correction
PLB789(2019)620 T77 Ad |, (Kppn)

—h —h
— N -I>
IIIIIIIIIIII

V/c) / 60 MeV
o
®_

q [GeV/c]

000 22 24 26 25 3. 331353534 353637 38
M [GeV/c?] M, , (GeV/c?) / 40 MeV

. Two disributions are quite similar
. structure below the threshold, QF-K, and broad background



Summary of present status

_ 1 _
- KNN, I; = + — identified in KNN — Ap analysis
2 Phys. Lett. B789, 620-625 (2019)
Phys. Rev. C102, 044002 (2020)

- KNN — 7Yp decay dominance Br,y, > 10 X Br,,
1 ... 1. Yamaga’s talk

- KNN, I, = — Y hintin KNN — 7~ Ap spectrum

- KNNN, I = 0 identified in KNNN — Ad analysis

- ... I. Hashimoto’s talk
- K nuclear bound state becomes more solid
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Toward systematic study and JP (spin-parity) study

the nature of

... I. Sakuma



Toward systematic study and JP (spin-parity) study

the nature of

goe CELEILIL— S D SES——— N G SES—— S SES—" S SESS——m S Sm SS——— —

/I\(1405)

N e E—— SN SN ST SN GEEN S SESN GEEN S GEEN GEEN ST G GRS S G e e

.. . Sakuma



Possible I(JP) ?

KNN:JP= 0-1=1/2: Ixn=1,Sw=0,Lk =0
nucleon isospin symmetric (Inv = 1) and spin anti-symmetric (Sxv = O)
KNN:JP= 1~ 1=1/2: Inwn=0,Sww=1,Lk =0

nucleon isospin anti-symmetric (Inv = O) and spin symmetric (Sxn = 1)

I(K\N) / J¥(KNN) (1/2)/(07) (1/2)/(17)
NN symmetry I(MV) =1, S(AN) = I(NN) =0, S(MV) =1
“K_W,,

R ¢l SR T

o) el
“K pp” — Ap requires -

I = 1/2, presence of ,j({;x:_% Tl ¢l $Tn K-

kaon requires negative i - )
parity, and the Ap \ﬁ(*ﬁ( -+ K p) (uﬁ“) -2 ﬁ”) ( L ﬁ“ u)

dacay must be in P-wave RN coupling =

IKN=12 3

1

Igy =1

due to the negative - 2
parity - 0.13 ~ 0.15 ~ 0.75




KNN :

JP=0-1=1/2: INN=1,Snn=0,Lk =0
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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

L§j\0(/\—>p7z_) ~ ‘—;’?(A—mﬂ_)(in A— CM)

N(@)dp x (1 +7r-ay,cos@)dp
" . scaling factor

’”=AA°Apc°§'§”°C

cony

AA . A\ asymmetry parameter

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

S-S (= Sp -SpH) : Spin sensitivity
referring to motional axis

: convolution coefficient
between two asymmetries

CC ony




knockout n

pC scattering



Ap spin-spin asymmetry

1.1 (.a.)‘.ﬂ.) = 0" case

N(Pp,) | Ny

_ (b)J =1"case

+T



Toward JP (spin - parity) study of K-pp with 3He target

polarimeter...
tracker stack

CDC --
K—

inner Z trig
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Another extension:
®N bound state ?

arXiv:2212.12690

Evidence of a p—¢ bound state

Emma Chizzali*?*, Yuki Kamiya®?®** Raffaele Del Grande®,
Takumi Doi?, Laura Fabblettl Tetsuo Hatsuda?, and Yan Lyu®*® | S S S S S SN S S S S S S S s e S e
I()(I)I N +
The possibility of the existence of a 4 1# K |

®N bound state (/ = 1/2) as a novel

molecular hadron cluster has been
pointed out by T. Hatsuda et al. This is

consistent with ¢»¢» dominance near the

production threshold of the pp
reaction channel.
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cross section (b)

+
4

j—

R

E ... - o
¢N signal might be found in J/V decay? incident B momentum (GeV/c)




If exist, nuclear ¢ bound states search is of interest

polarimeter...
tracker stack

inner Z trig
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... H. Onishi



Summary

At present, it is crucial to systematically investigate the properties of various
molecule-like hadron clusters (such as quantum energy and spin-parity) to

better understand the hadron cluster — KN, KNN, KNNN, .. and possibly ¢ as
well to understand the hadronization in detail. (cf. quark-hadron cross over)

Even if the )N bound state does not exist, strong attraction between N
suggests the possible existence of multi-nucleon bound states like p/NN, ¢pNNN,

Using a new spectrometer system, we aim to investigate the properties of these
molecule-like hadronic clusters with multiple nucleons (A > 2) in the future.

Theoretical progress is another key to fully understand the molecule-like
hadronic clusters



