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1. Introduction




Kaonic nuclel
= Nuclear system with KPa" mesons

4

S

KbPar meson
(KObar, K')
J7=0-, 1=1/2

Introduce strange quarks (Strangeness)

Into a nucleus through mesons
cf) Hypernuclei: through baryons
... Hyperon (A, 2, =)




G KbarN two-body system

» Low energy scattering data, 1s level shift of kaonic hydrogen atom
* Hard to describe A(1405) with Quark Model as a 3-quark state
« Success of Chiral Unitary Model with a meson-baryon picture

Excited hyperon A(1405) = K™ proton quasi-bound state

Excited hyperon N (1405)
1(JP) = 0o(1™)

Mass m = 1405.1 7 ig MeV
Full width ' = 50 + 2 MeV
Below K N threshold

A(1405) DECAY MODES Fraction (I;/T)

N(14035)

[=0 N-K®a" bound state

Not 3 quark state,

«— A naive quark model fails.
N. Isgar and G. Karl, Phys. Rev. D18, 4187 (1978)

But rather a molecular state

T. Hyodo and D. Jido,
Prog. Part. Nucl. Phys. 67, 55 (2012)




G KbarN two-body system

» Low energy scattering data, 1s level shift of kaonic hydrogen atom
Proton * Hard to describe A(1405) with Quark Model as a 3-quark state
« Success of Chiral Unitary Model with a meson-baryon picture

Excited hyperon A(1405) = K- proton guasi-bound state

Strongly attractive K°2'N potential

Shrinkage and dense state!
8BeK-

» O

> Doorway to dense matter?
— Chiral symmetry restoration in dense matter
> Interesting structure?

Density [fm™]
0.0

Jucl

> Neutron star

4HeK-, pppnK-,

+A. D., H. Horiuchi, Y. Akaishi and T. Yamazaki, PRC70, 044313 (2004) ..., 3BekK, ...



KbarN two- = \(14
two-body system = A\(1405)

Prototype system = K~ PP

Kaonic nuclel
= Nuclear many-body system with antikaons

&5



I Expenments of K Qp search
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Theoretical studies of “K'pp”

| « Variational / Faddeev-AGS approaches
| * Chiral /Phenomenological potentials

Dote-Hyodo- | Barnea-Gal- lAkaishI- Shevchenko-
Weise Liverts | Yamazaki Kamano-Sato | Gal-Mares

PRC75.014003 PEB712. 132 PRC76. 045201 PTP124.533 PRCTE, 044004
(2009) (2012) (2007) {2010) {2007)

B(Kpp) 20%3 16 47 9~16 50~ 70

I 40 ~ 70 41 61 34 ~ 48 90 ~ 110
Method Variational Variational Varlational Faddeev-AGS Faddeev-AGS
(Gauss) (H. H.) (Gauss)

Fotential Chiral Chiral Pheno Chiral Pheno.
(E-dep.) (E-dep.) (E-dep.)

* Latest progress
* Systematic study of kaonic. clusters {A+1.< 7) with Stochastic Variational Method
->> Dr. 8. Ohmsh: s talk
« Study of kaonic clusters (A+1, A+2 < 4) with Hypersphmcal Harmonics.
in momentum-space (R. Y. Kezerashvili, et al., arXiv:1510.00478)




Faddeev-AGS
%Pheno. pot. (E-indep.)

Variational (Gauss) I:|NUDA

o Pheno. pot. (E-indep.)

Variational (Gauss)
'—;. Chial. pot. (E-dep.)
Faddeev-AGS
Chiral pot. (E-dep.)

20




Faddeev-AGS !
%Pheno. pot. (E-indep.) |

Variational (Gauss)
l @ Pheno. pot. (E-indep.)

Variational (f5auss)
'_;. Chial. pot. @E-dep.
Faddeev-AGS

el - Chiral pot. (E-dep.) — Small B. E.
... A(1405) ~ 1420 MeV (B. E. ~ 15 MeV)

 Pheno. pot. (E-indep.) — Large B. E.
... A(1405) = 1405 MeV (B. E. = 30 MeV)




2. "K'pp” investigated with
ccCSM+Feshbach method

Collaboration with
Takashi Inoue(Nihon univ.)
Takayuki Myo (Osaka Inst. Tech.)

“K-pp » —
KPA'NN — z2N — AN (J== 07, T=1/2)




« A(1405) = Resonant state & K"2'N coupled with &

« “K'pp” ... Resonant state of
KParNN-1mYN coupled-channel system

Doté, Hyodo, Weise, PRC79, 014003(2009). Akaishi, Yamazaki, PRC76, 045201(2007)
Ikeda, Sato, PRC76, 035203(2007). Shevchenko, Gal, Mares, PRC76, 044004(2007)
Barnea, Gal, Liverts, PLB712, 132(2012)

» Resonant state

» Coupled-channel
system | nm+z+n

= “coupled-channel
Complex Scaling Method”




S. Aoyama, T. Myo, K. Kato, K. Ikeda, PTP116, 1 (2006)

Complex Scaling Method I Al et R ) A

... Powerful tool for resonance study of many-body system

Complex rotation (Complex scaling) of coordinate .
Resonance wave function — L’ integrable (6):

roré?, koke™

Diagonalize Hy = U(0) H U (0) with Gaussian base,

Imag. (E)

scattering states (6=0)

Real (E)

bound
states

continuum
states

tan’! [ImE /Re E] = -26

» Continuum state appears on 28 line.
» Resonance pole is off from 28 line, and independent of 8. (ABC theorem)




Chiral SU(3) potential with a Gaussian

A. D., T. Inoue, T. Myo, Nucl. Phys. A 912, 66 (2013)

 Anti-kaon = Nambu-Goldstone boson
= Chiral SU(3)-based KPaN potential

» Weinberg-Tomozawa term A non-relativistic potential (NRv2c)
of effective chiral Lagrangian

Cu:o_l) ]
. - #(1=0.1) ) ) .
» Gaussian form in r-space Vi (r)=-—L—(o +0,) g;(r)
81 \m;m,

> Non-rela.

_ g,(r) = = e -(r/d,) | 2 Gaussian form
» Based on Chiral SU(3) theory oy :

— Energy dependence § ;' meson energy

Constrained by KP¥'N scattering length

» Old analysis by Martin
Akng=0) = ~1.70 +10.67 fm, ayyg=y = 0.37 +10.60 fm A. D. Martin, NPB179, 33(1979)

 Analysis of SIDDHARTA K'p data with a coupled-channel chiral dynamics

aK_p = -0.65 +10.81 fm, Ag.p — 0.57 +10.72 fm Y. Ikeda, T. Hyodo and W. Weise,
NPA 881, 98 (2012)




A (1405) pole with a chiral SU(3)-based potential

Kba'N potential:
MM
1480 [Me) a chiral SU(3) potential

(NRv2, f =110,
Martin constraint)

| A D., T. myo,
Nucl. Phys. A 930, 86 (2014)

“Complex-range
Gaussian basis”

Iﬁ
N
~
>
S

T2 continuum ™

A.D., T. Inoue, T. Myo, LOWGr pOIe
Nucl. Phys. A 912, 66 (2013) : T % e

;_:o//'/_.i (=0, T=1/2}

\ : -/,.' N

(f=1/2", T=1/2)

Double-pole structure of A(1405)

D. Jido, J.A. Oller, E. Oset, A. Ramos, U.-G. Meiner, Nucl. Phys. A 725 (2003) 181




|Outline: ccCSM+Feshbach calc. of “Kpp”

A.D., T.Inoue, T. Myo, PTEP 2015, 043D02

“Kpp” = KANN — zZN — AN (J== 0", T=1/2)

Highly computational cost, due to the channel coupling

Derive an effective KP2'N single-channel potential
by means of Feshbach projection on CSM.

“Kpp” = KPaNN (J7= 0, T=1/2)

KbarNN single-channel three-body problem
with an effective KP2'N potential




Outline: ccCSM+Feshbach calc. of “K'pp”

1. Solve the KPa'NN three-body Schroedinger eq. with Gaussian Expansion Method

Eff .
(TKbarNN +VNN + Z U KbarNi(l) (EKbarN ) JCDKbarNN - E CDKbarNN

i=1,2

Trial wave function

‘(DK"B'NN> _ ZC;KNNJ) {G;KNNJ) (ng),X(zs))-*- G;KNN,l) (—Xia),x(;) ): ‘SNN =0> ‘[K [NN]1]T:1/2>

n ZC;KNN.Z) {G;KNNZ)(X?)’X(;))_G;KNN.Z) (—Xf),x‘;) )} Sy =0) ‘[K[NN]o]T:1,2>

Basis function = Correlated Gaussian
...Including 3-types Jacobi-coordinates

2. Self-consistency for complex KP2'N energy

* E(KN),, : assumed in the KP*N potential
* E(KN), : calculated with the obtained K-pp

- E(KN)m: E(KN)CaI

3. The energy of a K*®'N pair in K'pp is estimated in two ways.

ot e | M,+m—B(K) : Field pict.
EKN) = M+ = S . .
@ © : M,+m —BK)/2 :Particle pict.

wo=m, -B(K)

A. D., T. Hyodo, W. Weise,
Field picture Particle picture PRC79, 014003 (2009)




NN pot. :Av18 (Central)
Kba'N pot. : NRv2a-IHW pot.
200 - 120MeV)

Pole position of “Kpp”

A chiral SU(3)-based potential constrained with

the latest KN scattering length data (based on “SIDDHARTA” exp.)
E(K-pp) [MeV]

-30 -20 -10 Q

Field picture (BGL ansatz)
(B, [72) = (15~22, 10~18) ‘,,‘
Parficle pi A~ 120
Mpld_ure P ¢
(B, [/2) = (16~19, 14~25) £ %10

®100

4

f.=90

® -Field picture

w=m,—B(K)

¢ -Particle picture

Field picture * Particle picture -&-Ave. Vs_KN

-50




NN correlation density

Correlation density in Complex Scaling Method

=

,/0\;7\@-:5( )=53(;4\w,5——x) I p.-’\-:v(x) <~; ~

Fxve =I'xn ef'




Dense matter or not?

Chiral SU(3) potential Pheno. potential
(E-dep.) (E-indep.)
Y. Akaishi and T. Yamazaki,
PRC 65, 044005 (2002)
B. E. (A\*) ~ 15 MeV NS B E (A%~ 28 MeV
=S N* = A(1420) = N*=N(14095)
B. E. (“Kpp”) ~ 20 MeV - B. E. (“Kpp”) ~45 MeV
NN distance ~ 2.2 fm NN distance ~ 1.9 fm
= ~ Py (017 fm ) =~1.6 p,




3. Discussion on “Kpp”

Double pole of "K-pp”?



Double pole of “K'pp”

Chiral pot.
(f,=110 MeV, Martin)
Particle picture

Indicator of self-consistency ‘
A=|E(KN)-, — E(KN),,|

A=10 at E(KN)=(58, 64)

Nearly self-consistent solution:

B(KNN) = 79
A=0 at E(KN)=(29, 14 =
at ( )=( | ) 2 98 MeV Lower pole??
Se|fB-CI(2rII\TII\‘ISte_I‘]t 5207Ilgt|on: \ R —
r/(z )~ 18.9 MeV “K'pp” has a double-pole structure
[Lﬁ'gher- poVe? : similarly to A(1405) ?

(Predicted with chiral unitary approaches
D. Jido, J.A. Oller, E. Oset, A. Ramos, U.-G. MeifSner,
Nucl. Phys. A 725 (2003) 181)



-

Kpp searclgg at J—PARC‘E“’ 4

O PARCEINT 35 O ey —

d(mr, K*) = 17GeV/c N

2s +17+21
Mass = 2275—18—30 MeV ~ 95 MeV

Bipp
i 87466 .
I = 16FETTTMEV if the signal is a K= pp.bound state
4 ': L ' . : 3 24 25 286
Y. Ichkawa et al. PTEP 2015, 024D01 | * MM, [GeV/c?)

ENRa\/

Il,!:-‘,:-,l"

« J-PARC E15 (1sV r-‘uh')fi =
*He(inflight K, Ap)isig pK 1.0GeV/c

R2oRa IS

M(A(1405)+p)
M(K+p+p)

Ap invariant mass

Multi-NA sum
"

.

Mass = 23551% 4+ 12 MeV BKpp ~ 15 MeV

r L 11033 1 27 MeV if the S|gnal IS a K pp bound state.: b
I “l_; [“r“o —— Ll MmN\ ATM. - . _—— e
A 9E = 7y sadaetal. PTEP 2016 051D01



Comparison of Theor. and Exp.
DISTO| Pl

B ~16 MeV
J-PARC E27 "3_:3562”;\"/ J-PARC E15 § r ~110 Mev
2 (Preliminary?)
I | >
-103 0 [MeV]
m2 N thr. KPa'NN thr.

Double pole with a chiral potential (E-dep.)

== SIDDHARTA

— Bo» ] ry — A o) Py — ol )
-Fesnpaci L ASIOVEOY ey viartin
1500~210 18~64

Enhancement of KP*N interaction (E-indep.) | Partial restoration of chiral symmetry?

* L=1 excited state

Proc. Jpn. Acad., Ser. B 89, 418 (2013)

S. Maeda, Y. Akaishi, T. Yamazaki,

“mAN-m2N system (37 = 2%, T = 3/2) ©



4. Fully coupled-channel
CSM study (on-going)

“K-pp’, —
KPA'NN — zZN — AN (J7== 07, T=1/2)




Just diagonalize
the Hamiltonian matrix!

KbarN N i CEUNIN i CEUNIN
_ KbarNN |

No channel elimination!!




* Hamiltonian  [EE RV S Aty o eM
eson

a,ﬂ:KbarN,ﬁZ,ﬂA

: Baryon
 Wave function Baryon

..::, ! Z C:K;-_‘.._w‘ +) G;Ki-‘-?-:':" (x'.l-" ',xé3 ) ) 1S = 0:;- I[K[A\i\*]l:' _ e KbaI'NN’ NN=1E
:KP"NN, NN=0

A ZC;K:_\?.‘:—s G;K.f_‘:f’:—i' ‘ x'l-‘"x':3' ) S = 0.:' ‘[K[.\ﬁ\r]’j]

T=1/2 To=i

| ;C;T-: £X1-) G;:.: N} (XI];‘]eX::E J ) Sz‘: = 0 H:‘{]i} _\7]T=1 o :\_—..\';S g = ‘ﬁ*é_ﬂf‘a!’ []TZ]I=0, {ZN}Sym

§ Yaras X ) [See=0) | [#Z], V| {ZN} . 4: m&N, [112 ], {ZN}Asym.

Ja

L Zle;:;.\;:_»; G V1) 2 x =03 [= ] YJ; . _'(1\}5 _ k- ﬁinfg’ [77'2][=1, {ZN}Sym.

b 3o G (a0 10) [, =0)[[E) ], M) . 6: WEN, [TT5]1=1, {EN}psym

P YOO I (x2,20) (S, =[] V], .0 (0N)) | Ch. 7 WAN, [TTA s, {AN}sym.
F T G (1) |5, ranzan ™) | Ch. 8: WAN, [iA]1s, (AN} psym

Spatial part: Correlated Gaussian projected onto a parity eigenstate of B,B,,
including 3 types of Jacobi coordinates

«(X) : X ‘ 3 3 X ;Xx
G A x5 X3" ) =N, expi (xi.% )47 | |
X3 )




Complex eigenvalue distribution

NN: Av18 pot.
KPa'N-zY:  Akaishi-Yamazaki pot.

(Phe 1 1eP) n/\N) [MeV] KbafNN

154

/\*pole
= 28 MeV, I _s/2 =20 MeV

~
a

The "Kpp” pole of AY potential :

N*N cont.
) |

\ \\ e

Dimension = 6400 m/AN cont. | m2N cont.
. 'o‘ o

Scaling angle =30 °




Property of the “Kpp”

Norm 1.004 -1 0.286 -0.002 +i0.276
KbarN M2
(I=0) 0.726 -10.213 (I=0) -0.009 +10.261
(I=1) 0.278 -10.073 (I=1) 0.007 +10.015

-0.002 +i 0.010

A
(1=0)
(I=1) -0.002 +i0.010

BB distance [fm]

1.86 +10.14 1.50 +10.48
MB distance [fm]
(I=0) 1.40-10.01 (I=F0) 0.52 +11.31
(I=1) 1.95+i0.14 (I=1) 0.80+i1.22

1.10 +10.23

(=0 -
(I=1) 0.74+i0.74



5. Summary, future plans
and remarks



5. Summary

‘ A prototype of KPa" nuclei , “Kpp” = Resonance state of K NN-1rYN coupled system

‘K'pp” is theoretically investigated in various ways:

Chiral SU(3)-based potential (E-dep.) @ — Shallow binding ... B(K'pp) = 10~25 MeV
Phenomenological potential (E-indep.) — Deep binding ... B(Kpp) = 50~90 MeV

All theoretical studies predict B(K-pp) < 100 MeV.

Kpp studied with “coupled-channel Complex Scaling Method + Feshbach projection”

« A chiral SU(3)-based KPa'N potential constrained with the latest KP&'N scattering length data
Kpp (J™=0, T=1/2) ... (B, I'/2) = (15~22, 10~25) MeV (SIDDHARTA constraint)

A candidate of self-consistent solution is found. ... Deeper binding and larger decay width
Kpp J™=0, T=1/2) .... (B, [/2) = (60~80, 75~105) MeV (Martin constraint, Particle pict.)

‘K'pp” has a double-pole structure similarly to A(1405)?

* The signal observed in J-PARC E27 corresponds to the lower pole of "Kpp“??
J-PARC E15 may pick up the higher pole of "K-pp“???

* NN mean distance of “K'pp” system = 2.1 fm (Chiral pot.), 1.9 fm (AY pot.)
> If KberN potential is so attractive as AY potential,

kaonic nuclei could be a gateway to dense matter.



5. Future plans and remarks

Future plans:

» Fully coupled-channel calculation of K-pp (on-going)
... E-dep. Chiral SU(3) pot. case, Detail study for the double pole structure, etc

» Application to resonances of other hadronic systems

Remaining Issues:

1. Spectrum calculations with reaction mechanism,
for the comparison with experimental result

Earlier works on 3He(in-flight K-, n) reaction: -->> T. Sekihara, E. Oset and A. Ramos, arXiv: 1607.02058

T. Koike and T. Harada, PRC80, 055208 (2009) (PTEP in press)
J. Yamagata-Sekihara, D. Jido, H. Nagahiro and S. Hirenzaki, Phys. Rev. C 80, 045204 (2009)

Poles obtained in theoretical study = on the complex energy plane
Observables measured in experiments = on the real energy axis

Non-mesic decay of “Kpp” (two nucleon absorption, “Kpp” --> YN)?

Most of theoretical calculations of the “K pp” pole position consider only mesic-decay mode,
not non-mesic decay mode. Need to be careful when comparing with experimental results.

Nature of A(1405) and KN interaction
How strongly attractive is the KPa'N interaction? “A(1405) vs A(1420)”




Thank you for your attention!
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