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To-do list (ver. Feb. 2024)

B K-d-—>n An, m £ nreaction calculation. <—> J-PARC E31 Exp.
The nature of A(1405) in contrast to X (1385).

Background from ©N and YN final-state interactions.

B KNN structure calculation including two-nucleon absorption: KNN —> YN —> KNN.
Shifts of the binding energy and decay width of the KNN bound state.

Size of the KNN bound state.

B K-3He > A pn, m X pnreaction calculation. <-> J-PARC E15 Exp.
How the two-nucleon absorption affects the KNN spectrum.

The KNN (Is = -1/2), also known as Konn, bound state.
The nature of A(1405) ?
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Schedule (ver. Feb. 2024)
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The KN system in K-d —> ® Xn

++ Our calculation ++

B We calculate the cross section of the K-d —> © X n reaction.
J. Yamagata-Sekihara, T. S. , and D. Jido, under discussion.

Angular (= momentum transfer (ians) dependence ? | qirans = Pk — Pn at Lab. frame

Contribution from each component of the reaction diagram ?

L7
=

(1) Deuteron wave function. S m

(2) 1st step Ti1 (KN —> KN, Pk = 1 GeV/c).

(3) K propagator.

K-opom (1) P » K- np K-
(4) an Step "[‘2 (KN > Z). Dia. 1 Dia. 2 Dia. 3

—> We aim to construct a precise model to determine the pole position
of the A(1405) in the complex energy plane.
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The KN system in K-d —> ® Xn

++ Deuteron wave function & K propagator ++

B Deuteron wave function.

Taken from the CD-Bonn potential (s wave only, ~ 95 %): Small uncertainty.
Machleidt, Phys. Rev. C63 (2011) 024001.

. -+ d?0 /d M 5,dgirans [arb. unit]
1.6 = 1
B Together w_|th the K propagator, "] I M®&p) Deuteron WF
the scattering Amp. becomes: - & K Prop 08
o dBQex SOdeut(‘Qex _ qtrans‘) L2
Amp. = 2 5 5 =
(27T) Jox™ — Mk + 20 Qtrans — PK — Pn 8 b g | 106
_ ] — 0.8
Band width owing to the deuteron WF. | = » 0.4
— Off-shell N inside the deuteron. 7 O' )
' 0.2
On this band, we may treat 0.2 A
the propagating K as (almost) on-shell 11 1 16 17 18 19
particle. My, [GeV]
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The KN system in K-d —> ® Xn
++ & the 1st step KN —> KN ++

B Inclusion of the 1st step Ti1 (KN —> KN, Px = 1 GeV/c).
—> Employ the Kamano et al. on-shell amplitude.

Kamano, Nakamura, Lee, and Sato, Phys. Rev. C90 (2014) 065204.

COS 91(

dSyx -, k—n! AL [mb/sr] dGKp o 1 dQ [mb/sr]

3.5 0

. -0.2
2.5
2 <1>¥-0.4
15 &
o5 -0.6
1
-0.8
0.5
0 -1
05 0.6 07 08 09 1 2 05 06 07 08 09
ki [ GeVie] n forward k.. [GeVie]
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The KN system in K-d —> ® Xn
++ & the 2nd step KN —> X ++

B Inclusion of the 2nd step T2 (KN —> = X).
—-> Employ the lkeda-Hyodo-Weise amplitude, which contains the A (1405).

Ikeda, Hyodo, and Weise, Nucl. Phys. A881 (2012) 98. 42 / dM.5.dg [nb /1\-’IeV2]
P aens (s — Crans) I )
Amp. _ / ex Pdeut ex . trafls Tl(Kamano)TQ(IHW) ' |
(27T)3 Qex2 — Mg + 10 |
0.6 -
—> Full calculation. = 5 40
D) i
@, f
We have two trends. g 04 T/ A&
- Below the KN threshold: S ngy
: W, "
The A(1405) signal. 0.2 g _
_ T+ [778T] | .
+ Above the KN threshold: 5 | - ,M(K p,) | |
The quasi-free K propagation. 1.3 1.35 1.4 1.45 1.9 1.55 1.6
]\fﬁg [GQV‘
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The KN system in K-d —> ® Xn

++ Spectrum at the forward n ++

30
25
@ 20
> 15
= 10
S 5
= 0
S 30 -
S 30
Chadl — v+ rty—_— 30
S o0 o (m™Xt+nNE -~ x0)/2
> 15 -
= 10 - o
] == Lo
0 lagare :
1350 1400 1450 134
nx mass [MeV/c?]
Frik

J-PARC E31 Collab., Phys. Lett. B837 (2023) 137637.

B We can compare the © X spectrum at the forward n condition with the Exp. data.

14 7TI_Z+ | | | | | |
12 LAty —=-. _
= | A0 ...
> 10 |
= 0n
3 8
=
2 0T
=
= a4
)
B 5 |
0 ”‘I" | | | | ~§|"‘.-.—r
1.36 1.38 1.4 1.42 1.44 1.46 1.48 :
Mﬂg [Ge\/]

are quantitatively different.
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Quite similar shapes, although the peak heights




The KN system in K-d —> ® Xn

++ Summary and outlook ++
B After all, what makes the structure in the K- d —> © X n reaction ?

Deuteron wave function: Robust. J-PARC E31 Collab., Phys. Lett. B837 (2023) 137637.

> . /K~ oy —— ™ (n), [p] \

K propagator x 1st step Ti(Kamano) (on-ghell) : Fairly robust. NN
@—w, & (). 12°)

2nd step T2HW) (contains A(1405)) : Fairly robust.

d2 o / dM ™ dgtrrans [l’lb/ I\IGVQ]
0.8 1 | | | |
—> Double-step process makes the structure ! N N

K survives the reaction. 0.6-

B Then, we can upgrade the reaction calculation. 047

Final-state interaction ?

Difference from the X (1385) / A(1520) ?

(trans [G' GV]

0.2 -

0 . . . . . |
1.3 1.35 1.4 1.45 1.5 1.95 1.6

M. Ty [Gr eV]

—> More precise properties of the A(1405).

4
K
o>
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The KNN system in K- 3He —> Apn

++ Our calculation ++

B We calculate the cross section of the K-3He —> Apn reaction.
T. S. , E. Oset, and A. Ramos, PTEP 2016 123D03; under discussion.

Momentum transfer qians dependence ? Qirans = Px — Prn, at Lab. frame

Contribution from each component of the reaction diagram ?

(1) 3He wave function.

(2) 1st step Ti1 (KN —> KN, Pk = 1 GeV/c).

(3) K propagator.

(4) Faddeev & K absorption T(KNN —> Ap).

—> We aim to construct a precise model s

to search for the KNN pole in the complex energy plane.
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The KNN system in K- 3He —> Apn

++ 3He wave function ++

B 3He wave function.
A separable parameterization fit for the NNN wave function with the CD-Bonn

potential (s wave only, ~ 90 %). Baru, Haldenbaﬁfi’ ;{Sﬁ?ﬁftﬁ%gﬁgﬁ Zggj 1
IS0 ISo @
BHer) = v, (pp)ws 0 (92) |~ —=mr( )+ L py(prmy + >>
e+) = M w1 2\ n — | n n — DN+ — N
0 So\Pp )W15,\P /3 +\P1PL — PPt 5 \/gm Pty Pl — Pl W2 O y @
s, (pp)wss, (Pr) | - —=py )+ L e + >> : :
U3 ws A ny —n | ng—mn ns —nN
SIS BN | T B T N i
T A 1
3S1 3S1 / 4&
| | | | £ N
— Functions v and w are given by a five-term expansion: g L
= i '\
O aV O bV . ; B §'
v — n W — n v="5,°S |
I/(p) 7;1 p2 n (m%)z I/(p) ngl p2 n (MTI{)Q ( 0 1) 0 -
pfm ]
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The KNN system in K- 3He —> Apn

++ & K propagator ++
B Together with the K propagator, the scattering Amp. becomes:

d°p)

Wy (p)\)

(27)° (¢ex”)* — [P

v
T, | ,
Px -
AN
‘ Phw

'S

Amp. — /
Palpm | |
Vi

particle.

On this band, we may treat
the propagating K as (almost) on-shell

(R E

Again we have
a band structure.

Band width owing to
the 3SHe WF.
— Off-shell N inside 3He.

Px — Pn|? — mg? + i0 .
X d*o /d My, dgans [arb. unit] 1
Qtrans = PK — Pn . M(K—pp) SHe WF
6 c _
A & K Prop 0.8
24
— 1.2  Ck
= ? Wer '
0 03
0.2 :
0 - ' ‘ - - . 0
22 23 24 2.5 26 2.7 28 2.9
My p [G eV]
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The KNN system in K- 3He —> Apn

++ & the 1st step KN —> KN ++ |
_ _ | « o)
B Inclusion of the 1st step Ti1 (KN —> KN, Pk = 1 GeV/c). N ]
, g
—> Again employ Kamano et al. on-shell amplitude. ‘ONQ 2
Kamano, Nakamura, Lee, and Sato, Phys. Rev. C90 (2014) 065204. : .
dSyg-n k0! dR [mb/sr] do 0, / dQ [mb/sr] :
0 L 35 0 i 35 . dQJ/d]\JApdqu.anS larb. unit] .
02 25 0.2 25 . SHe WF I
o&-o.zz 5 ®=<-0.4 5 6 _
2 0o w S oo 1 m X KProp. & T1 | [Flos
1 1 i vy,
08 - 038 - = 9 beCA»
1 0 -1 0 L ‘ Waf‘d '06
05 06 07 08 09 1 05 06 07 08 09 U ]_
ab [ GeVie) " forward w [GeVie] —' i
Kamano) e -0.4
A / d®p) wy, (px) T @ 0.6
mp. = |
(27)3 (4ex?)? — |PA + PK — Pn|? — mg? 40 0.4 y 0.2
0.2
Dominated by the small momentum 0 . . . . . | 0
£ ] 0.4 GeV ] 22 23 24 25 206 2.7 28 29
transter region quans < 0.4 GeVv, again. My, [GeV]
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The KNN system in K- 3He —> Apn

++ The AGS equation and KNN —> Ap ++

B Solve the Faddeev Eq. with the explicit NN interaction as well as KN.
NN interaction: Separable form which reproduces the NN(!So, 3S1) phase shift.

KN interaction: KN —> KN in chiral dynamics & Two-nucleon absorption.

1 l z N N = N N I_( N N I_( N N
‘ A A A A A A e A A
\\ .\\ \ \ \ J)IE 1 \“O--.“. ]

— C + /', = 0 + AS 4+ AS N
‘ 24 4 O O~
4 A ’ v’ o v )
! A N N % N N E N N K N N
—-> Solve the Alt-Grassberger-Sandhas (AGS) integral equation. KNA vertex
2
Xi;(E,pi,pj) = Zi ;(E,pi,pj) + Z/ ﬁk in(E,Di, k) Tn(E, k) Xn ;(E, k,pj)

= KNN bound state is generated !
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The KNN system in K- 3He —> Apn

++ Reaction cross section ++
B Inclusion of the KNN —> Ap part. —> Full calculation.

Kamano
A . / d°py Wy (P/\)T1( )TRNN—>Ap
mpo —

3 0)2 _ _ 2 _ 244
(27T) (qex ) ‘pA T PK p’n,l Mk + 20 0.8 dzo/d]\"[z\detralls [llb/l\IQVQI

Tk —/ d’pp v (Pp) Ve NaXAGS
KNN—Ap —

— 6’3 0.3 - n fol'w . 3 | W
- Above the KNN threshold: 0o ary

_ . 2
The quasi-free K propagation. - :
0.1 M(K-pp)
These two trends are consistent with 02.2 995 99 935 94 945 25 0
the Exp. data. My, [GeV]
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The KNN system in K- 3He —> Apn

++ Summary and outlook ++ ,,
B Consistency of the K- 3He —> Apn reaction cross section.

—_—
I 1

1. Appearance of the quasi-free kaon line. g
—> K is indeed mediated. v
2. The q independent signal Yamaga et al. J-;PARCE15], | “Tff Ty 5
below the KNN threshold. Phys. Rev. C102 (2020) 044002. | ezgs345-5i 4 )26 R T
mx( eV/c?
—> Strongly support the existence - 0 /dMy dgumn [1b/MeV?
of the KNN bound state. .
0.6
i R .. L
B Then, we can investigate the scattering amplitude. <, R —
Pole position of the KNN bound state ? s 03
0.2
Spin/parity of the bound state ? 0.1
0
2.2

]\-L\p [G GV]

Fiffe / 3o S &RITEYE (2024 468 H 5-6 H) 16




WD uhE -
HAL QCD #: & A(1405) O ZIBRIGHA

Frfe / JLE S SMEIGE (2024 £ 8 H 5-6 H)




M()tivati()n Slide by K. Fujiwara.

HAL QCD

Gauge configurations from Lattice QCD ——» NBS wave function ‘I’p(r) —»  HAL QCD potential Vi (7)

€2€) system in My model

Given potential V(r) =% Scattering amplitude 7(E, p’, p)

— [NBS wave function ‘Pp(r) — HAL QCD potential Vi, AL(r)J

KN system in My model

~

-

.

Given potential V(r) | =% Scattering amplitude 7(E, p’, p)

— NBSwave function ¥ (r) ——> HAL QCD potential Vi, (r)
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() () case

T(E,k,p)
U, (r) = jolpr / k% jo(kr - dk ' EYT(E, k
p( ) ( ) ) E_éa(k,)_'_zo T(E,p',p) _ V(p’,p)-l—/ (pa ) ( y 7p)
. 0 271" E — (ga(k') -+ 10
= jo(pr) + > Jo(kwr) G(E)w T(E)n ny-
Vi = Fie ! d* |\
Slide by K. Fujiwara. HAL(T) = Erel - 2, (1) dr? (rWp(r))
~ B 1 (r+ APV, (r + Ar) — 2r0,(r) + (r — Ar)¥,(r — Ar)
- 2purWy(r) Ar? '
. @ p=0.001GeV
0.0 | § ® =001 GeV Gongyo et al. [HAL QCD],
! @ p=0.02 GeV Phys. Rev. Lett. 120 (2018) 212001.
i
_ ' s |
E 0.05 | '. %om.w—% e
= l. i 3 ta=17 —e— |
= . ;50.55 ~
= 0.00 | :.. g o.;u
. s |
-50) 5
Bl | 05 1,0 15 2lc 25 310
0.5 1.0 15 2.0 2.5 3.0 100 s 1 1EBml 2 25 3
r [fm] r(fm]
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KN case

30000 | D 1(t=7) 20000 % b 8 (t=7)
__ 10000 |
>
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o
N
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.-
, ~20000/ ¥
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2500! |
x * 80 “'7)
0 */—no—-—
. =2500r < |z
> =
V) - x
= ~-5000 |
— }
S =7500 |
S T 1
~10000! !
~12500/ !
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r [(fm)
Murakami and Aoki, PoS LATTICE 2023 (2024) 063.
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KN case

chi [GeV™1/2]
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05 r
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0.2 r
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V0=-1.59868 GeV

Vin(r) = Vo exp

-(5)|
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1.5 10.0

Slide by K. Fujiwara.

T(E,p',p)

V(p',p) +/

> dk

k2 V(p,’ k)T(E’ kap)

Jo(pr) + /

dk

27

k* jo(kr)

T(E,k,p)

E— &(k) + 0

jo(pr) + Z Jo(knr) G(E)n T(E)n’ nons

nl

0 27'('2 E—-& (k) + 20
Scattering amplitude os Phase shift
® Phase shift
. 170 ¢
160 |
95 .
90 & 150
5 85 80 :C:J'
= 80 S 140
s . 3
70 0.0050
65 4025 o
1 uoq}rf 0.0000 0 120 }
| I'BW "Im(E)
Re(E) “o00se ” 10 | : A . ‘
0 25 50 75 100
. . E [MeV]
NBS wave function HAL QCD potential
5=0.002 GeV :
4k p=0.01 GeV
p=0.02 GeV 0.0 }
§ % -0.5 F
Q O
'Gl 2 + _;
OfF, S - . -15 }
0 1 2 3 '
r [fm] o 1 3
r [fm]
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KN case

A(1405) =

Compact state

K—Iﬁ

Hadronic molecular state

2 2

Slide by K. Fujiwara.
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