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1.Introduction

m What is the KNN nucleus ?

The simplest system of kaonic nuclel.

- the antikaon(K)-nucIear quasibound states via the strong interaction.

KNN system has been studied both theoretically and experimentally.

Experimental searches for the KNN nucleus. % EAI;?;O Zyoai‘?é?zé‘;‘k N _

- J-PARC, SPring-8(Japan) * SATURNE(France) 150? ‘ DISTO

- E15, E27(J-PARC), LEPS(SPring-8) - DISTO of e [T
| (o tBhomercogcn ¢

o GSI(Germany) e DADON E(|ta|y) ' Theoretical predictions .
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1.Introduction

B Searching for the KNN nucleus in the J-PARC E15 experiment

The peak of KNN nucleus was observed in

the *He(K~, Ap)n reaction with the K~ beam.

— By Reaction calculation in the previous work,
the production of KNN nucleus is suggested !

T. Sekihara , E. Oset, and A. Ramos, PTEP 2016 123D03

Important issue In theoretical calculation

— Two-nucleon absorption (2NA).

- The peak was observed through this process.

- But, there are only few calculations incorporating Iit.
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T. Yamaga, et al, Phys. Rev. C102 (2020) 044002.
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1.Introduction

B Qur research goals

1. Structure and Reaction calculations of the KNN nucleus with two-nucleon absorption.
- Structure : binding energy, decay width, spin/parity, ...

- Reaction : How is KNN nucleus produced? Cross section?

2. Compare our results with the Exp. Data at J-PARC.
* Can we support the production of the KNN nucleus strongly?

 What did we observed in the J-PARC E15 experiment ?

We want to determine the spin/parity and pole position

of the KNN nucleus through reaction calculation !
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1.Introduction

B Today’s presentation contents

As a first step for Reaction calculation, we performed spectral calculation
for the KNN nucleus

* Formulation two-nucleon absorption(2NA) in a framework of Faddeev equation

» Results : KNN — AN scattering amplitude, AN invariant mass spectrum
- the spin/parity(not 2NA), relatively comparison with Exp. Data(2NA)

Overview of our model for Reaction calculation

- We are In progress !
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2. Spectral calculation for the KNN nucleus

with two-nucleon absorption
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2. Spectral calculation for the KNN nucleus with two-nucleon absorption

B Faddeev equation Matrix Form

A method of three-body calculation in quantum mechanics.
=V + 12X

Xll(Eaplap) 1,2 . N 3:K

X : Three-body amplitude,

1T : Two-body amplitude,

Z : Change spectator,

V T X (the factor of spectator particle).

Two-body amplitude 1
- we determine parameters to reproduce,

KN « Y. Ikeda, T. Hyodo, and W. Weise,
Nucl. Phys. A881 (2012) 98.

NN « the phase shift of NN (381, 1Sy) .
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2. Spectral calculation for the KNN nucleus with two-nucleon absorption

m KNN — AN scattering amplitude, AN mass spectrum

Next, We calculate the KNN — AN scattering amplitude, considering the final state Ap

in the >He(K . Ap)n reaction.

KNN — AN scattering amplitude.

0 2
XRNN—AN = J dp’g—]ﬂXu(E,p’,p)ZAN(E,p’)
P, :
N Py - on-shell momentum of nucleon in the final state.
AN mass spectrum.
A do , ,
dM = P | Xgnn—an(E) |

For simplicity, we use only p = 0. E. Oset, A. Ramos, Nucl. Phys. A, 635, 99 (1998).
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2. Spectral calculation for the KNN nucleus with two-nucleon absorption

B Result : AN mass spectrum for the spin/parity

To determine the spin/parity for the future, we calculate AN mass spectrum for J© = 07,1
- hot considering two-nucleon absorption

— 2 1 ~ +
— |KNNUJP =07)) =+ /=|K pp) - goPttnp
T 3 V3 V2
1.50x10" [ (7P _

| RNNU® = 17)) = —— | Rn) — —— | R%p)

[a.rb. unit.]

2

= 1.00x10" | \/5 \/5
Z = 00108 - - Difference weights for the KN (I = 0,1) int.

I Contribution from J* = 0~ is large
2.20 2.25 2.30 2.3 for AN mass spectrum.
E|GeV]| N P _
— Itis likelytobe J" =0~ ?
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2. Spectral calculation for the KNN nucleus with two-nucleon absorption

B Two-nucleon absorption(2NA)

the process of changing the particle number as KNN — YN (Y: A.Y) in scattering.

— ~ N _
+ KNA vertex V. s _ ;
K(') the wave function of spectator nucleon. "~
. - KNZ vertex Viys. AT @ N| N - assumption !
- the wave function of K T ™., 1 2\’ 2
K — | . /=
spectator nucleon : @p(7). . PN(r) = R\ AP R2
. l - Contribution of 2NA for the range of w.f. R ?
K K o
v <T> We introduce it into Loop function G in LS equation of KN channel
G(+2NA) 2
.S G (+2NA) _ I Joo dp PN JAgn-P)
o= : —
e o 2eNPIOKP) Egy — ex(p) — op(p) — 5

20g(p)
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2. Spectral calculation for the KNN nucleus with two-nucleon absorption

m Results : KNN — AN scattering amplitude, AN mass spectrum (J© = 07)

3.00x10" | —— Non2 N A H —— Non2N A | :
2NA(R = 2.0fm) /o \ L sosc1ot bl 2NA(R = 2.0fm)
5 50510 | 2NA(R = 1.5fm) o 2NA(R = 1.5fm)
o - 2NA(R — 1.4fm) " — -2NA(R = 1.4fm)
- | 2NA(R = 1.3fm) : 1.20%10" || 2NA(R = 1.3fm) \
":/ 2.00x10" | 2NA(R = 1.2fm) &/ SR\ '.,\ ~ 2NA(R = 1.2fm) VY /2 R\\\
u 2NA(R = L1fm) /27" T\ = 2NA(R = L1fm) Vo /RN
T 1.50% 10° 2NA(R = 1.0Im) o \«- 2NA(R = 1.0fm) oy \\)
100x10" F © 6.00%10° \
. 3 00x 10° \,
= 00x10° F 3.00x10
2.35 2.35

The range of wave function R is smaller, spectrums are broader !

Since K and N are closer by R, 2NA is more likely to occur.

— We can see the contribution of 2NA!
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2. Spectral calculation for the KNN nucleus with two-nucleon absorption

B Comparison with Exp. data (AN mass spectrum)

We compare with the Exp. Data relatively by multiplying the constant C
to match the height of peak.
90 T

) ), ) |9— — p
; : 1. _'.1,:ml CZ]W N N
M { l h.l!ll

NVAF
NVAS
2N AL

- 2NA(R = 1.3ftm)
VAS
VA
VAT

2NAH = 1.2fm)

] A(R ~ 11fm) The Exp. Data is from previous research.

= ' - '.’_. AlH Afm)

= 00| @ Bwdata \ T. Yamaga, et al, Phys. Rev. C102 (2020) 044002.
'z } { i The range of w.f. R . smaller

< 30 { } } — |t I1Is more consistent with the Exp. Data !

It matches well with the Exp. data
2.250) 2.275 2,300 2.325 2.350 = 1.O<R < L5 [fm].
E|GeV] - It is importance of 2NA !
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3. Formulation in the "He(K~, Ap)n reaction
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3. Formulation in the "He(K ™, Ap)n reaction

B The model of our calculation

We aim to construct a precise model to investigate

the spin/parity and pole position.

Contributions

(1) >He wave function.
(2) Two-body amplitude 7', (KN — KN, p; = 1.0 GeV).

(3) K propagator.

(4) Three-body amplitude X (KNN — AN).
T. Sekihara , E. Oset, and A. Ramos, PTEP 2016 123D03
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3. Formulation in the "He(K ™, Ap)n reaction

m 3H - V. Baru, J. Haidenbauer, C. Hanhart, and J. A. Niskanen,
€ wave function Eur. Phys. J. A16(2003) 437.

Precise wave function of three nucleons by a few parameters

n(pp) p(@,) A}

A

K ‘(p},///////////

- . e

-----

with CD-Bonn potential( s-wave ~ 90% )

Wave function

1 1 1 1
[Her) =v > (pp)w ™ (p) ﬁm(ﬁm — pipy) A , \/ng(PTni T NPy — PNt — n¢PT)>

+v 51 (p,)w S (py) : py(p1ny — nypy) 4 1 pr(prny — mypy +pyng — n¢pT)>
P \/§ 2\/§

- functions v, w of pair and spectator particle given by 5 term expansion

5 S

allfj,/l II;,/I 1 3
vip) = ) — ERTOEDS (v="5,"5)) Pair
= p> + (mY,)? = g%+ (M" ))?
n=1 A n=1 A (1S0,3 Sl)

Spectator
particle
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3. Formulation in the "He(K ™, Ap)n reaction

n(py,) p@, A}

|

- — — H. Kamano, S. X. Nakamura, T. -S. H. Lee,
B Two-body amplitude /; (KN — KN) and T. Sato, Phys. Rev. C90 (2014) 065204. )
KN interaction - Kamano amplitude T}, . a0

A

K (p },W

- calculate K p — Kon, K™ n — K™ n cross section.
P

(IQ mb/sr) (Ifl backward) do - - /d{(mb/sr)
1.0 1.0
2.5
0.5 50 0.5
?} 1.5 -~
’ . S 0.0
g o0 :
1.0
-0.5 ~0.5
0.5
- 0 0.6 0.8 10
lll) (-]O\'r [ n forward J A:l}ll)((—](}\x (:T)

—it is likely that these reaction occur around (4., cos 0) = (1.0 GeV, %= 1.0).
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3. Formulation in the "He(K ™, Ap)n reaction

m K propagator

Differential cross section

Scattering amplitude

d?o /A My, dqirans [arb. unit]
3 ¥ ; ApUQtrans
T— [ d p/l W (p/l) # 1.8 ll
— :“6 s
3 O0N2 _ 42 _ 112 ‘
(271-) (Qex) le mK T 1€ 148 : n-backward 0.8
n ) p®)) AL - K momentum in final state > L2} 0.6
Qex =Pk-tP,—P 2 -
l A =2 L g 0.8 -0.4
- momentum transfer v 06
0.4 ' 0.2
Qirans = Px- — Pn 0.2- -
: . n forward
n KNN — AN 0 . . . . ; : 0
22 23 24 25 26 27 28 29
]\--L\p [GGV]
- Band structure : the propagating K
as (almost) on-shell particle
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n(py,) p@,) AP}

3. Formulation in the "He(K~, Ap)n reaction

K(pz’/////////% §
—_— — _ 2 T v
B two-body amplitude 7| (KN — KN, ki, = 1.0 GeV) x K propagator ( )O\/

,'/
_ K (k)
Inclusion Kamano amplitude 7, ..., into K propagator e
. d*c/ dMy,dgtrans |arb. unit) | B
- considering the final state n | l
0.8
3 U 1.4 | | | 71 backward
( ﬂ) (q ) _le_mK+ L€ %
» L i/ dY(mb/sr) ) . 0.,/ d€(mb/sr) ()] T S s . S R 0.9
_ e AN R
921" forward | |
. AR %o 23 24 25 26 27 28 29
Q ° ‘3‘ S ]\:L\p [GGV]
) i ) We have 2 regions
) (Gev /o ) ki (CoV / - n forward — Essential to generate KNN bound state

- n backward
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---------

3. Formulation in the "He(K~, Ap)n reaction -l

m KNN — AN scattering amplitude( X RNNoAN ) ,O\!/

r ” dp U > dp, / / /
KNN — AN scattering amplitude : | Xixv—av = | =P V" (P) P X1 (My,.p's D) ZyN (M, P)
o 27? o 27’

Full amplitude in overall reaction :

T J d3p/1 Wy(pxl)TKamanOXIZNNeAN
M Qn3 (@92 — g — mp+ie

We consider the coupled channels for each spin/parity as below.

JE =0
| _ _ I
K pp — K'pn — K’np |
JO=1"

- It i1s In progress and we will calculate observables corresponding to the Exp. Data !
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4. Summary and Outlook
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4. Summary and Outlook

B Summary

Our Purpose : Determine the spin/parity and pole position of the KNN nucleus

We performed spectral calculation with two-nucleon absorption

In a framework of Faddeev equation.

We construct a precise model for reaction calculation.

B Outlook

Perform reaction calculation.

- production cross section, pole position, ...

Evaluate and compare with the Exp. Data at J-PARC.
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Thank you for your attention!
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