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Introduction

Kaon nucleon systems have been receiving a lot of attention

- Strong attraction between the anti-kaon and the nucleon
Y. Akaishi and T. Yamazaki, Phys. Rev. C 65 (2002)

- The anti-kaon nucleon (KN) bound state = A(1405)

- few body nuclear systems with K

Y. Akaishi and T. Yamazaki, Phys. Rev. C 65 (2002)
Y. lkeda and T. Sato, Phys. Rev. C 76 (2007)
A. Doté, T. Hyodo and W. Weise, Phys. Rev. C 79 (2009) etc

v

The properties of these systems are under debate
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Introduction *+ Purpose

the KN interaction is important
to investigate the few body systems with K

Theoretical studies of KN interaction
- Phenomeonlogical approach
Y. Akaishi and T. Yamazaki, Phys. Rev. C 65 (2002) etc

- Chiral theory: based on a 4-point local interaction

Y. lkeda, T. Hyodo and W. Weise, Nucl. Phys. A 881 (2012)
T. Hyodo and W. Weise, Phys. Rev. C 77 (2008) etc
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Introduction * Purpose

the KN interaction is important
to investigate the few body systems with K

Theoretical studies of KN interaction

- Phenomeonlogical approach
Y. Akaishi and T. Yamazaki, Phys. Rev. C 65 (2002) etc

- Chiral theory: based on a 4-point local interaction

Y. lkeda, T. Hyodo and W. Weise, Nucl. Phys. A 881 (2012)
T. Hyodo and W. Weise, Phys. Rev. C 77 (2008) etc

Investigate the KN system in the Skyrme model
where the nucleon 1s described as a soliton.

2016/7/29 MENU @Kyoto University




2. The Skyrme model
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The Skyrme model |

T.H.R. Skyrme, Nucl. Phys. 31 (1962);
Proc. Roy. Soc. A 260 (1961)

- Describe the interaction between mesons and baryons
by mesons
- Baryon emerges as a soliton of meson fields.
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The Skyrme model |

T.H.R. Skyrme, Nucl. Phys. 31 (1962);
Proc. Roy. Soc. A 260 (1961)

- Describe the interaction between mesons and baryons

by mesons
- Baryons emerge as a soliton of meson fields.
1, 1 T T |
7"+ — + K+
(\/577 + \/677 s | \
¢_L)\¢ — | T _LWO_FL | KO
p— \/§ a a — I ______ \/_5 a _\/6_77' 2
K- K° ——
, N V')
U = exp [iF_ﬁ)‘aﬁba] Aq. Gell-Mann matrices (a=1, 2, ... ,8)
- For SU(2)
F? 2
L = —ctr (8,U0*UT) + St (0,U)UT,(0,U)UT]
The kinetic term The interaction term
Fr, e. parameters (the Skyrme term)
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The Skyrme model 2

- Hedgehog ansatz
 has three degrees of freedom(n©, m+*, m")

- two of these: the angles of the radial vector, 6, ¢
- the rest: a function depending on r
=a special configuration called the hedgehog ansatz
Hedgehog ansatz:Up = exp [iT - 7 F (7))
- Quantization

The hedgehog ansatz is classical  4(1): 2x2 isospin rotation matrix
—without spin or isospin Rap(2): 3x3 spatial rotation matrix

—pecome a physical state by quantization
U () = Uy (t, ) = A(t) exp [iT,Rap ()7 F ()] AT (1)
The baryon with 7=J from the symmetry

of the hedgehog soliton
2016/7/29 MENU @Kyoto University 10




3. Method
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Method

SU(3) symmetry is broken = m,=mas=0, ms # 0

Callan-Klebanov approach (CK approach)
- Introduce the kaon as fluctuations around the hedgehog soliton

- Form a bound state of the kaon and the hedgehog soliton
- rotate the system to generate hyperons
- Follow the 1/N. counting rule

C.G. Callan and I. Klebanov, Nucl. Phys. B 262 (1985)

C .G.Callan, K .Hornbostel and |. Klebanov, Phys. Lett. B 202 (1988)

Our approach
- Rotate the hedgehog soliton to generate the nucleon

- Introduce the kaon as fluctuations around the nucleon
- describe kaon-nucleon systems
- Violate the 1/N. counting rule

2016/7/29 MENU @Kyoto University
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Method

SU(3) symmetry is broken — my,=ma= 0, ms £ 0

Callan-Klebanov approach (CK approach)
- Introduce the kaon as fluctuations around the hedgehog soliton

- Form a bound state of the kaon and the hedgehog soliton
- rotate the system to generate hyperons

- Follow the 1/N. counting rule

- Projection after variation, The strong coupling

C.G. Callan and I. Klebanov, Nucl. Phys. B 262 (1985)

C .G.Callan, K .Hornbostel and |. Klebanov, Phys. Lett. B 202 (1988)

Our approach
- Rotate the hedgehog soliton to generate the nucleon

- Introduce the kaon as fluctuations around the nucleon
- describe kaon-nucleon systems
- Violate the 1/N. counting rule

- Variation after projection, The weak coupling

2016/7/29 MENU @Kyoto University
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Lagrangian and ansatz

- Expand to the SU(3) Skyrme model
tr [(0,U) U, (0,U) U]’

 Ansatz

A (VU Ug /U, AT (t): Callan-Kiebanov ansatz
N AWVURAT (1) Uk A (t)\/UL AT (t): Our ansatz

-
/G@ Ui = exp |im-AKa| ;0 =3,4,5,6

Hedgehog ansatz

0 K +
(2x2 matrix) MK, = \/ﬁ( 2x2 ) K = (?@) KT = (
K' 0
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Derivation 1

- Substitute our ansatz for the | agrangian

Ansatz
() VUL AT () Ui A(t) /U AT (t
UK—eXp|:Z_)\Ka:|7 a=3,4,9,0 UWz(%H 2
D29 K L K+ T K"
K W(KT o) K <K0> i (K)
L agrangian
L= Zu@uervty + w00 Ut @0,0) U1
16 H 32¢2 8 o

+Lgsp + Lwz

2016/7/29 MENU @Kyoto University
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Obtaining Lagrangian

L =Lsyp) + Lkn

1 o A2
tr|0,00",0,00"]

1 ~ ~
LSU(Q) = —FWQtr {%UT@“U} + 202

16
Lxn = (D.K)' DMK — Kfala"K —m%iK'K

1 2
—i_(eF )2 {_KTKtr {a”UHU};aauUHUIH N Q(DMK)T D, Ktr (a"a”)

G. S. Adkins, C. R. Nappi and E. Witten,

Nucl. Phys. B 228 (1983)
2016/7/29 MENU @Kyoto University 16

1
-5 (D,K)' D" Ktr (a,,U;Ia”UH) +6(D,K)" [a”, a"] DMK}
3
B (D, K)' K ~ K' (D, )]

U=AtUzAT(t), €= A{t)VUzA (1) D,K =0, K +v,K

1 /o~ =~ .\  mmmmmmmmmmmmsmsmmsmmmssmmmesmsessmsemmssssmssemmn-———-
vu = 5 (§10.8 + 0,7 s

2 B T T f

1 o B ot (UL0,Un ) (U0.Ur) (UL05Ur)
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Derivation 2

- Decompose the kaon filed

Spatial wave function

K* _iEt
(KO) =YK (t,7) = ¢ K(r)e
v\Isospin wave function

- Expand the K(r) by the spherical harmonics

Yim(6, ). Spherical harmonics
K (1) = 3 CimaYim (6. 6) K (1) 0 9) 5P
l.m [ - orbital angular momentum

m - the 3rd component of [
a - the other quantum numbers

- Take a variation with respect to the kaon radial function
=0btain the equation of motion for the kaon around the

nucleon

2016/7/29 MENU @Kyoto University
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4. Results and Discussions

2016/7/29 MENU @Kyoto University
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Results (Equation of motion)

- Equation of motion(E.0.M)

e (PR FE) < B )k () + (e + V) ke (1) =0

h(r), f(r) - Tunctions depending on r
mk - the mass of the kaon, E : the kaon energy
V(r) - the kaon nucleon interaction term

Investigate KN systems by solving this E.o.M

v

Concentrate on the KN(I=0) bound state

2016/7/29 MENU @Kyoto University
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N
ol

KN Bound state

—

O
o

wave function |k(r)| [1/(fm)*?]

o

/

parameter set 1 ——
parameter set 2 ———

parameter set 3

mx =495 MeV.

o —

05 1

15

5 25

Radial distance r [fm]

- KN bound states with I, = 0, I= 0 (Binding Energy: B.E.)

F. [MeV] | e | B.E. [MeV]
parameter set 1 129 5.45 82.9
parameter set 2 186 5.45 27.2
parameter set 3 186 4.82 32.9

when Fr Is the
exp. value,
of order ten MeV

2016/7/29 MENU @Kyoto University
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Bound state properties

- Root mean sguare radii for N and K

~ 2
<T12V> — / dr 7“2,03 (7“) s PB (’F) = = sin® FF'
0

G. S. Adkins, C. R. Nappi and E. Witten, Nucl. Phys. B 228 (1983)

2

(i) = / AV r? [Yoo (F) kS (n)]° = /Ooo dr %2 () Vo — \/%

- properties of the KN(7=0) bound states

F, [MeV] | e | BE. MeV] | (r2)" [fm] | (r2)"? [fm]
parameter set 1 129 5.45 82.9 0.59 0.99
parameter set 2 186 5.45 27.2 0.41 1.19
parameter set 3 186 4.82 32.9 0.46 1.18

The anti-kaon i1s weakly binding to the nucleon

2016/7/29 MENU @Kyoto University 21



Potential

() L) — B2k () + e+ VO R () =

1 1 d dk™
— e L Er2dr (7“2 ldr(r)> + U (r)k* (r) = eki* (1)
j T |[h(r)=1d [ ,dN\ du@)dl [(for) 1) E?
U(T) N _mK+E[ r2 dr (T25)+ dr d?“] B mig + F
V(r)
+mK—|—E

- properties of resulting potential U
1. Nonlocal and depend on the kaon energy

2. Contain isospin dependent and independent central forces
and the similar spin-orbit(LS) forces

3. In the short range, behave as a repulsive force proportional
to 1/¥?

2016/7/29 MENU @Kyoto University



"~/

KN (L =0, I..,= 0) potential

— 600 o . . .
% parameter set 1 =
> 400} parameter set 2 —— |
= parameter set 3
~—~
= 200} mg = 495 MeV
-
e
| 0
—
=
> -200}
S
=
= -400| -
559 attractive pocket
A~ 600 . .

0 0.5 1 1.5 2

Radial distance r [fm]
Repulsion

proportional to 1/#?

- Equivalent local potential

2016/7/29 MENU @Kyoto University

5y - UK
k(r)
F. [MeV] | e
parameter set 1 129 5.45
parameter set 2 186 5.45
parameter set 3 186 4.82
23



b. Summary
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Summaries

Construct the new method to investigate the kaon-nucleon systems
In the Skyrme model and apply to a channel

- Results
1. KN( | =0) bound states exist with B.E. of order ten MeV

2. The obtaining potential is nonlocal and
depends on the kaon energy
3. Contain central and LS terms
with and without isospin dependence
4. repulsion proportional to 1/r2 for small r

« Future works

1. Scattering states of the KN system (ongoing)
2. The m 2 system

3. The properties of A(1405)

4. few body nuclear system with kaon
2016/7/29 MENU @Kyoto University 25




Thank you for
your attention
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back-up
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The Skyrme model 2

- Hedgehog ansatz
 has three degrees of freedom(n©, m+*, m")

- two of these: the angles of the radial vector, 6, ¢
- the rest: a function depending on r
=a special configuration called the hedgehog ansatz

Hedgehog ansatzzUy = exp [¢7 - 7F ()]

- Fz=129 MeV I
e=5.45 L .
minimize the mass of the soliton

with B.C. for F(r): F(0)=0, F(O)==

N
o

\o}

-
9

Profile function F(r)

o
o1

o

0 05 1 15 2 25 3 35 4
Radial distance r [fm]
2016/6/8 J-PARC workshop @Inha University

28



The Skyrme model 3

- Quantization
The hedgehog ansatz is classical
—without spin or Isospin
—pecome a physical state by quantization
UH (.’13) — UH (t, il?) = A (t) EXP [iTaRab (t)’lng(T’)] AT (t)
A(r): 2x2 1sospin rotation matrix

Rap(t): 3x3 spatial rotation matrix
The baryon with 7=J from the symmetry

which the hedgehog ansatz has
* Quantized Hamiltonian

H= M., - J(J+1) M;or. soliton mass
T sl T oA J: spin or isospin value
/ A: moment of inertia

the rotation energy
2016/6/8 J-PARC workshop @Inha University 29



1/N. expansion

Callan-Klebanov approach

Hyperon
Soliton di-quark
Hedgeho
9= | el + +
soliton
Kaon S-quark
O(N¢) O(N.Y) O(1/N.)
Our approach
Nucleon
Hedgehog
colton —fp  (NUCIEON | — +
Kaon
O(N.) O(1/Ny) O(1/N.)

O(N) Is missing

2016/2/9 1gmFaR
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Lagrangian and ansatz
- Expand to the SU(3) Skyrme model

2
1
L, = Ztr (QLLU(P)”“UT) | 2902 tr [(aMU) UT: (aVU) UT}Q
+Lsp + Lwz
Ansatz /the kaon around the hedgehog soliton

the kaon around the rotating hedgehog soliton

2016/7/29 MENU @Kyoto University
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Vnor (T) —

sz(r) —

4
1

1 (251n2 F

Interaction term
— Vnor (T) + VWZ(T)

Vi(r)

r2 72

+F,2> +2§ 1 [231n2F

2

(eFy)? r

* (eF)? r?
2E 2 i

+TS

1 d

r2dr |

+1

1
4+

6 [stsin? F
2

L o (

d :
+ - {52 sin FF’}]

TN [

1 8Es?
(eF;)? 3A

ek )? A

r2

2F sin’ F

TNl

(eF)?

(61;11%)2 (sinQF +F,2>] [(1+1) [1 N

r2

1 8 d

(GFW)Q

8Y5)

T ] —
Ar? KN (eF)? r? dr

sin’ F 3

F' —

sin? F's? Jan

(7TF7T)2 12

(7TF7T)2 Ar?

(Sil’l FF/) JKN‘|[KN

_2( 4 FEF'sinF 3 EF’sinF)]
r ( A

1 sin? F
4 F/2
<eF7r>2( 2 )]

(SlnzF _|_2F/2> L 2% <F/2 _I_
T r

5} SE
/2 . 9 2
F +—T2sm F)]—i——BAS

r2

1652
372

sin® I

)|

4
F/2—|——Sin2F] T n

o
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Results 1 E.oMwith [ =0

L4 (rQh(fr) dkzr(r)> — B2 f(r)ki (r) + (mEk +V(r)) k' (r) =

1 1d [ ,dk > 1
— — k ~ ( ~ ()
m + E r2dr (r dfr'> + G )

M) =1+ — 26 F  f(r) =1+ — <2sin2F+F’2) V(r) = Vi (r) £ Vivz ()

(eFr)?r? (eFy)? \r? .
s = sin(F'/2)
1 (. sin® F st in® F (sin® F st . sin® F\
Vo) = =3 (5 ) g [ (S ) e (724 5
1 6 [s*sin2F d 5 . , - T T T T
+(€Fﬂ>2 2 [ 2 + o {s sin '/ }]

RE [, 1 P . 8E ,. 1 8Es*T_, 4 1
Il 1 F/2 g 2F o 21 F/2 R 2F I
Jr| A° I i (eFy)? i r2 o ) i 3A° KN i (eF)? 3A i 2 o K]\i
+|1 d [, 4 EF’SinFI n 3 FEF'sinF |
r2dr | (eFr)? A KN (eF,)? A |

Viwz(r) = F' — F’ IKN:IKIN
______ Bule: dominantinr ~0

Red: O(I/Nc) contributions
2016/7/29 MENU @Kyoto University 33




Results 1 potential for | =0

_ 1 [h(r)—=1d (,d\  dh(r)d] (f(r)—1)E?
Utr) = _mK+E[ re dr (T %>+ dr dr]_ mi + B
L Vo)
mrg + E

h(r) =1+ ; 281112F f(r)=1+ : (281ﬂ2F+F'2) s = sin(F/2)

(eF;)%r? (eFr)? \r?
1 sin’? F s* 1 sin? F [sin’ F s* sin’ F
Vnor = —— |2 F,2 2— — 2 2F/2 — 2— 17/2
0 = g () e e 2 (T e ) e (7
1 6 [s*sin*F d .,
in F'F’
+(eFW)2 r2 [ r2 + dr {S St }]
2E2_ 9 D . o S8E 5 1 8FEs? 9 4 5
—|—TS 1—|— (eFﬂ_)Q (F -+ T_QSIH F)] —|—3—AS IKN—|— (eFﬂ_)2 SA F + T_QSIH F IKN
_|_1 d [, 4 EF’sinFI N 3 FEF'sinF
——|r
r2dr | (eFr)? A KN (eF,)? A
3E sin®F _, 3  sin?Fs?
_ L K N
VWZ T (7TF )2 ,r=2 F (7TF )2 ATQ F -[KN — I ’ I

2016/7/29 MENU @Kyoto University 34



Vior (1)

Results 2 potential for | # O

1 sin’? F s* 1 sin? F (sin® F 5% sin? F
—Z (2 F'? R 2 2F7? ) — 2 [ F’?

4 ( r2 + ) + r2  (eFy)? [ r2 ( r2 + ) r2 < + r2

1 6 [s*sin®*F d ,,
in FF’

+(6F7T)2 r2 [ r2 + dr {S St }]

2F | 5 SE 1 8Fs? 4

Il 1 F/2 g 2F s 21 F/2 R 2F I
+ A ] + (eFy)? ( + 2 St )] + SAS—KN + (eF;)? 3A + r2 SHL T RN
N 1 d | 5 4 EF’sinFI 3 EF'sinF

——|r

r2 dr (eFr)? A EET (eF,)? A

1 in® F 1 1 in® F 2
I, [1+ (sm —|—F’2>] [(+1) [1+ <4SII1 —I—F’Q)] 16s JKN]KJ\=

| (eFy)? 2 T2 (eFy)? T2 3r?
1 2Esin®F 1 8d , |
:_+ (eFp)2  Ar2 =55 (eFp)2r2dr (S FE7) T T I
3E sin® F 3  sin® Fs? T3 sin®F
Vi = F' — F’ F'J
B o N T Ve
s = sin(F/2) Ixn =I5 IV, Jxn=L%. gV

Red: New contributions for | # 0O
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Results 2 potential for | # O (r ~ O)

1 [/ sin*F o) st 1 sin® F' (sin® F PN P sin? F
Vaor(r) - = 4 (2 72 +F ) 4[27“_2|_ (eFy)? [2 12 ( T2 2k |_ 2r_2 B T2
1 6 [s'sin?F d e
in F'F’

+(6F7T)2 T2 [ T2 i dr (s sin }]

°oF , | 5 SE 1 8Es? 4

Il 1 F/2 g 2F s 21 F/2 R 2F I
+ AC ] + (eFy)? ( + r2 o )] + 3N BN + (eF;)? 3A [ + 2 o RN
_|_1 d [, 4 EF’SinFI 3 FEF'sinF

—— |r

r2 dr (eFr)? A KN (eF, )2 A

r2

T~ 7 ~/mF _NT0x1) T 7 1 /Ginfr TN\T162 . -
1+ (Sm +F’2M Gty B o <4sm +F’i>] 3682 TrenIrn |
T

L 9EsF . 1 84 oot T T T T T T T
+(6F7r)2 Ar? JKN:__LGFLF r2 dr (SmFF)JKNIKNI
l ——————— Bule: dominant forr ~ 0O
F(r~0)~n—ar
2 2 202 [ ([ +1 :
Vir) = |5+ ; - 2+[1+ Fa 2] (J; )| —Repulsion
2 (e 7027“ (efr) ’ Repulsion
ha 16 ] 8
— |1+ JrNIKN — Jr NI Nfe—— or
(eF)? | 3r? (eFr)? r? .
Attraction

(No contribution from WZ term)
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Short range behavior of Vesr

Repulsive or Attractive
depending on /

Jzot: Z— ]/2

Ik =—(+1)/2

Jtot: I =+ ]/2
Ik =1/2

™

InkInk=3(l + 1)/8

InkIng = —31/8

Analytically,

- [tot: 0
attraction (1 =</<3) ke —3/4
repulsion (=0, 4<I)

Lioi=1
Ink=1/4

IneIngk=— (I + 1)/8

InkInk=1/8

Attractive for small r

2016/7/29 MENU @Kyoto University
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Comparisons with the chiral theory 1

- Weinberg-Tomozawa intereaction

Lwr = % {NI""N - (0,K'I"K — K'IT"*9,K) } x 1

EZ
S. Weinberg, Phys. Rev. Lett. 17 (1966)
Y. Tomozawa, Nuovo Cim. A 46 (19606)

The strength of Lyr « 1/F
—For F, = 129 MeV and 186 MgV,

1/129% : 1/186° ~[15: 7
« The interaction for KN(7=0) bound state

W = 47’(‘/7“26[’1“(? (1)

F, [MeV] € —W x 10° [1/MeV 2]
129 5.45 1.2 X 47
186 5.45 0.48 x 47 >:2

2016/7/29 MENU @Kyoto University



Comparisons with the chiral theory 2

600

400 |

F, = 129 Mev _ > F, = 129 MeV

F_=186 MeV % 2 F_= 186 MeV
2\
=0
S
Rl
el
S
1S St

0.5 1 1.5 5 25 4 0.5 1 1.5 > 25 3
Radial distance r [fm] Radial distance r [fm]
- The interaction for KN(7=0) bound state
W = 47T/r2d7“(7 (1)
F, [MeV] e —W x 10° [1/MeV ?]
129 5.45 1.2 X 4m
186 5.45 0.48 X 47
2016/7/29 MENU @Kyoto University 39



Comparisons with the CK approach
- Comparisons between the CK and our approach

Callan-Klebanov approach Our approach Physical state
U | sy | BE MeV] | (72)? [fm] | 1 | B.E. MeV] | (r2)"? [fm]
0 1 61.7 0.93 0 32.9 1.18 A (1405)
1] 0 326.6 0.54 — — — A (1116)
. Anti-kagn hgdgg hog plgtgntial lepf (lepp+1)=1(1+1)+4T-L+2
C.G. Callan and I. Klebanov,
ot Nucl. Phys. B 262 (1985)
= Parameters:
O
-500+ . . : Fr=186 MeV , e=4.82
% Centrifugal-like force "
<
§ -1000}
o
a¥
-1500} p-wave
S-wave
0 0.5 : 1.5 2

Radial distance r [fm]

2016/7/29 MENU @Kyoto University 40



Comparisons with the CK approach

- Comparisons between the CK and our approach

Callan-Klebanov approach Our approach Physical state
U | sy | BE MeV] | (72)? [fm] | 1 | B.E. MeV] | (r2)"? [fm]
0 1 61.7 0.93 0 32.9 1.18 A (1405)
1 0 326.6 0.54 — — — A (1116)
» The CK approach
ol » The present approach
n — 600 . . .
; % parameter set 1| ——
O 500! = 400 parameter set 2 ———
= Similar structures ——=_ parameter set®
y— I~
S >
£ -1000} I o -
S S
A 1D -200+
i <
1500 p-wave 2 400
S-wave ﬂ_é
0 0.5 1 1.5 2 F=-600, 05 a 15

Radial distance r [fm]

2016/7/29 MENU @Kyoto University
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Potential

U(T) = Unor(’l“) -+ Uwz(r)
parameter set 1: (Fz, e) = (129MeV, 5.45)

500 -
% ol
S 500!
N
-
L
)
AL -1000+ total
normal term ——
1500 | | . YVZ terml 1
0 0.5 1 1.5 2 2.5 3

Radial distance r [fm]

2016/7/29 MENU @Kyoto University
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