(o> Fr o«

o



Nir Barnea

The Racah institute for Physics
The Hebrew University, Jerusalem, Israel

LEANNIS Meeting - Prague
May 2012

079W1772 NPMAYT TU0NAINT
The Hebrew University of Jerusalem

«O» «Fr « =

>« >

APAN &4



075w177a NAY VIR

The Hebrew University of Jerusalem .

In collaboration with
Avraham Gal and Evgeny Liverts

«O> «Fr «=)»

APAN &4



introduction

kN

Potentials

HH

Energy dependence
B Results

Conclusions

«O» «Fr o«

APAN &4



KNN AND KKNN QUASI BOUND STATES

K~pp and K~K~pp production ' 23 e
K_pp introduction

S
>
s

E = -48 MeV
=61 MeV e
(Ome r >
E@ A } K-pp
KK pp Several GeV Short collision length 17 K
Compact bound state _.--~
® .
E=-t17MeV T e
= 35 MoV Tk

'T. Yamazaki, Y. Akaishi, M. Hassanvand, Proc. Jpn. Acad. Ser. B 87 (2011) 362
2M. Hassanvand, Y. Akaishi, T. Yamazaki, Phys. Rev. C 84 (2011) 015207
3T. Yamazaki, A. Doté, Y. Akaishi, Phys. Lett. B 587 (2004) 167



K CLUSTERS

PREDICTION OF THE SPECTRUM OF
LIGHT K-NUCLEAR SYSTEMS

m KN potentials fitted to reproduce
the A1405 as a bound KN state.

No energy dependence.
B.E. Kpp About 50MeV
B.E. Kppp About 100MeV
B.E. KK pp About 120MeV

T. Yamazaki, A. Doté, Y. Akaishi, Phys.
Lett. B 587 (2004) 167

Do not include KN — 7X coupling.
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Evolution of K clusters Nir Barnea
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CHIRAL KN INTERACTION

The Weinberg-Tomozawa chiral SU(3) potential* Kenuclel
Nir Barnea
Ci E+M [E+M
V(- = (2 — M, — M, —rv =t
i(V/s) 2 f2( Vs ) M M

V/s is the Mandelstam variable.
For I = 0 the channels are (KN, X, nA, K=)

JENE

cr’= 4

o o G
Q‘ o
@ e

5l

An effective KN potential is constructed demanding a "phase equivalent”
potential, T8 = Ti4.

T = Viu+ Z Vik Gk T
k
o= Vi WaT

“T. Hyodo, W. Weise, Phys. Rev. C 77 (2008) 035204



CHIRAL KN INTERACTION

K-nuclei
The | = 0 coupled channel scattering amplitudes® e
ir Barnea
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There are 2 poles in the scattering amplitude
zy = 1428 — 17i MeV

Z> = 1400 — 76/ MeV

The first pole is dominated by KN QBS at /s ~ 1420 MeV.
The second pole is dominated by 7¥ QBS at /s ~ 1405 MeV.

5T. Hyodo, W. Weise, Phys. Rev. C 77 (2008) 035204



CHIRAL VS PHENOMENOLOGICAL KN INTERACTION

K-nuclei

10 T T T T T T 1.0 T T T T T T
gL — Re (phen) PN =0 - - - - Im (phen) =1 NirBarnea
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Conclusions:

Binding Energies [MeV]

‘ Phenomenological Chiral

Kp 27 10— 13
Kpp 50 — 100 7-23
Kppp ~ 100 ?
KKpp ~ 120 ?




INTERACTIONS

K-nuclei

m NN - We used the Argonne AV4’ potential ® derived from the full AV18
potential.

Nir Barnea

’ Viw(r) = Vo(r) + o1 - 02 Vo (r) + 71 - 2V (r) + (o1 - 02) (71 - 72) Vor (1) ‘

Potentials

m KN - Chiral SU(3) HNJH effective interaction’,

VO (r;v/s) = V) (Vs)exp(—r?/b%) i b= 0.47 fm

m KK® -
VO.(r) = V) exp(—r*/b%) ; b= 0.47 fm
V}(';O) = 0 at low energies where s waves dominate.

V}{';” = 313 MeV fitted to the s-wave scattering length.

®R.B. Wiringa, S.C. Pieper, Phys. Rev. Lett. 89 (2002) 182501
T. Hyodo, S.I. Nam, D. Jido, A. Hosaka, Phys. Rev. C 68 (2003) 018201
8Y. Kanada-Enyo, D. Jido, Phys. Rev. C 78 (2008) 025212



SOLVING THE SCHRODINGER EQUATION

THE HYPERSPHERICAL HARMONICS EXPANSION

K-nuclei

Nir Barnea

HH




THE HYPERSPHERICAL HARMONICS

The HH were introduced in 1935 by Zernike

and Brinkman.

They were reintroduced 25 years later by
Delves and Smith.

In the 1970 Reynal and Revai derived the
HH transformation coefficients.

and in 1972 Kil'dushov derives the HH
recoupling coefficients.

K-nuclei

Nir Barnea

x1 = pcos(«a)cos(B) 03(5)

xo = pcos(a)cos(B)sin(d)

xs = pcos(a)sin(p)

xs = psin(a)cos(y) HH
xs = psin(a)sin(vy)

The “Tree” diagram

X5 X4 X3 Xo X1



THE HYPERSPHERICAL HARMONICS

Hyperspherical coordinates

X1, X2, X3, ..Xp —> p = /> X2, Q

X2
X3
Xa
X5

K-nuclei

pcos(a) cos(B) 03(6)
pcos(a) cos(B) sin(d)
pcos(a)sin(p)

psin(a) cos(y) HH

)
psin(a) sin(y)

The “Tree” diagram

X5

X4 X3 Xo X1



THE HYPERSPHERICAL HARMONICS

Hyperspherical coordinates
X1, X2, X3, ..Xp —> p = /> X2, Q
In hyperspherical coordinates
# D-19 K

A=or T T 2

X1
X2
X3
Xa
X5

pcos(a) cos(B) 05(5)
pcos(a) cos(B) sin(d)
pcos(a)sin(p)

psin(a) cos(y) HH

)
psin(a) sin(y)

The “Tree” diagram

X5

X4 X3 Xo X1



THE HYPERSPHERICAL HARMONICS

K-nuclei

Hyperspherical coordinates =R
X1, X2, X3, ..Xp —> p = /> X2, Q x1 = pcos(a)cos(f) 03(5)
In hyperspherical coordinates X = pceos(a)cos(f)sin(d)
xs = pcos(a)sin(p)
02 D—-10 K? xs = psin(a)cos(y) HH
A=—4+— - — _
op? p Op PP xs = psin(a)sin(y)

p*Viky(R) is a Harmonic polynomial.

The “Tree” diagram

X5 X4 X3 Xo X1



THE HYPERSPHERICAL HARMONICS

K-nuclei

Hyperspherical coordinates =R
X1, X2, X3, ..Xp —> p = /> X2, Q x1 = pcos(a)cos(f) 03(5)
In hyperspherical coordinates X = pceos(a)cos(f)sin(d)
xs = pcos(a)sin(p)
02 D—-10 K? xs = psin(a)cos(y) HH
A= —+— — — — _
op? p Op PP xs = psin(a)sin(y)

pKy[K](Q) is a Harmonic polynomial.
The HH are eigenstates of K2
The “Iree” diagram

{2 —
K°Y(Q) = K(K + D - 2)Y(Q) oo X X X X



THE HYPERSPHERICAL HARMONICS

Hyperspherical coordinates
X1, X2, X3, ..Xp —> p = /> X2, Q

In hyperspherical coordinates

»#  D-19 K
A= —— 4+
op? p Op p?
pKy[K](Q) is a Harmonic polynomial.
The HH are eigenstates of K2
K2y(Q) =

Using the tree structure one can easily

K(K + D —2)Y(9)

construct HH starting from the leafs and

uniting branches.

K-nuclei

Nir Barnea

x1 = pcos(«a)cos(B) 03(5)

xo = pcos(a)cos(B)sin(d)

xs = pcos(a)sin(p)

xs = psin(a)cos(y) HH
xs = psin(a)sin(vy)

The “Tree” diagram

X5 X4 X3 Xo X1



THE HYPERSPHERICAL HARMONICS

K-nuclei

Hyperspherical coordinates Nir Barnea
Xty X, Xay . Xp — p = /> X2, Q xi = pcos(a)cos(B)cos(d)
In hyperspherical coordinates X = PCOS(“)C_OS( )sin(d)
xs = pcos(a)sin(p)
? D-10 K? xs = psin(a)cos(y) HH
A= 2212 8 -
op? p Op PP xs = psin(a)sin(y)

pKy[K](Q) is a Harmonic polynomial.

The HH are eigenstates of K2

The “Iree” diagram

X5 Xa X3 X2 X1
Using the tree structure one can easily )

construct HH starting from the leafs and
uniting branches.

K2Y(Q) = K(K + D —2)Y(Q)

B Each junction is associated with a quantum
number.



THE HYPERSPHERICAL HARMONICS

Hyperspherical coordinates

X1, X2, X3, ..Xp —> p = /> X2, Q
In hyperspherical coordinates
o D-109 K

A:8p2 p Op p*

p*Viky(R) is a Harmonic polynomial.

The HH are eigenstates of K2

K*Y(Q) = K(K + D —2)Y(Q)

Using the tree structure one can easily
construct HH starting from the leafs and
uniting branches.

B Each junction is associated with a quantum
number.

Each junction adds a factor

N cos*”(6) sinKL(e)P?”’Ka; k)/2(€08(20))

K-nuclei

Nir Barnea

x1 = pcos(«a)cos(B)cos(d)

x2 = pcos(a)cos(S)sin(d)

xs = pcos(a)sin(p)

xs = psin(a)cos(y) HH
xs = psin(a)sin(vy)

The “Tree” diagram

X5 X4 X3 Xo X1



REMOVING THE CENTER OF MASS - THE JACOBI COORDINATES

K-nuclei

The 3-body case Mj = M; + M; i Barnea
B Mo .
_ Miozs = My + Mo + M,
i Vo (B—1) 123 i+ M + M3
. Mi2Ms = M7y + MoFo
e = Migam \ Mo Mizzs = HH

My + Mz + Mz + M,

The 4-body case
m is an arbitrary mass,

. MM . we take m = my.

o= Voo (. — 1)

W = | Mi2 My (Mst + Myry B Miry + Mze) \
Mizzam Mas Mi2

MoMs 7 7
M34 4 3)>

3t
Il
22

M3



THE COMMON “TREE”

n K-nuclei
X Z y x z y x z y x z y x z Nir Barnea
0 My~ 0 m% 9 9 introduction
(6% KN
K2 Potentials
HH

Energy de-
QaN—2 pendence
KN—2 Results

an Conclusions

an

S 1k =S
X [1_[/\/fj<’l,’("‘(sincv,')"'(COSOz,-)Kf—‘Pfj’“‘K”‘Jr 2 ) (cos(20y))]



THE MERITS OF THE HH EXPANSION

K-nuclei

m A complete set of basis functions.

Z Vi () Vi (2 )M = H5(77i - ;)

D—1
[K] p

Nir Barnea

m Easy transformation between configuration and momentum space o

i3 mjq (2m)°/*
e WZ’ Vi ()Y ()i +0/2-1(Qp)

[K]
m Good asymptotics.

m With appropriate choice of Jacobi coordinates and states clusterization can
be "easily” treated.



THE HH EXPANSION IN 4 STEPS

K-nuclei

1. Remove the center of mass

Nir Barnea

R, Py ...Ta — Rom., Thij2 . . . Ta—1

2. Introduce hyperspherical coordinates

HH

iz - . - a1 —>P:\/7712+77§+~~~+77§_1v9

3. Expand the wave function using hyperspherical harmonics

V(p, Q) = Z Rk (p) Yk (2)

K< Kmax

4. Solve the Schrédinger equation HV = EV,

16 3A-408 K?
H:_2<8p2+ ap—p2>+zvij+ Zvijk

p i<j i<j<k




CONVERGENCE OF THE HH EXPANSION

THE HH EFFECTIVE INTERACTION METHOD

45

2% [fm]

<>

BE A4

-
e
- &
- o’
-
bare ~
. 1
=y a
. (a)
Radius
k B—m MTV effective -
E---8 MTV bare
——- asymptoticvalue
i 1

(b

& 10 12 14 16 18 20 22
K

K-nuclei

Nir Barnea

HH



BENCHMARK FOR “HE GROUND STATE WITH AV8’ POTENTIAL
H. KAMADA et al., PRC 64 044001 (2001)

K-nuclei
PHYSICAL REVIEW C, VOLUME 64, 044001
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Nir Barnea
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BENCHMARK FOR “HE GROUND STATE WITH AV8’ POTENTIAL
H. KAMADA et al., PRC 64 044001 (2001)

K-nuclei

Nir Barnea

Method (T) (V) Ey (r?)
FY 102.39(5)  -128.33(10)  -25.94(5) 1.485(3) "
CRCGV  102.25 -128.13 -25.90 1.482
SVM 102.35 -128.27 -25.92 1.486
HH 102.44 -128.34 -25.90(1) 1.483
GFMC  102.3(1.0) -128.25(1.0) -25.93(2) 1.490(5)
NCSM 103.35 -129.45 -25.80(20) 1.485

EIHH  100.8(9)  -126.7(9) -25.944(10)  1.486




ENERGY DEPENDENCE

K — nucleus

For a single K meson bound together with A define V'S, by

AVS,, = Z\/EKH:', (Br + B))?,

approximating it near threshold, \/sin, = my + mx MeV, by

A
AVS,, ~ AVSn — B— (A= 1)Bx — > (Px + B))*/2Eum ,

i=1

where B is the total binding energy of the system and Bx = —Ex.
Note that v/s,, & 1/Stn + d4/S with §1/s < 0.
A—1 A—1 A—1\°
6va) =5 - A - e T e (A57) (T,

En=mn/(Mn+ mk) &k = mk/(mn + mk)

Tk - the K K.E., Ty.y - the pairwise NN K.E.

K-nuclei

Nir Barnea

Energy de-
pendence



ENERGY DEPENDENCE

KKNN
- - K-nuclei
FOr KKNN Nir Barnea
1
(6v/s) = fE(BJr EN{Tn:n) + Ex{Tkk))
Tk.x is the pairwise KK kinetic energy in c.m. frame.
In the limit A > 1, the K-nuclei /s expansion coincides with the nuclear-matter ELeoyldey

pendence

formula®.

9A. Cieply, E. Friedman, A. Gal, D. Gazda, J. Mare$, Phys. Lett. B 702 (2011) 402, Phys. Rev. C 84
(2011) 045206



ENERGY DEPENDENCE

K-nuclei

q E_(] s ! ° Nir Barnea
—25 .\ (0ys) m=m

s) [MeV]
|
T
|
|
|
|
#

endence
7 p

I

| .\ Energy de-
—40 |
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|
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E,.
| |
t =
o [

N
r\/\‘

|
|
=55 |y |
Vs |
—60 ‘
—60  —50  —40  -30  -20  —10 0
55 [MeV]
Self-consistency construction in (KKNN),_o j=—o+ B.E. calculations.




GROUND STATE ENERGIES
CONVERGENCE

K-nuclei

Ground-state energies of K nuclear clusters, calculated self consistently, as a
function of Kmax-

Nir Barnea

Asymptotic values of
E; <. are found by fitting
the formula

C

: : A
\\..\k‘ E(mnax) = Egs“!‘KWi

? —15 0--9--9@ P — Results
- . RS
Lq; —-20 \K
i
' S U S
30 L A " E—
Bain 3y 1= 1 SRS B
—35
0 5 10 15 20 25 30 35 40



CONVERSION WIDTHS

Conversion widths T of K nuclear clusters calculated from
=2 (Ve [ImViy | Ve ) |
as a function of §+/s.
160 — .

4«rre

=0
M0 - NNN T =0
I=1

120
P

100

80 /

60

I [MeV]

_—
40 /o//
-

=

20
/

0
-80 -70 -60 -50 -40 -30 -20 -10 0

6v/5 [MeV]

K-nuclei

Nir Barnea

Results



KN AND KNN

Comparison of KN and KNN QBS calculations.

QBS I,J= Ref. (3+/s) B r Bk o Tk
[MeV] [MeV] [MeV] [MeV] [fm] [fm]

KN 0,5~ BGL -11.4 114 436 114 - 187
DHW —115 115 438" 115 - 186

KNN 1,00 BGL -43 157 412 355 241 215
DHW -39 169 470 389 221 197

KNN 1,00 BGL -85 110 388 279 233 221
Iv=1 DHW  —31 120 448 310 213 201

DHW', BGL"

10A. Doté, T. Hyodo, W. Weise, Nucl. Phys. A 804 (2008) 197, Phys. Rev. C 79 (2009) 014003

"IN. Barnea, A. Gal, and E.Z. Liverts, Phys. Lett. B 712, (2012) 132

K-nuclei

Nir Barnea

Results



KNNN AND KKNN

Results of KNNN and KKNN QBS calculations. e
QBS /, J" <(5\/§> B I Bk I'nN I'nk 'k NirBamea
[MeV] [MeV] [MeV] [MeV] [fm] [fm] [fm]
KNNN 0,17 61 293 329 366 207 205 -
1 ;* -3 185 31.0 210 233 255 -
KKNN  0,0f —46 321 805 336 184 1.88 231

Vik =0 —52 36.1 83.2 379 171 170 2.01

Results



KNNN AND KKNN

Results of KNNN and KK NN QBS calculations. e
QBS 1, J" <(5\/§> B I By 'nn I'nk I'kk irBarnea
[MeV] [MeV] [MeV] [MeV] [fm] [fm] [fm]
KNNN 0,17 61 293 329 366 207 205 -
1 ;* -3 185 31.0 210 233 255 -
KKNN 0,0 —46 321 805 336 184 1.88 231
Vek =0 -52 361 832 379 171 170 2.01
20 Results
80 KN KNN KNNN-T=0 KNNN-T =1 KKNN



CONCLUSIONS

K-nuclei

We have performed calculations of three-body KNN and four-body K NNN R
and KKNN QBS systems.

For K~ pp we confirmed the results of Doté et al. '2.
For KNNN and KK NN we found B =~ 30 MeV in both case.

The widths are IMgyww = 30 MeV and IMgzyny =~ 80 MeV, without 3-body
absorption.

These systems, are not as compact as suggested by Yamazaki et al. '°.

The energy dependence of the subthreshold KN potential'* is restraining Conclusions
the binding of the 4-body systems.

2A. Doté, T. Hyodo, W. Weise, Nucl. Phys. A 804 (2008) 197, Phys. Rev. C 79 (2009) 014003
13T, Yamazaki, Y. Akaishi, M. Hassanvand, Proc. Jpn. Acad. Ser. B 87 (2011) 362
4T, Hyodo, W. Weise, Phys. Rev. C 77 (2008) 035204
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