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Motivation

Study of K mesons in medium attracts considerable attention.
Related topical questions include:

@ Free-space and in-medium KN interaction:
chiral model tests, nature of A(1405)
@ Possible existence of (narrow) deeply bound K—nuclear states

@ Heavy ion collision:
strangeness production, medium modifications

@ Neutron stars:
kaon condensation
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Motivation

Kaon condensation in neutron stars?

weak interaction operative, strangeness changing processes:
e~ — K7, for ux = pe = 200 MeV
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Glendenning, Schaffner-Bielich, PRC 60 (1999) 025803 Schaffner-Bielich, NPA 804 (2008) 309

— kaon condensation could occur at p 23pg
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Motivation

Heavy ion collisions — medium effects?

strong interaction operative
Li, Lee, Brown, NPA 625 (1997) 372

10 T

L Ni+Ni, K* (1.0 AGeV), K- (1.8 AGeV)

........... no kaon medium effects

.. 8 . ) .
p+Cv p+AU CO”lSlOnS with kaon medium effects
O KaoS data

KaoS — Scheinast et al., PRL 96 (2006) 072301
— medium effects, V- =~ —80 MeV
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Motivation

Deeply bound and narrow K—nuclear states?

phenomenological extrapolation from K~ atoms
(density-dependent optical potentials, RMF approach)
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Mareg, Friedman, Gal, NPA 770 (2006) 84

— —ReVk ~ (180 — 200) MeV
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Motivation

Deeply bound and narrow K—nuclear states?

early calculations:

T. Yamazaki, Y. Akaishi / Physics Letters B 535 (2002) 70-76
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Motivation

Deeply bound and narrow K—nuclear states?

microscopic approaches based on chiral models
constrained by Iow—energy KN data (scattering, kaonic 'H, branching ratios)

KN interaction

3 A(1405) resonance = xPT not applicable

— nonpertubartive approaches — L.—Sch./B.-S. equation

— importace of KN — X coupled channel dynamics

well understood near KN threshold, ? subtreshold extrapolations
_ 2

K—nucleus interaction

— strongly attractive and absorptive K—nucleus interaction

— L.=Sch./B.-S. T=T+VGT, Vx x Tp

— —ReVk ~ 100 + 20 MeV
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Current status

Deeply bound and narrow K-nuclear states?

Theory

@ few-body systems
° v_ariatiogal approaches, Akaishi, Yamazaki, Doté, .. .:
KNN, KNNN, ...: Bk 2100 MeV, Ik = 30 MeV
@ Faddeev calculations, Shevchenko, Gal, Mares:
K~ pp: B=50-70 MeV, '=60-100 MeV
@ heavier systems
@ phenomenology, RMF, K~ atom data analysis:
—ReVk = 150 — 200 MeV
@ chiraly motivated approaches
LO Tomozawa-Weinberg interaction: — Vi = 3/(8 £2)p|p, ~ 55 MeV
coupled channel calculations, Weise, Hartle: —ReVx =~ 100 MeV

+ K selfenergies, Lutz, Ramos and Oset: —ReVyk =~ 50 MeV
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Current status

Deeply bound and narrow K—nuclear states?
Experiment (candidate K~ bound states)

4 —
0 KEK-PSE47He(Kgsmrp/n)

16 —

FINUDA, K~ capture in Li, C:

PRL 2005, PRC 2006, NPA 2006, PLB 2007

X Magas et al., Shevchenko et al., lkeda & Sato
OBELIX @ LEAR, p annihilation on *He

DISTO @ SATURNE, pp collisions

none of them conclusive

dedicated experiments comming: J-PARC, GSI, Frascati, Jiilich, ...
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RMF model for K nuclei

Relativistic mean field model for a system of nucleons, hyperons, and K mesons
interacting through the exchange of o, o*, w, p, ¢ and photon fields:

L = I+ Ly + Y,
where

- 1 1 1 1
Iy =P(iD— my) o + =8, 00 0 — —m2 0 — —gro® — —gyot
2 2 3 4
1 1 1
— ZQHVQ*“’ + Emiwuw“ + " d (wpwh)?
T 1
— ZP,W - PRV + 5Mp Pu -pt — ZFW,F’“’

Ly = Py[iP— (My — goy0o — gory ™)y
Zx = (DuK) (DHK) — miKTK — goxmi o KT K — gomi o KTK,

with Dy, given by:

Dy =0 +iguiwy +igpi [ +igsidp +ie(ls+1Y)A,.
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baryons (nucleons, hyperons):
[~ V4 (Mg — o8 0 — 8B 0% )B+8uB w+Eps 3 p+Essd+e(b+3Y)Als = cp

mesons:

(=V2+ m2)o = gonps + 820° — g30° + gok M K* K+goy psy
(=V2+m})o* = go-k Mk K*K+govy psy
(=V?+ m2)w = gunpPN — BukPK— +8uyYPY
(—=V2+m>2)p=gunps — 8ok Py~ +EoNP3Y
(=V?+ m})b =—gokpi—+8ovPY

—V?A=epy — epy—+epey

where py— = 2(Ex— + guk w + gok p + 8ok ¢ + e A)K*K
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+ antikaons:

(-V2—E} +mi+MN)K =0

ReMg- =~ gork Mk 0™ — gok Mk 0 — 2 Ex— (8uk w + 8ok P + 8ok ¢ + € A)
— (Guk W+ Epk P+ 8ok & + € A)?

gvk— SU(3) relations: 2g,x = ﬂgd)K =28,k = 8prr = 6.04
8ok kaonic atom data / scaled
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+ antikaons:

(-V2—E} +mi+MN)K =0

ReMg- =~ gork Mk 0™ — gok Mk 0 — 2 Ex— (8uk w + 8ok P + 8ok ¢ + € A)
— (Guk W+ Epk P+ 8ok & + € A)?

gvk— SU(3) relations: 2g,x = ﬂgd)K =28,k = 8prr = 6.04
8ok kaonic atom data / scaled

Im My~ = (0.7 fix 4 0.1f17)Wo pn(r) + 0.2 fox Wo piy(r)/ o

fiy kinematical suppression factors
(phase space considerations)

W constrained by kaonic atom data

Absorption through:

@ pionic conversion modes  pp(r)
KN — 72490 MeV, 7A+170 MeV (70%, 10%)

@ nonmesonic modes o p3/(r)
KNN — YN4240 MeV (20%)
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Single-K nuclei

Aims:

o dynamical effects in nuclei due to the presence of K

e core nucleus polarization
e g,k scaled — wide range of Bk covered

o widths =Tk (Bk) of K-nuclear states

o states sufficiently narrow for large Bx?

Phys. Rev. C 77 (2007) 055204
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Single-K nuclei

Dynamical core polarization
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Fig. 1: Average nuclear density p (left) and nuclear density distribution p(r) (right) for

several values of K binding energy By.
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Single-K nuclei

Widths of K—nuclear states

Absorption through: KN — 7% (100%)
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Fig. 2: Widths of K—nuclear states as a function of K binding energy. .
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Single-K nuclei

Widths of K-nuclear states
Absorption through: KN — 7% (80%), KNN — YN (20%) o p
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Fig. 3: Widths of K—nuclear states as a function of K binding energy. .
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Single-K nuclei

Widths of K—nuclear states

Absorption through: KN — 7%, 7A (70%, 10%), KNN — LN (20%) o p
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Fig. 4 Widths of K—nuclear states as a function of K binding energy. .
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Single-K nuclei

Widths of K—nuclear states

Absorption through: KN — w¥, 7A (70%, 10%), KNN — LN (20%) o p?
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Fig. 5: Widths of K—nuclear states as a function of K binding energy. .
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Single-K nuclei

Widths of K—nuclear states
Absorption through: KN — ©X, 7A (70%, 10%), KNN — XN (20%) o< p?
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Fig. 6: Widths of K—nuclear states as a function of K binding energy. .
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Multi-K (hyper)nuclei

Aims:

K “condensation” in finite self-bound nuclear systems

behavior of K binding energies with increasing number of K's
° BKZ32O MeV%mK—&—mN—MA
all K decay channels kinematicaly blocked
K mesons relevant degrees of freedom
° BK2240 MeV =~ mk + my — Ms
decay widths ~ fairly weak KNN — AN

behavior of baryon densities with increasing number of K's

o ‘“exotic" nuclear systems {n, K°}, {N, Y, K= K*+}
Phys. Rev. C 76 (2007) 055204, 77 (2008) 045206
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Multi-K nuclei

Bk = Bk (# of K’s)
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Fig. 7: K binding energies By as a function of the number x of embedded antikaons.
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Multi-K nuclei

Bk = Bk (# of K’s)
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Fig. 8: K binding energies By as a function of the number x of embedded antikaons.
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Multi-K nuclei

Bk = Bk (# of K’s)
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Fig. 9: K binding energies By as a function of the number x of embedded antikaons.
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Multi-K nuclei

Bk = Bk (# of K’s)
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Fig. 10: K binding energies By as a function of the number x of embedded antikaons.
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Multi-K nuclei

Bk = Bk (# of K’s)
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Fig. 11: K binding energies By as a function of the number x of embedded antikaons.
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Multi-K nuclei

Bk = Bk(# of K’s)
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Multi-K nucle

B, (MeV)

Fig. 13: K binding energies as a function
of the number x of antikaons for different

mean field compositions.

: Nuclei with Antikaons

saturation observed for any
field composition containing
w-meson

no saturation for purely
scalar interaction

substantial effect of ImITy —
for By~ < 100 MeV
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Multi-K nuclei
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Fig. 14: K binding energies as a
function of the number x of an-

tikaons for different RMF models.
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Multi-K nuclei

Baryon and antikaon density distributions
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Fig. 15: Nucleon py and antikaon pk density distributions in 00 and 208Pb.
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Multi-K nuclei

instabilities of traditional nonlinear RMF models at high densities

!

Dirac-Brueckner calculations of nuclear matter suggest g4 = g4 (p)

1+ by (p/po + dg)?

8o = 8s(P0)as 7 T es(o/po + o) p=o,w g =g(po)e %r/"

20—
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Fig. 16: Density dependence of the meson-nucleon coupling constants.
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Multi-K nuclei

Bk = Bk (# of K’s)

130

B, (MeV)

Fig. 17: K binding energies By as a function of the number k of embedded antikaons

for density dependent RMF model.
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Multi-K “exotic” systems
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Fig. 18: K binding energies By (left) and total binding energies B (right) as

functions of the number k of embedded antikaons.
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Multi-K hypernuclei

Adding hyperons

We considered self-bound systems consisting of SU(3) octet baryons {N,A, X, =}.
Only == p — AA and =% — AA (Q = 26 MeV) can be overcome by binding effects
— {N, A\, =} configurations.

@ filling up A single-particle states up to the A Fermi level

@ adding = hyperons (=% =7) as long as both reactions:
[AN; nA, pZ] — [(A = )N, mA, (p — 1)=] + 2A
[AN, A, p=] — [(A+1)N, (n — 2)A, (1 + 1)=]
are kinemalically blocked

— particle-stable configurations with highest |S|/B ratio for given core nucleus

Phys. Rev. C 80 (2009) 035205
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Multi-K nucle

Bk = Bk(# of K’s, # of Y’s)

112
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Fig. 19: K binding energy Bg in 208pp as a function of the number & of antikaons

and n of A hyperons.
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Multi-K nuclei
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Gazda: Nuclei with Antikaons
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Fig. 20: K binding energies (left) and nuclear density distributions (right) in

hypernuclear systems with maximal |S|/B ratio.
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Chiral approach for K nuclei

K-nuclear bound states studied by solving in-mediun K.—G. equation:

[&f( +V2—m} — ”K(ﬁK,wK,P)] ¢k =0
@ complex energy &k = wk —ilk/2 — V¢
@ selfenergy operator ﬂK(ﬁK,wK,p) constructed from chiral model
e = Vi = =22 (14 25) Fn(v/5,0) p

wi = K energy in lab. frame
Fixn = KN scattering amplitude, Vs = KN energy in c.m. frame
p = nuclear density (RMF calculations)

@ KN c.m. frame — K-nucleus c.m. frame

VS & Egp— Bx — By — 20— Ty — KTy

my+my mg+mpy

Tn = 23(p/p0)?/? MeV, Ty = —Bk — Re Vi

@ selfconsistent solution Mg = Mk (wk)
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Model

Chiral model for KN scattering amplitude
(A. Cieply, J. Smejkal, Eur. Phys. J A 43 (2010) 191.)

@ SU(3).xSU(3)g chiral EFT for {m, K,n} + {N,A, %, =}
@ 3 A(1405) resonance = nonperturbative approach required

@ multichannel L.—Sch. equation
Tij = Vij+ ViGu Ty

1
E — Ho — I'I(ﬁ,p)

parameters of Vj; «<» parameters of L,

Vjj separable form, G =

meson(baryon) selfenergies I,,5) in Gj < selfconsistency in Vi
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Model

@ p-wave interaction

ng = —an (1-2) " VCun(va)p - ¥
K my KN P

Ckn p-wave amplitude parametrization of Weise and Hartle, NPA 804 (2008) 173

@ 2N absorption modes
nonmesonic KNN — YN (20%) conversion modes from phenomenology:

Im N2V = 0.2 fy Wop?

f,y kinematical factor (phase space suppression)
Wy constrained by kaonic atom data

@ dynamical core nucleus polarization
selfconsistent RMF calculations — nuclear core polarized (compressed) by
presence of K meson
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Chiral approach for K—nuclear states

Aims:

e study in detail energy and density dependencies of K—nuclear
interaction

e calculate binding energies and widths of K—nuclear states

@ analyze kaonic atom data

e deep phenomenological x shallow chiral potentials

Phys. Lett. B 702 (2011) 402, Phys. Rev. C 84 (2011) 045206, Nucl. Phys. A (2012)
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Results

KN scattering amplitude

1.6 e 1.6 T 1
141 free - 141  free -
L ~ 4 L ! \ i
12/ — 12 /A -
/ ' i 1
r f \l T r i \ b
s _ e P _
’ 1 1 1
_ L, | 1L P ]
£ 08 \ - £ o8 ! ! —
= N 1 1 = L i \ 4
o 0.6 "\ ] & 0.6 ' b -
g - ' E / N
L ] L | N ]
1 1 ~
04 ] — 041 ! RS
L ‘l 4 L ’l 4
021 H — 02/ -
[ | 1
[ ‘l e ) [---' )
o \ — ofF —
L ¥ 4 L 4
02 Lo 02 [ R R B
2150 -100 50 0 50 100 150 2150 <100 50 0 50 100 150
EE, (MeV) EE, (MeV)

Fig. 21: Energy dependence of the effective KN scattering amplitude,
fun = 1/2(fkp + fkn), Een = mi + my.
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Results

KN scattering amplitude
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Fig. 22: Energy dependence of the effective KN scattering amplitude,
fun = 1/2(fkp + fkn), Een = mi + my.
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Results

KN scattering amplitude
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Fig. 23: Energy dependence of the effective KN scattering amplitude,
fun = 1/2(fkp + fkn), Een = mi + my.
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Results

K~ —nuclear potentials:

o— —

« MeV)
I
5

Re V.

,: amplitude at threshold:

Vs=Ewm

Table 1: K™ binding energies and widths of K™
b states (in MeV).

12C 160 40(:a 907, 208pp
Bk 61.1 57.5 83.4 96.0 104.8
Mk 149.1 1359 150.7 151.2 1439

(MeV)

K

ImV,

L | L L L L
805 4
r (fm)

Fig. 24: K~ —-nuclear potentials in °Ca.
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Results

K~ —nuclear potentials:

{ amplitude at threshold:

\E:Eth

] selfenergies in amplitude:
] Fkn = Frn(Mk)

« MeV)

Re V.

Table 2: K™ binding energies and widths of K™

;ﬁ N states (in MeV).
S 12¢c 160 40C,y 907, 208pp
z 4
Bx - 6.4 250 39.0 534
i Ik - 120.2 1418 1410 129.1
1005 2 ‘ s 8

4
r (fm)

Fig. 25: K~ —nuclear potentials in *°Ca.
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Results

K~ —nuclear potentials

amplitude below threshold:
VS$=En—Bk—Vc—Bny—Tk—Tn
K.—G. eq. selfconsistent:

wk < Vk(v/s)

Re Vy (MeV)

h Table 3: k™~ binding energies and widths of K™
] states (in MeV).

12c 169 40c, %07, 208pp
80| b Bx 409 424 585 695 77.6
] Nk 294 308 236 224 220

Im V, (MeV)

4
r (fm)

Fig. 26: K~ —nuclear potentials in *°Ca.
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Results

K~ —nuclear potentials

] amplitude below threshold:

1 Vs=Em—Bk—Vc—Bny—Tk—Tpn
K.—G. eq. selfconsistent:
1wk e Vk(Vs)

] selfenergies in amplitude:

Fxn = Frn(Mk)

Re Vy (MeV)

Table 4: k™~ binding energies and widths of K™

b states (in MeV).

1 12C 160 4°Ca 907, 208pp
Bk 424 449 588 68.9 76.3
S Nk 165 162 120 115 113

4
r (fm)

Im V, (MeV)

80 -

Fig. 27: K~ —nuclear potentials in *°Ca.
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Binding energies and widths of K—nuclear states
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Fig. 28: Binding energies By (left) and widths [k (right) of K-nuclear states.
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Results

Binding energies and widths of K—nuclear states

Table 5: Binding energies Bk and widths 'k of K—nuclear states in *°Ca (in MeV).

1s 1p 1d 2s
static calculation Bx 705 50.6 28.8 239
Nk 149 180 303 3338

dynamical calculation Byx 723 528 305 24.6
% 148 17.7 29.2 309

p-wave interaction Bk 73.0 531 321 263
Nk 148 179 293 342

2N absorption Bk 689 492 277 216
Nk 589 53.6 59.7 67.1
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Summary

Dynamical calculations of K—nuclear states within RMF approach
@ considerable core polarization for light nuclei

@ substantial widths of K—nuclear states even for Bx 2 X threshold

(Hyper)nuclear systems containing several antikaons
@ K binding energies and nuclear densities saturate with number of K mesons

@ saturation occurs also in the presence of hyperons

Chiral approach for K nuclei

@ chiral models results in relatively deeply bound K—nuclear states
Bk ~ (50 — 100) MeV

@ substantial absorption widths of K—nuclear states for Bk near mX threshold
dominated by two-nucleon absorption
Mk ~ 10 MeV (KN — YN) + 40 MeV (KNN — YN)
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