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Impulse Approximation (1)

HERERBORIETHNIX

ASBFERDRIE ~ Z (AHBFERZRAZFORIT)

— Impulse 3T {81
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Impulse Approximation (2)
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Impulse Approximation (3)

s SE{LROERRLN
o AL EEHMNKZLELT, 0(1/A) ZHEHRT S,

DT, =~T—>T=T+TG,T (T=), 7,
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BrEIREBFNEZFH (1)

# Fermi's Golden Rule

2 L
W=7 10F o,
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BrEIIREBINEZFH(2)

s FBESELIRIEICDOULNTOEEL
o ASH-HHEHRFOEHELEANIRILIF—TERESD
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Green's Function Method
s 1 HFEEREZEEL. BRKEBORFREOREZRLZLNCET S,
— SEEREELHETNIE., s BAEZET)—BEBICESTHRZ ATRE
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Deeply Bound pionic atom (1)

s 25Ph(d, *He)”_Pb

do do
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K. Itahashi et al., PRC62("00)025202

A.Ohnishi 8



Deeply Bound pionic atom (2)

s EFEICARIRIVEBBRTBICE.
o REIREM D ER (Distorted Wave Impulse Approximation)
o IRIKRE - KRB D IR B BA B D S ZE B F (spectroscopic factor)
HIHE

;o . Ref. 7
xr(r)yir)=expliq-r)D(b,z) = —
-:?pl | S I R &
1/ r= O]
Dfl}:lzexp[—ill- J_Tﬁrdpfh: \dz 05 m . ‘
= 04 | \yll. | gé“:ﬁ?er —
+J Tig, p(b,z")dz" | - Eﬂggé Kown: ]
T [ I YA ¥ Konijn 3 1
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K. Itahashi et al., PRC62('00)025202
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' Hypernuclear Formation I

A.Ohnishi 10




Hyperons (Baryons with Strangeness)

s Ground state baryon SU(3) octet (J™=1/2+)

Baryon M(Mev)

n 940
P 038
A 1116
Tt 1189
x0 1193
x 1197
=0 1315
2~ 1321

S

-
-2
-2

Comp.

udd Y-
uud

(uds-dus)/v2 = ="
uus

(uds+dus)\/2

dds

uss

dss
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SU(3) transformation
A I E——————————————————

# Fundamental triplet (u,d,s)' = q — q'=U q (U € SU(3))
s Diquark D. = €. d; 4, — D'=DU"

s Baryonoctet B,=D.q, — B'=UBU"

|

S
Y
S}

1

A,

>
V6 V2

- A
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s Anti-quark q — q'=q U*

SU(3) transformation
A I E——————————————————

# Fundamental triplet (u,d,s)' = q — q'=U q (U € SU(3))

s Meson octet M, = aj q — M'=UMU"

tal @l
QU R

%)

N
6

&

+

M
V6

V= _

=P
p+ K*+
0
(6Y] P *0
o _P g
V2 2
K™ @

A.Ohnishi 13



SU(3) .invariant coupling
—

s Baryon-Meson coupling
Lpy = V2{g.tr (M,) tr (BB) + gptr (B{M,, B}) + gr tr (B[M,, B])}
= V2{gs tr (M,) tr (BB) + g1 tr (BM,B)+ g2 tr (BBM,,) }

8 Assumption
@ BM coupling is SU(3) invariant

@ N does not couple with ss vector meson

D 1 2
Jun = 9uN = 59N> G = —= (9un + 39,n)

s Further simplification: gN = g /3 (quark counting)

Zun=8: &nv=8.13, gua=28,/3, ga=V2g,/3
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Hypernuclear formation

s (K, @), (m, KY), and (K, K") reactions on nuclei — Hypernuclei

Reaction | Elementary Processes
Main Process Other Processes
(K-,7m) |Kn—=7A, Kn—=7mX Kp—=1 X'
(K~,7") | K p—7n'YX, K pp— 7 An (n-rich hypernuclear formation)
(7T, Kt) |7tfn—=KTA, an— KX 7tp— KTyt
(m,K") | mp—= K"Y", m pp— K" An (n-rich hypernuclear formation)
(K-,K") | K p—= K27, K pp— KTAA
T A = K+
A4 A T A
\ AR \/ ‘
K- n K p

A.Ohnishi 15




Hypernuclear formation

+ QF Peak
. K g 2
%:f‘::q Jif}*l”ﬂ{ (Y)-U(N)
S
8 I:f(lﬁ <0

Threshold’ F&’
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Single particles states of A in nuclei

# Single particle potential depth of A is around -30 MeV

@ s, p,d, 1, ... states are clearly seen
@ A PocR?x K.E.of A

core

SCL3 ——

s S, from ‘ﬂHIﬁZ
Exp+ —_—

0.3 30 MeV
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Hypernuclear production (discrete state)

# Substitutional reaction

Magic momentum ML T q~0
— BFHEICS/NARAVHEASRENEFR

H. Bando, T. Motoba, J. Zofca,
Int. J. Mod. Phys. A 5 (1990), 4021-4198.
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A hypernuclear formation

8 (7", K") reactions on nuclei

@ q~k_ — various s.p. states of A are populated

- IH'. 'Tl:l'lﬁl Ejbl'.-;'
L8[ AE = 1.5 MeV (FWHM) KEK-SKS : -
o I.r'l;:_ - -------_---tgs.é_l- AR S, P = TR LR
= | [
ﬁ 1.6 : ! | l.-l-::_ — n-hale] ; : |
v | 4 L |
o Sl #l #5 > t
12 w 1.2k : R
212 A “ = | : | f
2038 " \ %
“:Tn.ﬁ_ 4 | [“ i e
04| I
0.2 Jp
0 S - e R R D 3 i
=25 =20 =13 -10 -3 10 15 =B, (MeV)
~B, (McV) -
Hasegawa et al.(1996)
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Quasi-Free A Production (1)

s HVRFEE — 91BN RERE TR
— EHRETE?

4 Green's Function Method O.Movimatsu, K. Yazaki, NPA483('88)493
o RN SEHrIK B Z BB (25 AT BE , ,
Harada, Hirabayashi ('04)
d*o B dr:rﬂfms ——— .
dEx dS2x _’S(E) (@.4) I 200t k) .
| 1.05GeV/c (6°) '

S@, )= Y |(£101)*8(0 + Ex — Ex) R
)

1 ' ' ;
= ()~ Z[{Frdr' FI(r)Gaa(Ep;r ") For(r")

Mc wf Mc
Fo(r) = L]*(Hﬁr);{,—‘r (M )(ﬁl%ir}}

CROSS SECTION (ub/sr MeV)[EXP.]
[Tvo](A2W a1s,/91) NOLLDHS SS0MD

A i b
@:Z dr xy (xS U_(Hd(r —r v
Xk (N (DU-_())o(r —rj) o 2 ¥ R
_lf=1 150 200 250 300 350
# Mfr‘lf:l
0) _(0) @
g — 1—I—EK P —pT ' cos 6 Pk Ek
- {":lﬂ F;?J pmj Erﬂj T Harada, ¥ Hirabavashi / Nuclear Physics A 744 (2004) 323—-343
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Quasi-Free A Production

s Kinematical factor [Z&d t-matrix DFRIF
o AS5IRILXF—EENBOGESICIEED

g LOWIRLF—EEZEHN—T S EECESHEZ AL

dc (ﬂ*ﬂ )Dptslzm ) fsmf?.ﬂ.-dr&?.ﬂ.-fdmr pyP(PN)H(EY: pr. pN) |
dEx d2x \dQ2 - e 2 b |
"M pr:w, q) = = =7
U\ pkEg e [ sinowdoy [ dow }oion) |
(77) =™ omo0l : . —
].E‘ T T T | T T T
I Eo(nt K — 12

L 1.20GeV/c (8°)

12 —
NC+A

[wil

["1vD](APH 18 /97) NOLLOES SS0UD

NN

CROSS SECTION (ub/sr MeV)[EXP.]
o

o

150 200 250 a0o 350
w (MeV)

I Harada, ¥. Hirabavashi / Nuclear Physics A 744 (2004) 323—343
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2 Potential in Nuclear Matter

U.(p) ~ —30 MeV: Well known from single particle energies

Naive expectation

= Quark Number (ud number) Scaling
U ~23U0,—>U~2/3U_ ~-30MeV

Problems with X

— Continuum (Quasi-Free) Spectroscopy S Y R e ————

is necessary

d2 o/dE(Y)/dQ

Tsubakihara, Maekawa, AO,
EPJA33('07),295.

TV . Chiral SU{3)
5.1 from .‘x"’: exp.  ®

30

5 |k
20

)

QF P eak ".kt‘ﬂl‘i_‘-yj

0= g2 .2My+AM+U(Y)-U(N)

30 MeV

Threshold
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Quasi-Free X2 Production

8 KEK data of X- production on nuclear target

H Noumu. et al.. Phys. Rev. Lett. 89 (2002) 072301; . .
H. Noumi, et al., Phys. Rev. Lett. 90 (2003) 049902, Esratom. fl‘"’ afmf Hzr f’b a)l’ Ialsllul (0|5)
@ Naive analysis suggest o cot ‘ |
Re U ~90 MeV (09 T '
: . ' DD
# Green's Function Method osf
+OFA t-matrix (DWIA) N St
2 e @ |
@ QF data is consistent with e o ME Toan o i |
Atom data, but sensitivity is z °'LDA-NF LDA-S3
small. 40— T B osf O

(e)

— B |
% 20 Lo % /AR el 0
= [ f,=0.35 s 1ls
~ [ #
o 1.0+
& - WS-sh
= [
£ 0 06
B ikt ~ -l [ -
0.0l ol W I I TN aritl| | |
25l U] il 4100 4010 pas L v Al 48] A5
w (MeV)

I Harada, Y. Hirabavashi / Nuclear Physics A 739 (2003) 143-1069

-m Y-TP _&\905

o]
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= hypernuclear formation

# Missing mass spectroscopy E885 (BNL)
BNL E885 "“C(K",K") oo
Fukuda et al. PRC58("98),1306; e el S/
Khaustov et al. PRC61('00), 054603. > ok = [
= (8 | ¢ aslj
@ No clear bound states found S 30 %m_— {7
# Twin hypernuclear formation 8 g : 2
Aoki et al. PLB355('95),45. Lo T s AR
0. V1L \Be A .Lm i_fﬂ_
s Potential depth . Ry g %
U, ~-14 MeV Ten e B
;u__ :; 4nl'_ : l'ﬁj[ .."
5 | it
=15L = [ :
Ea'l ' @ jl’_l-:_ ; ;1}1
%m_ % -3 " :l::u:
" ., i
1d 100 iZgg A A s
Ln_rl J_PJJJ J ‘B + =7
1 1 AL oy

B — —A0 —20 o 20
Excitation Energy (MeV/)
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“Stars” of Hyperon Potentials (A la Michelin)

) T
s U(p)~—-30MeV E3E3E73

@ Bound State Spectroscopy + Continuum Spectroscopy ?;?

s Up)>+15MeV  E3E3

@ Continuum (Quasi-Free) spectroscopy
with Optimal Fermi Averaging t-matrix

@ Atomic shift data (attractive at surface) should be respected.

@ First example of quark Pauli blocking effects in potential ?
s U (p)~—14MeV &7
@ No confirmed bound state, No atomic data,
High mom. transf., .... — Small Potential Deps.
@ Continuum low-res. spectrum shape — — 14 MeV

@ Spin-Isospin deps. ( T exch.) — Deformation
— Spectrum shape may be modified.
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Strangeness Nuclear Physics

8 Before Oct.2010,
UA( po) ~ =30 MeV, UE( po) >+20 MeV, UE( po) ~ =14 MeV
Harada, Hirabayashi ('05), Noumi et al. ('02),
Fukuda et al. PRC58('98),1306; Khaustov et al. PRC61('00), 054603,
Aoki et al. PLB355('95),45.
— Maximum mass of NS ~1.6 M _

) s 0.1 1 (fm ™)
= 2r T
gl.s -
E 1 -
- ™1 ----
7 05 | EOSY(SNQ — ]

EOSY —
101 1013 1016 0 0.2 04 0.6 0.8 1 1.2 14 1.6

(fm™)
Central Density (g/cc) PB

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada ('08)

A.Ohnishi 27




Hyperon Puzzle I
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Hyperon Puzzle

' AP3 .
¥ PAL1
ENG
AP4 MS2
2.0 51 4-223(
J1903+0327 FSU
361.5 .'-;-'::-;--:-_‘SQML‘\ PAL6 GM3 d
OS w/
trange

qdrons

0.5 ; Observation of massive neutron stars (M ~2 M )

rules out exotic components in NS ?

0.0 '
7 8 9 10 11 12 13 14 15

Radius (km)
PSR J1614-2230: 1.97 + 0.04 M_ Demorest et al., Nature 467('10)1081 (Oct.28, 2010).
SR_ J 03?%58+ 432: 2.01 £ 0.04 M Antoniadis et al., Science 340('13)1233232.
e o R AL L S 3 57 A.Ohnishi 29
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What did we miss ?

s Hyperon potential in nuclear matter ?
@ U.(p,)~-30MeV, U (p)>+20MeV, U_(p,)~ -14 MeV

# Hyperon-Hyperon potential ?

@ If vacuum AA potential is much more attractive than Nagara event
implies, AAN potential must be very repulsive.

# Kaon potential in nuclear matter ?

# Three-baryon (3B) interaction ?
# Quark matter core ?

# Modified gravity ?

A.Ohnishi 30




2 or Z potential in nuclei ?

# New analysis of X production reaction: °Li ( 7, K*) X"He
(Honda, Harada)

— U

>

~+30 MeV (consistent)

# New = hypernuclei — B.E. =9 MeV & 1 MeV
(Takahashi (A01), Nakazawa, Kanatsuki, Yamamoto)
— Deeper than previous estimate !

Fae_y40 (Nb/sr MeV)[EXP.]

4

120 T T T T T T T | T | r| | .
We=-15MeV 15 fixed -
- -10 : '
100~ x2/N =0.69 g, ey ’
CF, - ,
(f,=0.77) a0 N
&0 by (A
"He+I~ H+L® I'j s OF
e i P | S'
. | : =
B0 [— : L1 =
; : Bodr
Vs dependence o B
4|:| o Ty
0 ™4ap
Harada
zu L = 4
+00
|
nEdD o&aE0 580 SBR0 SBZE0 _E_ L

Missing mass M; (MeV/c")

4

1: | Epar
1‘:255_ 2+__4____ T-'I-— : 5/24
= 1 H - -
17 41 P 1/2] 12
1, —— ) &
3|:|‘ 41 13
=2a.=.=.=.: -—,?é" _32
IRARARN R i -3
B+= 2; 3.0z '312) 3/2;
................ = e '
threshold ) Eﬂ] O i ccAMD Exp.
l? 23 i :
31_ 2z g
X 2 e 2
0y L ; 3
1 1y
 IF— Ehime NHC-D
M@= dcmlr‘lam
AL 10
2 ESCOo4d Be®=" dominant |

Matsumiya, Tsubakihara, Kimura, Dote, AO ('11)
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T. Harada

Repulsion and absorption of the .-
nucleus potential
in the °[.1(rt=,K#) reactions

>—-"He




Dependence of the calculated average spectra for the 8Li(n=,K*) reaction

120_ T T T I T T T T T T | ,’IJ" i ] — t ntial
e 15 Mo i e K p,. =1.2 GeV/c WS pote
- -10 /A
10T x2/N —0.69 0 \, /]
e [ (=077 10 \< K :
B, sol- \\ Y / /< The shape and magnitude of the spectrum are
= [ SHe+z~ SH+2° i .
Ol " Y 1 sensitive to the strengths of (V, W5).
., 60— —
<L ; : )
2. I Vy dependence E
v or | L X 800 ] — _
For ; T Ny (Vy, Wy) = (+30,—-15) MeV
5 20 " -
i +90 ]
=== = ====77 '-:_- : | | | | | | T
50840 5860 5880 25900 5920
Missing mass M, (MeV/c”)
120 / T The x*/N-value distribution in Vy, W,
Vi=+30 MeV is fixed S -
e %% /N =0.69 ,f:’ [
o (£,=0.77) U
F, 80 -20 \,’ ;T
= SHe+%~ SH+x° RS i
[ /
= 7 / B
- 60 . ’I —
N ’ ]
. 40 ,\f\ -15
J -10 ]
|t<>“ 20 —
S 5860 5860 5900 5920 10 0 10 20 30 40 50
Missing mass M, (MeV/c?) Vs (MeV)

The detector resolution of 2.6 MeV FWHM T Har ad a 33
[ ]



Remarks T. Harada

B The optimal Fermi-averaged amplitudes of f ... in

our DWIA calculations are essential to describe the
energy and angular dependence of the data of the
*Li(st~, K%) reaction at 1.2 GeV/c.

80 : A T

B The calculated spectrum indicates
the repulsive and absorptive
components of the X -"He potential.

Re Ug(r) (MeV)

BThe repulsive X-nucleus potential for X-"He with (V,
W,)= (+30 MeV, —15 MeV) can fully reproduce the data
of the °Li(zw~, K*) reaction at 1.2 GeV/c.



Anti-Kaon potential in Nuclear Matter ?

s K pp binding energy (Takahashi (A02), Outa, Dote)
@ E15: One state at B.E.~ (15-30) MeV, Strength at B.E. ~ 100 MeV

E27: B.E.~100 MeV ?

@ Dote: Higher pole B.E.~ 27 MeV, Lower pole B.E.~79 MeV (?)
Akaishi: B.E. ~100 MeV (DISTO, FINUDA)
S.Ohnishi: Saturating B.E. in heavier kaonic nuclei

We need more work
to confirm the fate of
Kaon condensation

Muto

do /dMy, [ pb/ GeV |

M,, [GeV]

22 225 23 235 24 245 25 255 26
BD | | 1 | | | |

This work ——
70 E15 dats i ]
&0 E15 fit S——

a0
40
30
20
10

0

Sekihara, Oset, Ramos ('16)
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AA potential ?

s Nagara fit — a (AA)=-0.575 fm or - 0.77 fm
Hiyama, Kamimura, Motoba, Yamada, Yamamoto ('02), Filikhin, Gal ('02)

# New approach: AA correlation from HIC (Morita)
— -1.25 fm <a (AA) <0 (Consistent with Nagara)
Exp: Adamczyk et al. (STAR Collaboration), PRL 114 ('15) 022301.

Theor.:Morita et al., T. Furumoto, AO, PRC91('15)024916. NP o
NSGo7 -
=

AA corT. (Cyl., W/ C g, 1=(0.67)7) MEO 15 * fss2 ®
' ' ' 15 (1/ag=-0.8 fmq.]ll HKMI*:'{".BF o
] _ . - STAR
~y
E10 ‘0@ r )
v .
— 0.9 - = ™
UE fss2, Ry=2.5fm —a— e L;‘r
ESCO8, H =2.5fm ...e. 5
FG. Rj=2.5tm o N T O
0.8 HKMYY, Ry =25fm 0 LL (h=(6.67)%)/, "7
LLE_ %n aﬂ} < %
free ) 0 ' '
0.7 - STAR 0-80% —#— -5 -4 -3 -2 -11 0 1
0 0.05 0.1 0.15 0.2 -
1 (GeVIc) 1/ay (fm ')
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Remaining possibilities

# Three-baryon (3B) interaction ?

@ “Universal” 3B repulsion
Nishizaki, Takatsuka, Yamamoto ('02), Tamagaki ('08),
Yamamoto, Furumoto, Yasutake, Rijken ('13)

@ Repulsive ANN potential (or density dep. AN pot.)
Lonardoni, Lovato, Gandolfi, Pederiva ('15), Togashi, Hiyama, Yamamoto, Takano

('16), Tsubakihara, Harada, AO ('16)

@ Medium modification of baryons (Quark Meson Coupling model)
J.Rikovska-Stone, P.A.M.Guichon, H.H.Matevosyan, A.W.Thomas ('07),
Miyatsu, Yamamuro, Nakazato (‘13)

# Quark matter NS core ?

@ First order phase transition
L. Bonanno, A. Sedrakian, Astron. Astrophys. 539 (2012) A16; M. Bejger, D.
Blaschke, P. Haensel, J. L. Zdunik, M. Fortin, arXiv:1608.07049.

@ Crossover transition to quark matter Masuda, Hatsuda, Takatsuka (‘12)

#a Modified Gravity Astashenok et al. ('14), M.-K. Cheoun's talk
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Hyperon Puzzle
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Summary

s NFOY - RFERIGZERLRT S, BRRTIRRIOGE

° RBIRBODER
— ERGZEERR ) ]
(BRECESZEMYANT- Shell BEHE, VS5RX4—FHE. ...)
+ TR A 7L RELEL (DWIA)
(spectroscopic factor EXFERTU ¥ ILICEKD
AR -HHROEHZZRE )

o EHKEBDARIRIL
— JFLWVEREH%Z 5 Z 5 Green's Function Method %
FAL\f= DWIA

# Hyperon Puzzle
@ U.(p,)~-30MeV, U/ (p)>+20MeV, U_(p,)~ -14 MeV

@ Hyperon, Kaon DRBEZHRELT-EOS Tl&, 2M_ZEXZXZ oLy,

o $i1-737T—72% Hyperon Puzzle fRELTSIELN,
@ 3B repulsion, Quark Matter or Modified gravity

e B - .&\?Qs# utro, . .
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