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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 Comp.
0 udd Y- O— >+
0 uud ' '

-1 (uds-dus)/v2 = =

-1 uus

-1 (uds+dus)/2

-1  dds

-2 USS

-2 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. = € q; 4, — D'=D U"
s Baryon octet B, =D. q, — B'=UBU"
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SU(3) transformation
A I E——————————————————

# Fundamental triplet (u,d,s)' = q — q'=U q (U € SU(3))
s Anti-quark q — q'=q U*
s Meson octet M = H,. q, — M'=UMU*

N 7[ + +
—+-= Tt K
I V6 2
uu du 3su n o ;
7 q sd |= T ———=—= K |=P
ud dd sd V6 V2
us ds ss o
K~ K’ ==
V6
0
O dy + + W P + *+
L= K Tt = Y K
AR 22
S= a V= _ 0’
o _ 70 0 w _ g
a, \/E \/5 K P \/5 >
K_ —0 Z; K*— [—<*O (I)
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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{g, tr (M,) tr (BB) + g, tr (BM,B)+ g2 tr (BBM,,) }
8 Assumption
@ BM coupling is SU(3) invariant
@ N does not couple with ss vector meson

5] 1

V2
gon = EQ’L,_J_-"-.-' — Egp_-"-.-'__ Qan = ? {gm_,ﬁ,.-' — Egp_,-h.-}

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

Zun=8, &n=8.13, gur=28,/3, g,n=V2g,/3
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' Hypernuclear Formation I
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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
A4 A T A
\ AR \/ ‘
K- n K p
T YETPt

YITP Kyoto 354
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Hypernuclear formation

+ QF Peak

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

Threshold’ F&’
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Hypernuclear formation

s (K, m): Q>0, Small momentum transfer — substitutional reaction

s (7, K'): Q<0, Momentum transfer ~ 300 MeV/c ~k_
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A hypernuclear formation

8 (7", K") reactions on nuclei

@ q~k_— various s.p. states of A are populated
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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 P ocR?ux K.E.of A

core

SCL3 ——

s S, from A+l AL
Exp+ —_—

0.3 30 MeV
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2’ production in nuclei

s Only one bound state *_He (Too light !)
— Continuum (Quasi-Free) Spectroscopy is necessary

8 Cont. Spec. Theory = Distorted Wave Impulse Approx. (DWIA)

Elem.

d°c ~[&
dE . d )

Kinematical Factor—

do
d Q)

S(E, q)F—Strength Func.

Nmt—-KY

—Elem. Cross Sec.
@ Large ( ®, q) range — Important to respect On-Shell Kinematics

8 Another way: X~ atomic shift
@ Atomic shift of X~ with O, Mg, Al, S, Si, W, Pb core are measured
# X potential in nuclei

@ Isoscalar part: 15-35 MeV repulsion
@ Isovector part: 20-30 % of SU(3) value

- YWTP | # Ohnishi @ Osaka U., 2014 12
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2’ production in nuclei

11 T I T T
:':“]‘ :'n":'
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Atomic Shifts|eV]

|
=i = Y T P 4\908
B3
m" s . m YUKAWA INSTITUTE FOR 1
- THEORETICAL PHYSICS YITP K,'Uh N M
%

1000

=

2

=
=

10

2- atomic shift

4—+3

Atomic shifts of &~

b—+4

!

10+ 19

i
T NL1 »
; NLSH ~ ] I
TMI1 -
SCL2 »
Exp. — 600
65 8§ 10 12 14 16 18 20 70 75 &
3] .
=300 |} :
Z Z ]
=
7 »]
; 0_4->3 | 10-9
Ec TMI1(AS fit) —— e
TM1(SUG)Y) — +
Exp. \
30 b0— 1
6 8 10 12 14 16 18 20 70 75 80 85
Z
Ohnishi @ Osaka U., 2014 14



2’ potential in nuclei

Optical £ potentials in Ph
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= hypernuclear formation

# Missing mass spectroscopy
BNL E885 "“C(K",K")
Fukuda et al. PRC58('98),1306;

# Twin hypernuclear formation
Aoki et al. PLB355("95),45.

a8 Potential depth
U_~-14 MeV

E885 (BNL)

T
Khaustov et al. PRC61('00), 054603. > ok = [
= | =B T F:
T §
@ No clear bound states found = s - 15
2 IA©
8 § iiih
']l.,}:, U B __;E' ::Eii"-ﬂ- : i_.‘l,lTi— i
[ ‘i L _a—'-',/:! A
2 —A_:l_r,m,-_l'.‘.;n;.-.ﬁ-}:;..u-_'..__;:_f‘]r h
E 502_ B < §° 3_| _"f..":
. | f lﬂ.- ,I':
Foa 4 : Fipy;
= [ B 3 1{
=151 = | ik ;
S e - T
= [ 3 L A
310 T 2ol il gl jQF
N A
7= 10~ gy ABevA J]JJ
I S 7.
| S| il ST
—B0 —&0 —A0 —20 o 20
Excitation Energy (MeV/)
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“Stars” of Hyperon Potentials (A la Michelin)

s U(p)~ -30MeV 353673
@ Bound State Spectroscopy + Continuum Spectroscopy

s U/(p,)>+15MeV E3E3

@ Continuum (Quasi-Free) spectroscopy

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

s U(p)~—14MeV ¢5

@ No confirmed bound state, No atomic data,
High mom. transf., .... — Small Potential Deps.

.l-urcn.runr

@ Continuum low-res. spectrum shape — — 14 MeV
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I Hyperons in Neutron Stars I
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Hyperons in Dense Matter

# What appears at high density ?

@ Nucleon superfluid (°S,, °P ), Pion condensation, Kaon condensation,
Baryon Rich QGP, Color SuperConductor (CSC), Quarkyonic Matter, ....

@ Hyperons
Tsuruta, Cameron (66); Langer, Rosen (70); Pandharipande (71); Itoh(75); Glendenning; Weber, Weigel;

Sugahara, Toki; Schaffner, Mishustin; Balberg, Gal; Baldo et al.; Vidana et al.; Nishizaki,Yamamoto,
Takatsuka; Kohno,Fujiwara et al.; Sahu,Ohnishi; Ishizuka, Ohnishi, Sumiyoshi, Yamada; ...

- Outer Crust
* Nuclei, Electrons, e
% Unpinned Neutron Superfluid

3p2 Superfluid Neutrons ,f! l
1sg Superfluid Protons /f L e PAM

Electrons

Pion Condensation?

.-'/ -
Hyperon? s E F{n) Nh

QGP? L

Nobody says “Hyperons cannot appear in neutron star core” !
Y appears when p,=FE . (n)+U(n) = M(Y)+U(Y)+Q,u,

Ohnishi @ Osaka U., 2014 19




Bruckner-Hartree-Fock theory with Hyperons

# Microscopic G-matrix calculation with realistic NN, YN potential
and microscopic (or phen.) 3N force (or 3B force).

@ Interaction dep. (V18, N93, ...) is large — Need finite nuclear info.
E.Hiyama, T.Motoba, Y.Yamamoto, M. Kamimura / M. Tamura et al.

@ NS collapses with hyperons w/o 3BF.

T T T T T T T 20
25t _E?E - %@: THIZU
= === N33 i | THIGu
o} ———UIX } n
- 1 5:'—155__ _/_X\Twlzu
< 1.5 — 5135_ /_)_\
E |
1.0F u
1.0 ¥Y—Mixed region
05F B A — Super
l /ﬂ-.llll-|lllll
°0g 04 08 12 16 0 L__ ii] 0 Pl 15
R (km) P(im’) S. Nishizaki, T. Takatsuka,
Z.H.Li, H.-J.Schulze,PRC78('08),028801. Y. Yamamoto, PTP108('02)703.

|
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RMF with Hyperons (Single A hypernuclei)

8 RMF for A hypernuclei

x ~ 1/3: R. Brockmann, W. Weise, PLB69('77)167; J. Boguta and S. Bohrmann, PLB102('81)93.

x ~ 2/3: N. K. Glendenning, PRC23('81)2757, PLB114('82)392;

Tensor: Y. Sugahara, H. Toki, PTP92('94)803; H. Shen, F. Yang, H. Toki, PTP115('06)325;
J. Mares, B. K. Jennings, PRC49('94)2472.

p-dep. coupling: H. Lenske, Lect. Notes Phys. 641('04)147; C. M. Keil, F. Hofmann, H. Lenske,
PRC 61('00)064309.

SU@3) or SU(6) (s, ): J. Schaffner, C. B. Dover, A. Gal, C. Greiner, H. Stoecker,PRL71('93)1328;
Schaffner et al.,, Ann.Phys.235('94)35; J. Schaffner, I. N. Mishustin, PRC 53('96)1416.

Chiral SU(3) RMF: K. Tsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206.

@ Sep. E. of A is well fitted O T fom Al 5, scL3 ——
by U, ~-30 MeV ~2/3 U_ 51N ’ exp. 5 -
20
@ Coupling with mesons > 1
Xy~ Ewma’ By < 10|
quark counting: x_~ 2/3 -
nt exchanges: x_~1/3 0t
— Which is true ? -5

0 0.05 0.1 0'151-1 0.2 0.25 0.3
K. Lsubakihara, H. Maekawa, H. Matsumiya, AO, PRC81('10)065206. Acore

- - \?QS
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Hyperon Composition in Dense Matter

s Hyperon start to emerge at (2-3)p, in Neutron Star Matter !

# Hyperon composition in NS is g 10
sensitive to Hyperon potential. 8 10
@ U ~-30 MeV: Well-known £ 107}
S a3

o U_~-(12-15) MeV “’

(K", K") reaction, twin hypernuclei Beleg 7
P. Khaustov et al. (E885),PRC61('00)054603; - K-.Sahu, AONFAGI1('01)439c

0123456728910

S. Aoki et al., PLB355("95)45. T~ oM
. 1 F e ﬂ:;‘u‘:ﬂ‘;:—'i
@ U ~-30 MeV (Old conjecture) c 1 Hfg;’;}'é?
— X appears pl'iOl' to A E o2 .J,l'f Ji .": H“‘h,:“:'i U, =+30 MeV
= I | NN, U.=18MeV
@ U, >0 (repulsive) — No Z in NS e | 0 g
-3 || | 2 [ i
Y. atom (phen. fit), QF prod. Tl Al g /
S. Balberg, A. Gal, NPA625('97)435; e b |
H. Noumi et al., PRL89('02)072301; 00 03 o8 09 12 18
T. Harada, Y. Hirabayashi, NPA759('05)143; Density (fm ~)

L, MPK\ovag etal. PRC74('06)064613. J. Schaffner-Bielich, NPA804('08)309.
Y TP £ Ohnishi @ Osaka U., 2014 22



Neutron Star Mass

8 Large fraction of hyperons e M v (fm™)
softenes EOS at p_ > (0.3-0.4) fm* . S
@ NS star max. mass red. ~1M_ . = 15
@ RMF generally predicts stiff EOS E L ™I e
. . Z os EOSY(SM) _
at high densny: . 0.: YoM —
(Scalar attraction saturation, 0 . FEOSYm v
or Z-graph in NR view.) 10™ 10" 10'
Central Density (g/cc)
@ Some of RMF with Y do not 3 NS mas.
mass _.— - ®-—-—_._
support 1.44 M_ . 25 ¢ -
s Additional Repulsion at high p ? S s [
= youll N
1t 4 /5c M1 o
@ Vector mass mod. . . 7/sCLiA IOTSY -
— stronger repulsion at high p. 0.5 1/ SCL3AZ NFs ]
M. Naruki et al., PRL96('06)092301. 0 ' ' '
0 0.5 1 1.5 2
@ Another term such as NNoe. pp (fm™)

C. Ishizuka, AO, K. Tsubakihara, K. Sumiyoshi, S. Yamada, JPG35('08)085201.

. . ,
K Qulzi;/igtf\% . Maekawa, H. Matsumiya, AO, PRC81('1 0)065206.. .
O —— Ohnishi @ Osaka U., 2014 23
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RMF with hyperons (1)

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201

# Lagrangian including hyperons

L 1
L= Vg (i — Mp) Vg + 50 08,0 — U, (o)
B i

1 | - 1 = 5 TSI
Ji S | py N i £ T

) f S 1 : ke
= E Vg (chf;f-T + gupd + gopR - hf) Up+ If.;,-{a.-.;.#w-y,]g +L'
B

: I g €
U Ado) = —m}ﬂr + Efri + E =

2 3 4
- 1 5., 1 1
cry — EUVL;EJ”{_J — Emét’j _lr}'wrr“” Em:’mﬂn‘

— Z Vg (ger + gony'du) Vp |
B

@ Nucleon part=TM1
@ Vector coupling = Quark counting (SU(6))

@ Scalar couplings are chosen to reproduce hyperon potentials in NM

U ) (po) =~ +30 MeV, ULY)(pp) ~ —15 MeV .

2 YITPss

YITP Kyoto 34
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NANOFSE RMF TOHRMEFE

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201

0.1 1 (fm>)

2.5
= 2| . 1 T .
7 !
g 1] /" Shen (Nept) - - -
s +* NYeu —
Z 0-5 i NYEEH ......
0 NY(Att.)ep ——
10 1015 1019

Central Density (g/cc)

c.f. HShen+('09) — n, p, A EOS
m o= - \0Qs
- YTP“# Ohnishi @ Osaka U., 2014 25




NANOFSE RMF TOHRMEFE

Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada,J. Phys. G35(08),085201

Neutron Star Matter

o0 LM LEOSY  Ishizuka+('08)
-1 _ - — _.__ _T -T__ :_
;3*1”} y:
0%
i
10

) - EOSY(SM)
10" f——_ Schaffner+("98) v —

: 5
[ 5 T Twaet T e A T
1] - 4 L ommmoIEEEL
leﬂ ? £ —— o -"'::: llr.-"r \‘f- _E_I] o
. [ o ._" 1o ===--
107 ¢ i s :
L o LT -
lﬂ'_g | . N | . Lo . | w . L |. T . .
0 0.2 04 06 08 31 1.2 14 0 02 04 06 0.8 3l 1.2 1.4 1.6
pp (fm™) pp (fm™)
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RMF with Hyperons (SCL3)

K. Tsubakihara, H. Maekawa, H. Matsumiya, A. Ohnishi, PRC81 (2010), 065206.
# Fit available data as much as possible

@ BE of normal nuclei, EOS (incompressibility), Pressure suggested
from HIC, and Vector potential in RBHF.

@ Single A single particle energies, Double A bond energy, X- atomic
shift, = potential depth

# Non-linear terms

@ Logrithmic chiral symmetric ¢ potential suggested by the strong
coupling limit of lattice QCD

@ ©*term as in TM1

@ U(1), breaking term (Kobayashi-Masukawa-'t Hooft)
8 Published on June 22, 2010.
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EOS related data

K. Tsubakihara, H. Maekawa, H. Matsumiya, A. Ohnishi, PRC81 (2010), 065206.

NE: " -
S of £
,'E ML o = 1“1 [ L
' | e
= Z0 | porw Iy E: ot i 1
= : i SCLZ
2 . 7 _:_;*}“' ]
‘b‘hu'n;u.uﬁ'ﬁ'n N=Z L NL;
20 o M — = 4 Danielewicr e E,E
001 02 '3'-3_1]“-’ 05 D& 01 02 03 04 05 06 07 08
py (Fm PB ()
1501 —
—_ SCL3
3 1"'JEI'nI:[-I; g ]-Ehmr“k » ]-!H'I.‘J-lrls.ldr . : IE rII:Ir;:lll-.I 1:' SCLY —
] L | A= —i—
é 1004 - KLI gl W0 ﬂ_'"_?"f?:\lfm Zr S ] B [ o ]
2 REF : “Q;.ﬁ-"-' “Fh T By J
B i : . — . - b — E -
:E: E[H] 1::' thm' E G |I.| |_". g IS [ :.H'- R...- : - |
— .\,.nl""ﬂ". '\E' | . F |'|. % . .i"-i. 5
= o 21 SCL1 L - T
£ 0 5 SCL2 e s B w
E: R_H ] | TMIand 2 § . b d . P .
- " !'q' £ I'l.'._ = -
5 -5 | ,-Scalar il . e . N |
= W 2 I 40 S8 180 150 200 - . , , ,
0 05 l.l%.! 2 025 02
L[ 0.2 04 0.6 0.8 i
pg (fm Y
H .
S YWTP Ohnishi @ Osaka U., 2014 28

EORETICAL

PHYSICS

YITP Kyoto 32,5



Neutron Star Mass

K. Tsubakihara, H. Maekawa, H. Matsumiya, A. Ohnishi, PRC81 (2010), 065206.

0 0.5 1 1.5 2
PB (fm ™)
Mmax < 1.44 M _ with hyperons

== \PQS
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RMF as a phenomenological MODEL !

# Baryon one-loop approximation (Hartree approximation) makes RMF

a phenomenological model.
— We need DATA and AB INITIO results.

@ Saturation point ( p, and E/A(p,)) from mass formula

@ Nuclear binding energies
@ U, and U  from DBHF results

P(p,) from heavy-ion data

A separation energy from single A hypernuclear data
AA bond energy from double A hypernuclear data

2. atomic shift

2. and = potential depth from quasi-free production data

Pure neutron matter EOS from ab initio calculations (not used here)

Neutron Star Max. Mass ~ 1.40 M _, a little smaller 1.44 M .

The Judgement Day, Oct. 28, 2010. 1.97 M I
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' Massitve Neutron Star Puzzle I

I YITP
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Massive Neutron Star Puzzle
s ENVPEFE(2BSOKRKBEE) DEA

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
PSR J1614-2230 (NS-WD binary), 1.97 £ 0.04 M_

o —REIEXEE R (Shapiro delay) [CEI<HERE
o FBELGAEEDMAE + ELWERIFER Strange Hadron
s BEEREAER E0S) [CHLHE  EFFTEOS

@ Strange Hadron 25
(/NRAYV- K HfEF)
BMEST EOS [XEH (?) =

AP3

W\ MS0
Al i
g PALA1
Q ENG
AP4 MS2

| l_' .; - : 'A' SQM \ |
< OT_OME—G% %G 15k e ml‘. |
il A T
bA—ME — k \\\ '
? EOS =

Radius (km)

|
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NAANOEEVHMEFE

s [ERSMEOS [TEESNT=H. exotic TP FH
BEINT=DIFTIXELY, | (Lattimer)
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Massive Neutron Star with Hyperons
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RMF with many-body coupling

# Naive dimensional analysis (NDA) and naturalness

Manohar, Georgi ('84)

The vertex is called “natural” if C ~ 1.

C

p

R

LintN<f7tA>zz

l,m,n,p m/n_/p/

[l

I

il

— Consistent with the idea that the vertex is generated by loop
diagrams under the assumption that the QCD coupling is small.

# FST truncation

R. J. Furnstahl, B. D. Serot, H. B. Tang,

NPAGIS ('97)441.

At a given density, we can truncate
the Lagrangian by the index

n=B2+M+D

(B: baryon field, M: Non NG boson,

D: derivatives)
Naturalness — V ~ p"/n!

— small for large n
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3ENZESL RMF

s 3ENESTHELE
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RMF with 3BF + SU(3)E “violation”

# Two types of modification

@ 3-baryon repulsion — EOS becomes stiff gradually at high density.
(Fitting meson mass (E325) and Uv in RBHF)

@ R=g /g ~0.8(>2/3(SUQ3))
— M_ ~2.02 M, with hyperons (~ 1.4 M, w/o 3BF, violation)

300

2.3

TB-an - '
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npAR - 0.3} 2 F —
= 200 | -b np e okt
= npA(SU(3)) ----- E 15t s !
= npA(R = 0.8) I,:f TB-amp —
o 1! / npA(SU3) ]
2 100 | p R=g_./2.x npA(R=0.8)
s - l] 5 TE-'I] ]'||:|- E—
o~ I npA(SU(3)) -----
0 Fr,..m""rl . NS matter EOS 0 ' - npA(R = 0.8)
0 0.2 0.4 0.6 0.8 1 0 03 06 l'.].'!]lq3 1.2 15 18
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Tsubakihara, AO, NPA914 ('13)438.
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s Hidden strange meson M4 —
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Weisenborn, Chatterjee,%%ﬁd%ler-Bielich ('11)
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Summary of Lecture 4

s NAN—BPEOERICEY, BPEPTONARAY KT
X ILDRIITONTEHBNEATINS,
U ~-30 MeV, U, ~+30 MeV, U_~-15 MeV

s BEVPHFENXILIZIBEZBOICIEEERTTRE,
@ SU(6) or SUB3) DN . &M 3 7. Quark-meson coupling .

Quark matter ~0) crossover transition . ...

s LGRS HSDERCIEEERMICHETETLMELY $5 A—
S-HEEEATHY, B REH K- RRT 51k SRS

‘ Hyperons in neutron stars: to be continued I
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Thank you !
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