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Hypernuclear Physics
Implications from Experiments
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Hyperons (Baryons with Strangeness)
s Ground state baryon SU(3) octet (J™=1/2+)
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SU(3) transformation

—

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

l_+lj 1'r+ K+
= V6 2
uu du Su N o ;
77 7 < = m —— K =P
(i‘d 14 id) V6 2
us ds ss on
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SU(3) transformation
A I E——————————————————

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

V6 42
dslu  [sulu [ud]u i A 5O
dsld [suld [ud]ld |F] 2 e 7 "
ds]s [suls [ud]s ) O > A
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SU(3) .invariant coupling
—

s Baryon-Meson coupling
Lpy = V2{g.tr (M,)tr (BB) + gp tr (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

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

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

ng=gv) gpN=gv/3) gw/\=2gv/3, g¢A=\/§gv/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
A \/ ‘
K- n K p
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Hypernuclear formation

+ QF Peak
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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

- 1K Total Elgb
1.8 AE = 1.5 MeV (FWHM) KEK-SKS | /
e I'r'll:_' - --.-.---...tg:‘.-.rl..... . = LT - Y Tppp——
= | [
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ln L .-
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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 2Poc R?2oc K.E. of A

core

SCL3 ——

s S, from ‘ﬂHIﬁZ
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

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

Elem.
dag

d—Q)NﬂﬁKY

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

d'g  _ 5
dE . dQ,

S(E, q)F—Strength Func.

Kinematical Factor—

# Another way: X atomic shift

@ Atomic shift of X- with O, Mg, Al, S, Si, W, Pb core are measured
s X potential in nuclei

@ [soscalar part: 15-35 MeV repulsion

@ Isovector part: 20-30 % of SU(3) value
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2’ production in nuclei

v2/DOF < 1
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Atomic Shifts|eV]
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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 v A e i_/ﬂ'
s Potential depth il __jj"dl_,i A Al
U_ ~-14 MeV =t ?L st *’-“H I
;u__ :; 4nl'_ : l'ﬁj[ .."
5 |
=15L = _ [ iNFl ;
o @ Ju:_ ; J,]Vu
gm_ % o ; 57 lar
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Hyperon Potential Depth (A la Michelin)

s U(p)~ -30MeV 353673

@ Bound State Spectroscopy + Continuum Spectroscopy
s U/p)>+15MeV E367

@ Continuum (Quasi-Free) spectroscopy

@ Atomic shift data (attractive at surface) should be respected.
s U_(p)~—14 MeV E?ﬁ

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

.l-urcn.runr

@ Continuum low-res. spectrum shape — — 14 MeV
8 Vaa - Weakly attractive. S}? S}?
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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; ...

Nuclei, Electrons,
Unpinned Neutron Superfluid

Outer Crust

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”
before 2010 !

Y appears when JPz=E.(n)+U(n) =2 M(Y)+U(Y)+Q, M,

THEORETICAL PHYSICS VITP Kyoto T



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.

25 ——BOB L B e e
V18 : __without Y (TNI3) -
e | M M| - _
20} ——-ux | i A iy (Y |
1.5F .
2 15f - T +-BBB—
E B . .
10 1 ' i with Y (TNI3)
L ! B L_—_——
'.‘ "I | -
05} 2 i
s — (a) -
0.0 " ‘ ; . ] AN N T T O T T O O
"8 10 12 14 1600 04 08 12 16 0 d 10 p.1py 15

S. Nishizaki, T. Takatsuka,

R (km) p, (fm”)
Y. Yamamoto, PTP108('02)703.

Z.H.Li, H.-J.Schulze,PRC78('08),028801.
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A EFE with Hyperons (before 2010)

s BERT—AIEINAMRAV-RTFUoIvILDFESEERLT-
RMF [Z&HHEFERREENDHTE - M <1.7M_

s HEBl (before 2010)
o NRAVIE (2-4)p, TEND

o 1.7M, ZREKBASPHEFERFELEL,

0.1 1 (fm™)
2.5 . . 3 . . .
NSmass .- % —u._
2 e 2-5 r I/-l
E [ e 1
R : [ o .
2 = 15 e :
= 1 LS —
" T™1 ---- 1 7/SCL3 —— TMIL
z I EOSY(SM) | /. SCL3A ------ JOTSY ------
03 EOSY — 0.5 r g 5CL3AZ — ALl —
EOSYT[ .......
0 | | ‘1 | III””16 0 | |
10" 10" 10 0 0.5 1 15 2
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Ishizuka+('08) Tsubakihara+('10)
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Judgement day came ..
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Hyperon Puzzle

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).

< MS0
2.5 AP3 MPA1 i
v NG PAL 1 .
AP4 MS2 EOS with
2.0 LR hyperons
SQM3
J1903+0327 FSU - or Kaons
S 4 5lsooe s~ PALG GM3/——[" d
0 GS1———f—
o Uouble neutren astar sistems — ———___
E T B e
1.0F _ .
0.5F -
97 3 9 10 r 1|2 1|3 1L1 (@gk matter
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] "
UNIV, il
= R C)
G LY TP
<] <) m
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Glendenning & Moszkowski (1991)
s RMF with hyperons

TABLE 1. Values of the hyperon-to-nucleon scalar and vec-
tor coupling that are compatible with the binding of — 28 MeV
for A hyperons in nuclear matter for two values of the nucleon
(Dvirac) effective mass at saturation density.

3 4 e

? n, p, Y, 6’ (0, p / ¢ ? ¢ Xu m* =07 - m* m =078

s —_ —_— 0.2 0.131 0.091

@ Givex =g /g andfixx =g /g _tofit A 03 o201 023

separation energy. y 0653 036

0.7 0.783 0.800

0.8 0.913 0.942

@ X = 0.6 > m*/m=0.7, x_=0.653 09 104 108

(similar to quark number counting

result, x=2/3)
— Mmax ~ 1.6 M ©)

1 07,300~ A4 ~
{1078, 3000 A

H e
P //"f

T 0.78, 240)

L | r 1
032 04 0B 06 07 O

T I

¥ I T
8 089 1

=
o

™ —r r ] 7 L 7 7 F
145 15 16.5 16
) 3
log (e, gfcm®)

Proper number density (fm™3)

o
n

0.014

0.0

T
9 10 1 12

I

N.K.Glendenning, S.A.Moszkowski, PRL67('91)2414
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Hyperon Puzzle

s NAROVPR K BRFESCRESER. S80I +— s NE
RESEXCIEEN2 M. OREFEERZ ShEL,

8 — FTCNAN—EERT—IDSTEENDS A BIFORTUIY
U (U, (py) ~-30 MeV) ZERELI-EMRIX. 2-4)p, ITBLT/NIA
AVAENSCEEZFET S,

(R 175 Ei F;El—‘ﬂ VA=V RFEMDNKEL KX (FE) £FTIE
5 AL
— BRILMZFZEELTIEDH ?

s fRRFE-TRETE
o RTUI¥IL (e.g. U, (py) ~-30 MeV) HRIESTLVS,

o BEEICBITARTUIYILAZELFAERLTS,
o HA—IMENRNAROVIYERETHRIS.,
o —RR R MEERRAEIE-OTINVS,

=
2 LT YITP <998
., X\
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2 or Z potential in nuclei ?

# New analysis of X production reaction: °Li ( 7, K*) X"He
— U, ~+30 MeV (Harada, consistent with previous estimate)

s New E hypernuclei ? — B.E. 9| MeV & 1 MeV
— Deeper than previous estimate !

4"‘ = N
14 H -
IED_ T T T T T T T | T T T | I:.|I_- I-| ,-| | ] 13258 2+ ______ .1+_ E 5-'|I-21
W= -15MeV is fixed il / 1:+ ! P12 1/2;
e =10 r [ 2 i 1 4 H —
i Wy r_| = - .
_ oo x2/N —0.80 . ey ; s o 4 13
. =] . FIRE o ’ e L o — 3
5 [ (L=077) w0 NGl : BE—" T |
=, so— M i 1B+E o 3.1z ' 312 32
g | Wersm Wi (1 o Orwieshed 0 g LT
o ! = 12 L. i ccAMD  Exp.
. B0 . 2 ; S :
L : =, g -
E:' ™ . .\\\ il:] 41 2 2‘2 .1.1
g [ ¥y dependence @ -2 3 S _ B
B ' o S 2 -
oy B Z ] 1 ' d— SO
';‘I‘._ Harada " __,"': +50 E 4 " 1y 1
1= 20 : - ~1-u|:| B T 14 ——" 7 Ehime NHC-D
o , MB® =" dominant '
5800 56820 gL 2 Escoad T 108e@ = dominant

Missing mass M; (MeV/c") 4

Matsumiya, Tsubakihara, Kimura, Dote, AO ('11)
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Anti-Kaon potential in Nuclear Matter ?

8 K pp binding energy (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

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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Strongly Repulsive 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, T.Furumoto, AO, PRC91('15)024916. NP -v-
NSGo? -
K
AA corT. (Cyl., W/ C g, 1=(0.67)7) MEO 15 * fss2 ®
' ' ' 15 (1/ag=-0.8 fm™) HKMYY  ©
] STAR —e—
—— b I'-\.
. ==y
£ 10 0@ C )
—~ 0.9 - z T ™
UE fss2, Ry=2.5fm —a— e L;‘r
ESCO08, H =2.5fm ...s. 5
FG. Rj=2.5tm o P Ml
0.8 HKMYY, Ry =25fm 0 LL (0.=(6.67)2)/ . 1" 7a:
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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EOS from lattice NN force

s BBF QCD ZNhzALVEEEEIKEAEX (LQCD+BHF)
NN force: 'S, °S , °D, only

T T T T T L — Nl /T veveenrenaes
Mps = 1171 [Me] =i ' oo Lo e ]
BL):;- Mg s WE1S / g L Mpg = 837 [MeV] —---r-m--
Mpg = B37 [Mev] ——— _ .|"I | Mpg =672 [MeV/] o
1";- ¢ fe I = ! 1 L ﬂffpg_-: 469 [P‘."]e\v'f]
A= S0 ] === - 80 L APR(AV18) o i
&0 + APR{AVIE _ - i APR(Full) ——
APR{Full) —— | . Ik _
. _
— | > 601 |
-~ 40 -
o | _ 2 | Pure NM
= Sym.NM | T 1 < |
~
iy 40+ ]
o 20 | 5
i e 20 f .
|:| iy = 227}
0
-20 Weizsacker 2 |
mass tformuka e —

B0 05 30 A5 0 85 50 45 v
ke [ Inoue et al. (HAL QCD Coll.), PRLI11 ('13)112503

L]
g LY TP ©°98
(< <)
& ) o THEORETICAL PHYSICS WITP Kyoto 3]
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2010 FELIBEDT—5%.
NARO I SN ERRT BB A~DEEILLL,
(LLAE, K [CDUDTIE, 5108 KEE5, )
U ~-30MeV, U,~+30MeV, U_<-14 MeV

ERTGEEL?
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# 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 et al.
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Possible Solution of Hyperon Puzzle
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Neutron Chemical Potential in NS

s A appears in neutron stars it E, (p=0) =M ,+U < p_
s U, in yEFT (2+3 body) is stiff.
s But p_is larger with TLOK+2M , constraints

L, in NS matter

800 -—
400 TLOK - -

Weise 700 F TLOK+2M

300 @qnp2018 4 600

s
200 /‘ / /

+00 /;)%AN 2-bo

IINARY e 100

iniesial) 7 0 |

e PV I e
P/Pn \ 'll]'] T : Up(PNM) |
0 01 0.2 0.3 04 05 0.6 0.7 08

W. Weise, NFQCD2018 (2018 06); -3 .
Gers tung, Kaiser, Wei . APR K, n (fm ) OKLTW, in prog.
A. Ohnishi @ Nagoya U., Dec.4-6, 2018 35

SUn




Neutron Chemical Potential in NS

# Neutron Chemical Potential

O(nE) OF
n My =
Hn + MN on,, ou
# Single particle potential
d(nV)
Un(w) = =~ 800
L 700
_U()A—i—?(u—l) R 600
Uopr ~ —30 MeV ~ 500
L =777 = 400
(L,<0 in most of RMF =" 300
before 2010) _= 200
: 100
Sym. E. and L | determine
the onset density of A. 100

(Already mentioned in
| Millener,Dover,Gal paper)

=F+4+u— +2a(1 — a)S(u)

L, in NS matter
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Model calculations of neutron star matter within NJL model

NJL Lagrangian i 0k B S o

o]
IR N (L RGN  chiral interactions
a={0

LP=H Y [(qiystarsCT)g" Ciystadarq) BCS pairing interactions
AA'=257

M = Kobayashi-Maskawa-‘t Hooft six quark axial anomaly

plus universal repulsive quark-quark vector coupling

o AU @l T Kunihiro

P (MeV/tm®)
B

. 8 & @




QHC18 (quark -hadron crossover) equation of state:
T. Kojo, T. Hatsuda, GB, et al.

Nuclear —-& Interpolated EoS *—Quurk models 5
“(pQCD)
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I4—OYPE A DIFER
s NJL TORIMIVEES — VA—OMETORHRIRILY—

R.C.Pereira, P. Costa, C. Providencia, PRD94('16)094001
X.Wu, AO, H. Shen, PRC98 ('18)065801
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Lec. 5 DFEELHD

s strangeness *EABD_EITEKY . RFBEYEIILIVEEIZ!
° RRGHEEMERAOEMNABRNI, RFEOEELEEIC!
8 NNARAVNZXIIENWFELEICKEZLZBEELTE-TLNVS

o NARAYV-RTUIYIL, R K BEFD p, LA THORSIE,

NFTORREREE. HHLIELYFIHH,
U, ~-30 MeV, U_~+30 MeV, U_<-14 MeV

— Hyperon puzzle @ﬁﬁ&kli&bf SB[TRAII,
s BESINTWSERRAGE
@ NRAVEEL 3K (YNN, YYN, YYY) or BEKRTH
o HBEPBLERETODIA—IMEADEER (55001 X or crossover)
o RULVEIRIZKD EOS DFE{E, BIEEEA. ...
EERMREL A EIL? 2 2 — To be continued
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s SEEVDEEPEFEOYE - BFEOARE
1. PEFEOELRNHEE
2. REBABEAZRT SEHHIER
3. MMIRILF—LIEXRMIZEMEDKREBAER
4.QCD AER LEEEREYMEONE
5. \AN—ZYPBLEDEFETD/NAROVNXI)L

@ FXEES Symmetry Parameter Constraints from a Lower Bound on
the Neutron-Matter Energy

s Wit FEEBENSEEECO-AMNEOREELELT S
REKZE AR, 2 HRBRALTON. FHNEHISORELHEL
TS, SREMBLTLEELLS,
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