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@ Introduction

Q Hyperon-nucleon interaction in chiral effective field theory

Q Light hypernuclei

@ Neutron stars

e Strangeness S=-1 dibaryon

Q@ summary
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Interaction of

AN and XN scattering
— Role of SU(3) flavor symmetry

H dibaryon
@ Jaffe (1977) — deeply bound 6-quark state with /=0,J =0, S = -2
@ many experimental searches but no convincing signal

@ Lattice QCD (2010) — evidence for a bound H dibaryon (AA)

Few-body systems with hyperons: 3H, 4H, 4 He, ...
— Role of three-body forces
large charge symmetry breaking %H <> 4He

(A, X) hypernuclei and hyperons in nuclear matter
— very small spin-orbit splitting: weak spin-orbit force
existence of = hypernuclei
repulsive > nuclear potential

implications for astrophysics

— stability/size of neutron stars
softening of equation of state (hyperon puzzle)
hyperon stars
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BB interaction in chiral effective field theory

Baryon-baryon interaction in SU(3) xEFT a la Weinberg (1990) [up to NLO]
Advantages:

@ Power counting
systematic improvement by going to higher order

@ Possibility to derive two- and three-baryon forces and external current operators
in a consistent way

® degrees of freedom: octet baryons (N, A, ¥, =), pseudoscalar mesons (=, K, )

® pseudoscalar-meson exchanges (VOBE, VTEE)
@ contact terms — represent unresolved short-distance dynamics (V¢T)

NLO :

LO: H. Polinder, J.H., U.-G. MeiBner, NPA 779 (2006) 244
NLO: J.H., N. Kaiser, U.-G. MeiBBner, A. Nogga, S. Petschauer, W. Weise, NPA 915 (2013) 24
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interaction up to

Pseudoscalar-meson exchange

OBE

(61-9) (62-9) .
B,B,— B/ B} P

= —fg B;PfszséPw, qg=p —p
TBE _
BiB,—BB)

fg, Bp - coupling constants fulfil standard SU(3) relations

mp ... mass of the exchanged pseudoscalar meson

SU(8) symmetry breaking due to the mass splitting of the ps mesons
(m; =138.0 MeV, mk = 495.7 MeV, m,, = 547.3 MeV)

Contact interaction VT - partial-wave projected

V('S)) = Cig, + Cig (P°+P?)
V(S1) = Cag, + Csg (P° + %)
Va) = Capp’ a='Py, %Py, 3P, %P,
VEDy & %81) = Cag, _ap, pe, Cas,_3p, P°
V(P 3Py = Cip,_3p, PP

C's, C’s ... low-energy constants (LECs) ... to be fixed from fit to data
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structure of for

SU(8) structure for scattering of two octet baryons —
8®8=108,08:010* 10 27

BB interaction can be given in terms of LECs corresponding to the SU(3); irreducible
representations: C', C8a, C8, 10" C10, c27

Channel | Vo Vs Visa
S= 0| NN—=NN|O| - clo” -
NN— NN | 1 | C¥ - -
85 8a * sa

S=—1 | AN=AN [ ] 5 (9c7 + &) | §(cB+cio —c8
AN | 3| & (- +c%) | 5 (-C+cl) | —acs=
Cssa
SN SN | 1| & (027 + 9085) 1 (csa + C‘O*) 3C8sa

2 10 « @ 2 3 3

SN—3IN | 3| ¢ co -

a=1802Py2 P3Py, =255 —°Dy Py

No. of contact terms: LO: 2 (NN) + 3 (YN)+1 (YY)
NLO: 7 (NN) + 11 (YN) + 4 (YY)

NB: AN, =N — 10 LECs in S waves relevant at low energies
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Coupled channels Lippmann-Schwinger Equation

T = V)
dp//p/IZ 21 o "o
+ Z/ o v L 70" p)
f7” l///

o, p=AN, =N (AN, =N, AT, £5)

LS equation is solved for particle channels (in momentum space)
Coulomb interaction is included via the Vincent-Phatak method

The potential in the LS equation is cut off with the regulator function:
Vel p) = MRV N (o) = e P/

consider values A = 500 - 650 MeV [guided by NN, achieved x?]

ideally the regulator (A) dependence should be absorbed completely by the LECs
in practice there is a residual regulator dependence (shown by bands below)

® iells us something about the convergence

® fells us something about the size of higher-order contributions
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N integrated cross sections

Ap > Ap Ap > Ap Sp->An
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NLO13 ... all S-wave LECs are fixed from a fit directly to available YN data
NLO19 ... consider constraints from the NN interaction within (broken) SU(3) symmetry

NLO13: J.H., S. Petschauer, N. Kaiser, U.-G. MeiBBner, A. Nogga, W. Weise, NPA 915 (2013) 24
NLO19: J.H., U.-G. MeiBner, A. Nogga, EPJA 56 (2020) 91

Julich '04: J.H., U.-G. MeiBner, PRC 72 (2005) 044005

Nijmegen NSC97f: T.A. Rijken et al., PRC 59 (1999) 21

data points included in the fit are represented by filled symbols!
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sp->3n

400

o Engelmann et al.

40 160
Py (MeV/c

N integrated cross sections

Eisele et al

2001

I L
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Piap (MeVic)

I
120

NLO13: J.H., S. Petschauer, N. Kaiser, U.-G. MeiBner, A. Nogga, W. Weise, NPA 915 (2013) 24
NLO19: J.H., U.-G. MeiBner, A. Nogga, EPJA 56 (2020) 91
Julich '04: J.H., U.-G. MeiBner, PRC 72 (2005) 044005

quality of the fit — total x? (36 data points):

NLO13:15.7 --- 16.8

NLO19:16.0 - - - 18.1
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Difference between NLO13 and NLO19

Different coupling strength between the AN and N channels (Van<sn)

consequences for in-medium properties:
AN-XN coupling is suppressed for increasing number of nucleons

dispersive effects in few-body systems:

VEI(E) = Van + Vano s E%HO Venoan
(propagator includes the energy of the spectator nucleons!)

Pauli blocking effects in nuclear matter:

~ Q
VER(e) & Viw + Vanosn =S Venoan

EFT: in consistent few- and many-body calculations, differences in the two-body
potential (in the AN-XN coupling) are to be compensated by many-body forces

— tool for estimating effects from three-body forces!
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3- and many-body forces in EFT (E. Epelbaum)

@ X _ _
om XHKHE - -
L I G
o b b LB T T -

‘ pionl hiral chiral+A
different hierarchy of 3BFs LO X — —
for other counting schemes
(Hammer, Nogga, Schwenk, N
Rev. Mod. Phys. 85 (2013) 197) NLO - H ‘
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Three-body forces

® SU(3) xEFT 3BFs nominally at N2LO (s. Petschauer et al., PRC 93 (2016) 014001)
® not included in present (NLO) calculation!

N A N
SUB) EFT: |- X >‘< (at LOY) x]
N A N

solve coupled channel (AN-XN) Faddeev-Yakubovsky equations:
= ANN “3BF” from couplmg is automatically included
remaining 3BF expected to be moderate

® ANN 3BF via ©* excitation in SU(3) xEFT with {10} baryons (NLO)

estimate ANN 3BF based on the > *(1385) excitation (S. Petschauer et al., NPA 957 (2017) 347)
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Hypertriton (Faddeev calculation by A. Nogga)
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(separation energy E = By — By =0.13 £ 0.05 MeV (M. Juri¢ et al., 1973))

® B(3H) is used as additional constraint in EFT and Jilich '04
Ap data alone do not allow to disentangle 'S, (s) and 3S; (t) contributions
® cutoff variation:
* NNN — is lower bound for magnitude of higher order contributions
* ANN - correlation with x2 of YN interaction
= effect of three-body forces small?

¢ STAR (J. Adam et al., Nature Phys. 16 (2020) 409) (SH+3F): 0.41 £ 0.12 & 0.11 MeV 1?

(NN potential: SMS N*LO+ (450) (P. Reinert et al., EPJA 54 (2018) 86))
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Status - “H, “He

SH+A 3He+A
0.984-0.05
1 LOTEOO8 | 1t e %—0.08310,094
1.09+0.02 1.406-0.003
ot Y I e
2.1574+0.077 ot Y~ T10.233+0.092
2.3940.05
4 4
AH Y AHe
By (MeV)

large CSB in 0" (A = 233 keV), small CSBin 17 (A ~ —83 keV)

F. Schulz et al. [A1 Collaboration] (2016), T.O. Yamamoto et al. [J-PARC E13 Collaboration] (2015)
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*He results (Faddeev-Yakubovsky — by A. Nogga)

25F

20 ]
[ [
,; L] .\ 20F
2 15+ ~— , ——% ]
b3 s
Q 151
o <
1.0F B ue
[ 101
L @—eNLO13 4 .
F NLO19
05 e—eLo AHe (J=0 ) Bl
r m Jilich '04 0.5
m NSC97f
0.0k ! 1 ! 1 |
950 500 550 500 650 700 0955

. “He (3=1") ]

®—enNLO13
NLO19
o

L
m Jilich ‘04
m NSCO7f

. \—o———‘

A [MeV]

| | | | |
500 550 600 650 700
A [MeV]

® LO: unexpected small cutoff dependence in 0" result
® NLO: underbinding in xEFT and for phenomenological potentials

® possible effects of long ranged three-body forces?
(no CSB in xEFT YN potentials!)
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Estimation of 3BFs based on NLO results

@ 3H
(a) cutoff variation: AE, (3BF) < 50 keV
(b) “3BF” from AN-:N coupling:

switch off AN-N coupling
in Faddeev-Yakubovsky equations: -
AE (3BF) ~ 10 keV °
expect similar/smaller AE, from 3*(1385) excitation

(c) 3H: 3NF ~ Q3 (V) |ay ~ 650 keV
( 1{Va) 3y ~ 50 MeV; Q ~ mx/Ap; Ap = 600 MeV )
SH: [(Van) 3y ~ 3MeV — AE, (3BF) & Q% [(Viw)lay, = 40 keV
@ /H, *He
(a) cutoff variation: AE, (3BF) =~ 200 keV (0*) and ~ 300 keV (11)
(b) “3BF” from AN-XN coupling:
AFE (3BF) ~ 230 — 340 keV (0*), ~ 150 — 180 keV (1+)

/{’H and #H(He) calculations with explicit inclusion of 3BFs are planned for the future
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density dependent effective N interaction

(for application to heavy hypernuclei and hyperons in infinite nuclear matter)

three-body force:

= density dependent effective YN interaction:

ol L4 |- # }@

close two baryon lines by sum over occupied states within the Fermi sea

arising 3BF LECs can be constrained by resonance saturation (via decuplet baryons)
(— 1 for ANN, 2 for “NN, =NN, ...)

J.W. Holt, N. Kaiser, W. Weise, PRC 81 (2010) 064009 (for NNN)

S. Petschauer et al., NPA 957 (2017) 347 (for ANN)
D. Gerstung et al., EPJA 56 (2020) 175 (ANN, =NN)
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Implications for neutron stars (incl.

D. Gerstung et al., .
EPJA 56 (2020) 175
(NLO13 & NLO19; ANN, X NN) 200 4w
U, ... A\ single-particle potential 1
(Un(po = 0.17fm=3) &~ —28- - - — 30 MeV) e
T i3 T PR

NLO13 NLO19
T AN+ANN T AN+ANN
----- AN only

i) 1 2 3 4 50 1 2

3 1
p/Po p/Po

ua(p) < un(p) = energetically favorable to replace nby A (ua(p) = Ma + Un(p))

Equation-of-state becomes too soft to support 2 M, neutron stars (“hyperon puzzle”)
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Implications tars (incl.

T T
E - 1200

Nucleonic

T NSCOTasNNA
£ 1000

Logoteta, Vidafna, Bombaci,
EPJA 55 (2019) 207
(Nijmegen NSC97 potentials)

/{800

107 600

P [MeV fm”]

400

Composition and EoS
of neutron star matter
(ng = p)

!
I
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I — Nscoma

1 Z - NSCOTasNNA,
1

1
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|
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0

Mass-radius relation without and with chiral ANN force

Mmae(Mo) R (km)  ne (fm™%)
o R Nucleonic 2.08 10.26 1.15
s L5 T~ B
s e TN NSC97a 1.31 10.60 1.40
= N
= b h NSC97a+NNA; 1.96 9.80 1.30
——+ NSC97 \ . \y, 7 <
N e, NSC97a+NNA, 1.97 9.87 1.28
05 -~ NSCOTe+NNA, NSC97e 1.54 10.81 1.18
—_— Nuc!eunlc
— = NSC9Ta NSC97e+NNA; 2.01 10.10 1.20
L L L L L
10 1 12 13 14 15 NSC97e+NN A 2.02 10.15 1.19
R [km]
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v MASSES (GeV/e?)
MASSES  (Gev/c?) [©) P
are | J =0 AA 2.150

2.220-
AN.EN 51230

or Hz Hz
2.382 2355 | CLEN  2.395-
2.465

2129 4 1

. =y ma 2.480-
3 2635 2.561 s Hg® EE.EA 3500
1 L 1
-1 0 1
Iz
R.J. Oakes, PR 131 (1963) 2239 R.L. Jaffe, PRL 38 (1977) 195
SU(3) flavor symmetry {10*} MIT quark bag model

strange partners of the deuteron
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Ms+ + Mp = 2128.97 MeV  Mso + Mp = 2130.87 MeV

~ 2 T T T T
13 t a) ALICEpp Vs =13 TeV
© 18 high-mult. (0-0.17% INEL>0)1
@ sraunetal 4 8l p-A O p-A pairs

a0 16Fe Fit NLO19 (600) |

e  — Residual p-% XEFT
Lar Residual p-=" 0 p-=°

t & — Cubic baseline

counts/bin

< R ——

o
0.1 k|
% o A A 05502080 2100 2120 2140 2160 2180 2200 2220 2240 2260 0 100 200 300 400 !
m(Ap) (GeV) m;, [Mevic’] k* (MeV/c)
K—d—n"Ap pp — KtAp Ap corr. in pp coll.
T.T. Tan, PRL 7 (1969) 395 M. Roder et al., EPJA 49 (2013) 157 S. Acharya [ALICE Coll.],
O. Braun et al., NPB 124 (1977) 45 arXiv:i2104.04427

“ordinary” threshold effect?  bound state?  virtual state (np ' Sp) ?
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x< for “pand  *pdata

AN result near N threshold is primarily constrained by near-threshold
(20) X~ p data

reaction NLO13 NLO19 Jillich’04 | NSC97f (ND)
500 550 600 650 500 550 600 650
Y"p— An 3.7 3.9 4.1 4.4 4.7 4.7 4.0 4.4 8.3 3.9 (4.3)
s=p— 3% 6.1 5.8 5.8 5.7 5.5 5.5 6.0 5.7 6.4 6.0 (5.5)
STp— I Tp 2.0 1.8 1.9 1.9 3.0 2.9 2.2 1.9 1.6 2.3(3.6)
stp—xp 0.3 0.4 0.5 0.3 0.3 0.4 0.4 0.3 0.1 0.2(0.1)
g 0.1 0.2 0.1 0.2 1.1 0.7 0.1 0.5 53.6 0.0(0.9)
total x° 122 12.0 12.3 125 | 146 142 127 12.8 | 70[16.4] 12.4 (14.4)
1 os(Z~p — 5%n) 3 (= p — %n)
(r,:; 2 os(Z7p = An) +os(E—p—30n) 4 o(Z—p— An)+o(Zp — Zon)>

best description of near-threshold >N data: NLO13, NLO19 (600,650), NSC97a-f
=x2=12-13

J.H., U.-G. MeiBner, arXiv:2105.00836 =- search for =N poles in complex plane
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Poles in the complex g n plane

® 2nd quadrant (sheet I, bt): unstable bound state ® 3rd quadrant (sheet IV, tb): inelastic virtual state
: 80pT T T T T
N n-5p o aep s'n-s% o q)
601 El 60F ® q@') El 60F ® qi'n E
40F E a0F 2 E 40F E
4, 73 o o3 o
e o a2 o
__20F o E __20F ea ° E _20F o= oy E
g e g H o 2 ~
> > >
° > A
2 - 5 - m 2 @
- - =
E x E E
-20F E -20F E 20F E
v
40F El 40F El 40F El
-60F E| -60F E| 601 E|
. \ | L g0k \ | \ 8 \ | |
%060 40 20 20 B0 60 40 20 20 %660 a0 20 20
Re q (MeV/c) Re q (MeV/c) Re q (MeVi/c)
e NLO13 M NLO19  a Nijmegen NSC97b-f v Jilich '04 x Nijmegen ND (1977)

NLO13: E=2131.90 —i1.39 - - - 2131.25 — i3.01 MeV
NLO19: E=2131.73 —i1.11 - - - 2131.35 —i0.00 MeV
NSC97: E =2133.04 —i3.80 - - - 2133.79 — i3.53 MeV

Thresholds: ¥+ n (2128.97) ¥%p (2130.87)

= bound state (dibaryon) — but above threshold!
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Hyperon-nucleon interaction constructed within chiral EFT

@ Approach is based on a modified Weinberg power counting, analogous to
applications for NN scattering

@ The potential (contact terms, pseudoscalar-meson exchanges) is derived
imposing SU(3); constraints

@ S = —1: Excellent results at next-to-leading order (NLO)
Ap, =N low-energy data are reproduced with a quality comparable to
phenomenological models

@ S = —1 dibaryon: strong evidence for its existence
— but not as ideal textbook (Breit-Wigner type) resonance

Hypernuclei
@ for very light hypernuclei three-body forces should be small (‘}H) or moderate
(1H, 1He)
needs to be quantified/confirmed by explicit inclusion of 3BFs

[+ ;“’\He, etc. ... effects of three-body forces could be more significant
@ Study of charge-symmetry breaking in 4H — 4He is under way

@ A hypernuclei - data with higher precision are needed to quantify 3BFs
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Backup slides
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Ap cross section
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N scattering lengths [fm]

NLO13 NLO19 | Jilich’04  NSC97f | experiment*
A [MeV] 500 - - - 650 500 - - - 650
a’ | —291...-290 | —2.91-..-2.90 -256 251 -1.8M2%
a® | -1.61-.. —151 | —1.52... -1.40 -1.66  —175 —1.675%
ai P | —360 ---3.46 | —3.90 - —3.43 —471  —435
a P 0.49 --.0.48 0.48 - --0.42 029  —025
| @ | 157...168| 160 181 ~ 22 167 | |
| BGH) | 230 .. 233 | 232 .. 232 | 227 230 | —2354(50) |

*G. Alexander et al., PR 173 (1968) 1452

Note: B(3H) is used as additional constraint in EFT and Jiilich '04

Ap data alone do not allow to disentangle 'S, (s) and 3S; (1) contributions

(a, rinfm; Bin MeV)
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and in infinite nuclear matter

non-relativistic lowest order Brueckner theory (Bethe-Goldstone equation):

(YN[Gyw(OIYN) = (YNIV]YN)
+ Y {YNIVIY'N) <Y'N\C?HO\Y'N> (Y'NIGyn (O] YN)
Y'N

Q ... Pauli projection operator

¢ = Ev(py) + En(pn)

2

_ Pa
Ea(ps) = Mo + 5i-

U, ... single-particle potential

Uy(py) = /p P YNIGA(UN)IYN)

+Ua(pa)7 a=NM\1x, N

By(o0) = —Uy(py = 0) - evaluated at saturation point of nuclear matter

= J.H., U.-G. MeiBner, NPA 936 (2015) 29; S. Petschauer, et al., EPJA 52 (2016) 15
J.H., U.-G. MeiBner, A. Nogga, EPJA 56 (2020) 91
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Status - hypertriton

SH— 7~ +p+d, > 7 +3He

Gajewski (1967) -
He—
——0—+—
Chaudhari (1968) —e—i
i
Keyes (1970)

o Ti+p+d
Bohm (1968)  F—O—1

4

Te

® +’He
= combined

Juric (1973) el

1
STAR (2019) I
i

L L L L L L L
08 -06 -04 02 0 02 04 06 08 1
E, (MeV)

benchmark: (M. Juri€ et al., 1973): 0.13 & 0.05 MeV
STAR (J. Adam et al., Nature Phys. 16 (2020) 409) (3H+2H): 0.41 +0.12 4+ 0.11 MeV

(separation energy En = By — By)
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Three-nucleon forces: Explicit inclusion of the A(1232)

@ Explicit treatment of the A (krebs, Gasparyan, Epelbaum, PRC 98 (2018) 014003):

N N N N N N N N N
ffffff = - % - + A N
N N N N N
(ci) (c)
N2LO N2LO NLO
’ LECs (from «N) ‘ cq Co C3 Cy4

A-less approach | -0.75 3.49 -4.77 3.34
A-full approach -0.75 190 -1.78 1.50
A contribution 0 281 -2.81 1.40

@ more natural size of LECs
@ better convergence of EFT expansion (3NF from A(1232) appears at NLO!)
@ applicability at higher energies
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