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 First multi-messenger observations of a binary neutron star merger
 Constraints in radius, …

 With improved sensitivity to post-merger spectrum ⇒ EOS

2017 August 17  12:41:04 UTC

video: National Radio Astronomy Observatory: https://public.nrao.edu/gallery/animation-of-neutron-star-merger-and-aftermath/ 

Time of contact
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Neutron stars are Superstars
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5 decades of hyperons in neutron stars

„Another reason why the writer has not taken into account
complications inherent in using a realistic equation of state is that no
such things such pure neutron stars can be expected to exist. The 
neutrons must always be contaminated with some protons and
sometimes with other kinds of nucleons (hyperons or heavy mesons).„

Alastair G.W. Cameron,  Astrophysical Journal, vol. 130, p.884 (1959)
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Cameron 1959, Ambartsumyan &  Saakyan 1960
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Hyperons in Neutron stars



Appearance of Hyperons

Wei-Zhou Jiang, Bao-An Li, and Lie-Wen Chen, The Astrophysical Journal, Volume 756, Number 1

 Sequence of hyperon appearance depends on B-B interaction
 Σ –N interaction repulsive ⇒ Σ will probably appear latest



Hyperon Puzzle

P. B. Demorest et al., Nature 467 (2010)
update: E. Fonseca et al., ApJ 832, 167 (2016)
J. Antoniadis et al., Science 340 (2013)
E.D. Barr et al., MNRAS 465, 1711–1719 (2017)

M(PSR J1614-2230) =1.928 ± 0.017 M⊙

M(PSR J0348+0432)=2.01 ± 0.04 M⊙

M(PSR J1946+3417)=1.828 ± 0.022 M⊙

appearance of hyperons   ⇒ relieve of  Fermi pressure ⇒ softer EOS
⇒ reduction of maximal mass



Hyperons in Nuclei

Y

hypernuclei
Y

hyperatoms

Objects

Hyperons in atomic levels
within the nuclear periphery

Hyperons bound by strong 
interaction within nuclei

Methodology
Width and shift of Σ-, Ξ- and Ω-

atomic levels
Masses, excited state
spectrum of Λ and ΛΛ

hypernuclei, 



Hypernuclei



 a hypernucleus is specified by
the number of neutrons  N
the number of protons    Z
the number of hyperons  Y

since we have more than one hyperon (Λ, Ξ−, Σ−+0) one usually writes 
explicitely the symbols of one (or more) hyperon
examples:

What is a hypernucleus?

B
Y X

element
=

total charge
(not number of

protons)

number of
baryons
N+Z+Y

(number of) 
hyperons

Y

ΛΛ

→
→ ΛΛ →
 →

10
           
  d          

  
 

10 1
m

0-
 

4-

o

2
2

=

4 prot ns  
la b as

4neutrons 
 

Be
Be

Λ

Λ →
→ →
 →

4
              

 o        
4 4

m  

-1-1=

1 la bda  
1 pr ton

e  2 n utrons
H H



Weak decay of hypernuclei

mesonic decay
of hypernuclei
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cosmic 
ray

It gegan in Warsaw – September 19th 1952 

 Marian Danysz, Jerzy Pniewski, et al. Bull. Acad. Pol. Sci. III 1, 42 (1953) 
 Marian Danysz, Jerzy Pniewski, Phil. Mag. 44, 348 (1953) 
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• DIRECT PRODUCTION SPECTROSCOPY
missing mass in two-body kinematics

• Examples
strangeness production
(π+, K+), (π-, K0) 

strangeness exchange
(K

_
, π-) ,(K

_
, π0), (K-,K+)

electroproduction (e,e´K+) , (γ,K+)

The twofold way to hypernuclei

b
x1

ΛN

A YA* ⇒ decay

xn

b f

ΛN

A YA
Missing
mass

• DECAY SPECTROSCOPY
γ-decay of excited states
π from weak decay
charged fragments

• Examples
nuclear emulsions
heavy ion reactions
antiproton induced reactions
continuum excitation in (e,e´K+) 

cosmic
ray



Hypernuclei are very exotic nuclei
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Y XB
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B X



Three-body forces in Hypernuclei

Stefano Gandolfi Diego Lonardoni,
arXiv: 1512.06832

Three baryon interactions involving hyperons are essential

A=3



The Hypertriton 
Puzzle



The Hypertriton Puzzle

p
n

Λ3
ΛH

Do we understand the simplest Hypernucleus?

BΛ=130keV



The 3ΛH Puzzle: Part 1 - Λ Binding Energy

K.Riisager,D.V.FedorovandA.S.Jensen, 
Europhys. Lett 49, 547 (2000)

 3
ΛH is most fascinating halo nucleus
 Binding energy ≈130keV   ⇒ Characteristic length of two-body s-wave 

halo system small
3
ΛH2 2 / (4 ) 10 fmr Bµ∆ = →



 Searching the needle in the haystack

Hypernuclei in RHIC
3 3H He π −
Λ → +



The 3ΛH Puzzle: Part 2 - Lifetime

ALICE, preliminary  
237+33

-36(stat.)±17(syst.)ps

small binding energy    ? small lifetime    

STAR arXiv:1710.00436v1  [nucl-ex]  1st Oct 2017 



Approaching the 3
ΛH Puzzle

small binding energy    ? small lifetime    

 New precision mass 
measurement at MAMI in 
2020
 Make use of excellent beam 

quality at MAMI
 Precision absolute energy

calibration interference of
undulator radiation

 new lifetime measurements
 2020: ELPH (γ,K+)
 2020: WASA @ GSI/FAIR
 2018: ALICE - end Run2: 2x 

statistics
 2023: ALICE – end run 3: 200x stat.
 202x: J-PARC (π-,K0)

Phys. Rev. Lett. 115, 
222501 (2015)

4 4H Heπ −
Λ → +



High resolution pion spectroscopy

K+

π

Electroproduction of 
excited hypernuclei
on 9Be Target

Event tagging 
by kaon
detection

Fragmentation 
produces 
several light 
hypernuclei

Mesonic weak decay 
and groundstate mass 
reconstruction by spectroscopy 
of pions from two-body decay Phys. Rev. Lett. 115, 222501 (2015)



Double Hypernuclei

Ξ-p→ ΛΛ + 28MeV



Double Hypernuclei are Shy
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6HeΛΛ
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E07 @ J-PARC



Spectroscopy of  ΛΛ-hypernuclei
E. Hiyama, M. Kamimura, T.Motoba, T. Yamada and Y. Yamamoto

Phys. Rev. 66  (2002) , 024007

 many excited, particle stable states in double hypernuclei predicted
 level structure reflects in 0th order levels of core nucleus

Yusuke Tanimura
Phys. Rev. C 99, 034324 (2019) 



HESR with PANDA and Electron Cooler

 High resolution mode
 e- cooling 1.5 ≤ p ≤ 8.9 GeV/c
 1010 antiprotons stored
 Luminosity up to 2·1031 cm-2s-1

 Δp/p ≤ 4·10-5

Circumference 575 m
Momentum 1.5 – 15 GeV/c

Electron Cooling up to 9 GeV/c
Stochastic Cool. Full range
Thick Target 4·1015 cm-2

Beam life time >30 min

 High luminosity mode
 Stochastic cooling p ≥ 3.8 GeV/c
 1011 antiprotons stored
 Luminosity up to 2·1032 cm-2s-1

 Δp/p ≤ 2·10-4



PANDA – a Factory for strange and charmed YY-Pairs



The PANDA Detector



Strange Systems at PANDA

Ξ-

L
L γ

γ

π- π-

hyperatoms

hypernuclei

X- production
pN→ X - +X

rescattering in 
primary target nucleus

deceleration in 
secondary target

capture of X

atomic cascade of Ξ-

Ξ-p ΛΛ conversion
fragmentation

→ excited ΛΛ-nucleus

γ-decay of ΛΛ hypernuclei

weak pionic decay

p



PANDA + PANGEA



HKS2 @ JLab

sFRS/CBM @ FAIR

BM @ N, MPD @ NICA

J-PARC

KAOS @ MAMI

PANDA @ FAIR
STAR @ RHIC

ALICE @ LHC

Hypernuclear Activities Today

Tools
• heavy ion beams
• electron beams
• photon beams
• meson beams
• antiproton beams

Methods
• missing mass studies
• invariant mass studies
• γ-spectroscopy
• π-spectroscopy
• FSI

Observables
• masses
• excitation spectrum
• lifetimes
• branching rations
• cross section



Take-home message
• Strangeness nuclear physics is embedded in the 

quest  to determine the EOS of  dense stellar 
systems

• Hyperon puzzle of  neutron stars is still not solved 

• Hypernuclei and hyperatoms are femto-
laboratories for YnNm interaction

• After 60 years still many puzzles: hypertriton, 
existence of  neutral hypernuclei nnΛ, nnΛΛ, …

• Coming generation of  experiments focus on 
precision studies



Thank you
for your attention
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