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Motivation
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Neutron stars are Superstars



2017 August 17  12:41:04 UTC

 GW170817 detected by
LIGO and Virgo

 First multi-messenger
observations of a binary
neutron star merger

 Constraints in radius, …

 With improved sensitivity
to post-merger spectrum
 EOS

A. Kentaro Takami, Luciano Rezzolla, and Luca Baiotti
Phys. Rev. Lett. 113, 091104



EOS from Astronomical Observations

Emel Annala, Tyler Gorda, Aleksi Kurkela, andAleksi Vuorinen
arXiv:1711.02644v1 excluded by

tidal
deformability
LIGO/Virgo

excluded by
maximum mass
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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)

Jocelyn Bell



But: 

the appearance of hyperons 

 relieve of  Fermi pressure

 softer equation of state 

 reduction of maximal mass
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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⊙



Possible Solutions to the Puzzle

YN and YY Interaction

 YY vector meson
repulsion: f meson
coupled only to
hyperons; yielding
strong repulson at high 

 Chiral forces: YN from
cEFT predicts L s.p. 
potential more repulsive 
than from meson
exchange

cEFT

meson
exchange

J. Haidenbauer, U.-G. Meißner, 
N. Kaiser, W. Weise  DOI: 
10.1140/epja/i2017-12316-4

Hyperonic Three-
body force

 Natural solution based
on the known
importance of 3NN 
forces in nuclear
physics

Quark Matter

 Phase transition to
deconfined QM at 
densities lower than
hyperon appearence

 That requires QM which

 (i)  is significantly
repulsive

 (ii)  attractive enough
to avoid reconfinementY. Yamamoto, T. Furumoto, N. 

Yasutake, Th. A Rijken,
Phys. Rev. C 90, 045805 (2014)

• no hyperon mixing
• no 3 baryon repulsion

• hyperon mixing
• 3 Baryon repulsion in NNN and NNY

• hyperon mixing
• 3 baryon repulsion in NNN 

• no hyperon mixing
• 3 Baryon repulsion

inspired by 
I. Vidana



A Few Basics



 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 (L, X, S0) one usually writes 
explicitely the symbols of one (or more) hyperon

examples:

Nomenclature

B
Y
X

element
=

total charge
(not number of

protons)

number of
baryons
N+Z+Y

(number of) 
hyperons

Y
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cosmic 
ray

How it began
Marian Danysz, Jerzy Pniewski, et al. Bull. Acad. Pol. Sci. III 1, 42 (1953) 
Marian Danysz, Jerzy Pniewski, Phil. Mag. 44, 348 (1953) 

M.D.J.P.
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The second event



Nuclear Emulsion

 Cecil Frank Powell (1903-1969) 

 Nobel Prize in Physics 1950

 Multiple layers of emulsion 
were historically the first 
means of visualizing charged                                                   
particle tracks

 very high positional precision

 ionisation density (dE/dx)

 range 

 3-dimensional 
view of the interaction

 An emulsion is made, as for photographic film, 
of a silver salt, (AgBr), embedded in gelatine
and spread thinly on a substrate.

 grain size 0.2-0.5m (today: 40nm)

 during developement excited grains are 
reduced to elemental silver

 density 3g/cm3

 Data acquisition by automated means (e.g. by 
scanning the film with a CCD camera) is now possible. 



Decay-pion spectroscopy in emulsion

energy and momentum
transfer to target nucleus

A.G. Ekspong et al., Phys. Rev. Lett. 3, 103 (1959)

Example for Λ
4H (2-dimensional projection)

Fragmentation
Pionic decay
at rest



Emulsion results on Λ
4H and Λ

4He

 only three-body decay modes used for hyperhydrogen

 155 events for hyperhydrogen, 279 events for hyperhelium

ΔBΛ = 0.350.06



World data from emulsion (1973)

 M. Juric at al, Nucl. Phys. B52, 1 (1973)

 4042 uniquely identified events in 1973



Weak decay of L hypernuclei

mesonic decay
of hypernuclei
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Three-body forces in Hypernuclei

Bogdan Povh, Michael Uhrmacher
Physik in unserer Zeit 5, 138 (1981)
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Stefano Gandolfi Diego Lonardoni,
arXiv: 1512.06832

Three baryon interactions involving hyperons are essential
 precission studies of light hypernuclei



• DIRECT PRODUCTION SPECTROSCOPY

missing mass in two-body kinematics

• Examples

strangeness production
(+, K+), (-, K0) 

strangeness exchange
(K

_

, -) ,(K
_

, 0), (K-,K+)

electroproduction (e,e´K+) , (g,K+)

The twofold way to hypernuclei

b
x1

LN

A YA
*  decay

xn

b f

LN

A YA
Missing
mass

• DECAY SPECTROSCOPY

g-decay of excited states

 from weak decay

charged fragments

• Examples

nuclear emulsions

heavy ion reactions

antiproton induced reactions

continuum excitation in (e,e´K+) 

cosmic
ray



Missing Mass & Decay Spectroscopy

Neutron Number

P
ro

to
n
 N

u
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b
e
r

Cosmic ray interactions (Emulsion)
Heavy Ion (HypHI, STAR, ALICE, CBM…)
Precission Pion Spectroscopy (MZ)
Antiprotons 



1950 2000

10 keV

100 keV

1 MeV

HYPERBALL

JLAB

FINUDA
KEK

CERN PS

Emulsion

Past Hypernuclei Activities

AGS

Single and double L hypernuclei exist

The L potential of is about 2/3 of the nucleon potential 

The spin-orbit potential is very weak



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
• g-spectroscopy
• -spectroscopy
• FSI

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





Hypertriton



The Hypertriton Puzzle

p

n

L3
LH

Do we understand the simplest Hypernucleus?

BL=130keV



The 3ΛH Puzzle: Part 1 - L Binding Energy

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


3

LH is most fascinating halo nucleus

 Binding energy 130keV    Characteristic length of two-body s-wave 
halo system small

3
ΛH2 2 / (4 ) 10fmr BD  



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 
2019
 Make use of excellent beam 

quality at MAMI

 Precision absolute energy
calibration interference of
undulator radiation

 new lifetime measurements
 2019: ELPH (g,K+)

 2019: WASA @ GSI/FAIR

 2018: ALICE - end Run2: 2x 
statistics

 2023: ALICE – end run 3: 200x 
stat.

 202x: J-PARC (-,K0)

ALICE

3

3

(np ) /

(np )p p/

H

He

L

L L



Double Hypernuclei



 simultaneous implantation of two L’s impossible 

 X- conversion in 2L:     X+p →L+L + 28MeV

large probability that two L’s stick to same nucleus
s

 two-step process

 spectroscopic studies only via the decay products

Production of LL Hypernuclei

K- K+

pX-

X-pLL
X-

L

L

capture
of X- in 

secondary

target;

atomic

transistion

g

g

+28MeV

X-p LL

conversion

g-decay and

weak decay

strong decay

primary

production of
of X-



Decay Products of LL

Hypernuclei

 nuclear fragments  emulsion hadron+nucleus

 detection of charged products only

 limited to light nuclei

 weak decay products  BNL-AGS E906 9Be(K-,K+)X

 resolution limited

 no information on excited states

 interpretation not unique because  momenta are similar

 g- spectroscopy  PANDA               p+A

 no excited states observed yet, but theoretically predicted

 How to identify the nucleus ?

5He
L

6He
LL

X

twin
hypernuclei

E906
4 7, ?H He
LL LL



The first event (1)

carefully reanalyzed 

1963 by P.H. Fowler, V.M. Mayes and E.R.Fletcher

Dalitz et al., Proc. R. Soc. Lond. A426, 1 (1989)  

1.3-1.5 GeV/c K-+Emulsion; 31000 K-



The observed first event

X-

1.5 GeV/c K-

50m
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Analysis of the Danysz-Event

 Ionisation density  dE/dx  charge, momentum

 Range  mass, charge, momentum

 angles  momentum balance

 there remains some ambiguity!
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Can we determine the LL

interaction?

 The binding energy BL of a L particle in a hypernucleus can be
determined from energy balance of the decay products at point C

 for example

 Problem: if excited states in 9LBe involved  BLL overestimated

 Result: BLL=17.50.4MeV
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Production analysis

 Capture of the negative X by an atom

 X Binding energy BX

 BLL from point B

 BLL=10.90.6MeV

 Lower limit



LL
X   12 10 3C HBe

 

 

     

 

12 10 3

10 12 3

10 8 10

8 12 3

( ) ( ) ( )

( ) ( ) ( )

2 ( )

2 ( ) ( ) ( ) ( )

p

kin

p

kin

p

kin

m B m C m Be m H T

m Be m B m C m H T

B Be m Be m m Be

m Be m m B m C m H T

X LL

LL X

LL LL LL

X

X     

 X    

  L 

  L  X    







B



First approach to the LL interaction

 We are mainly interested in the additinal binding energy between
the two L‘s

 in the case of the Danysz-event one obtains

 positive  attractive interaction

 this is the net LL binding provided that

 the core is not distorted by adding one L after the other

 the core spin is zero

 no g-unstable excited states are produced
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LL LL L L L L LL LL
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note:

DBLL is
proportional 
to the kinetic
energy of the
produced
pions



The Prowse Event (1)



The Prowse event (2)

 no independent study of the
event

 reconsidered by Dalitz et al.,
Proc. R. Soc. Lond. A426, 1 
(1989)

 event is now regarded as
questionable

LL LL

LL LL

 

D  

6

6

( ) (10.9 0.5)MeV

( ) (4.7 0.6)MeV

B He

B He

 interpreted as

 very likely no excited state

 core spin is zero

6He
LL



Pros and Cons of Emulsion Technique

+ excellent track resolution

- time consuming analysis: it just takes a long time to find the very few 

interesting events

 higher K-rates needed

 combine emulsion technique with electronic counters

 use (K-,K+) to produce X-

 track K- and K+ to determine interaction point in the emulsion/target

 e.g. suggested 1989 by Dalitz et al.

 applied by KEK-E176 and KEK-E373 collaboration and today E07@J-
PARC



The KEK-E373 Experiment

 KEK proton synchrotron

 1.66 GeV/c K- beam

KEK-E176

1·109 K- on target

766 analyzed (K-,K+) reactions, 497 X- candidates

KEK-E373 (1998-2000) 

1.4·1010 K- on target, 1.3 ·107 trigger 

9·104 (K-,K+) reactions, 5096 X- tracks in SciFi

Diamond target (high 
density)

shorter stopping 
distance

tracking detector for 
incoming X-



 inconsistent with Prowse 
event

 one additional event

 Demachiyanagi-event:

KEK-E373: the NAGARA event

 H. Takahashi et al., PRL 87, 212502-1 (2001)

 hybrid emulsion technique

 cleanest event so far (also theoretically)
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Double Hypernuclei Today

B

Y
XB

Y X Y

B X

H. Takahashi et al., PRL 87, 212502-1 (2001)

5He
L

6He
LL
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E07 @ J-PARC

 Beam exposure has successfully been performed for all emulsion 
stacks in 2016/2017

 auto-scanning has started

 limitation: only ground state masses for LL-hypernuclei can be 
determined



DIE WELT 4. September 2001



The E906: 9Be(K-,K+--)
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E906

 9·1011 K- on Be target

 1.1·105 trigger 114 MeV/c 133 MeV/c

114 MeV/c

consistent with
single L

hypernuclei

momentum of the pion
with lower momentum
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The E906 strategy

 fully electronic detector

 use p(K-,K+)X- to produce X- on a nuclear target

 X-pLL conversion after capture by another target (9Be)

 Identification of LL hypernucleus through sequential weak decay via 
- emission

 in light nuclei the pionic weak decay significant

 the pion kinetic energy is proportional to DBLL

 coincidences between two pions help to trace                                       
the decay of the LL-nucleus  
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E906 – What is it?

    

LL L
    4 4 4

114 / 114 / 97 /MeV c MeV c MeV cH He H

L L
3 6H He

LL

7 He



 

LL
X X  9 10 * Stopping & Fusion:  Be Li

LL

7 He

LL

6 He

LL

9 Li

LL

8 Li

L L

4 6H+ He
L L

4 5H+ He



Suggested decay mode (104/114)

 PRL 87, 132504-1 
(2001)

 DBLL depends then
on excitation energy
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 Hungerford (HYP03)

 requires isomeric
state at 3.8MeV
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 Gal (HYP03)



Can nnLL solve the puzzle?

A. Gal, HYP2003



Are nLL and nnLL bound ?

 LLn possibly bound 

 nnLL may be bound (particularly if nnL is bound)

 S=0, I=1, L=0

 No Pauli blocking

 Groundstate: JP=0+

 calculation still rather schematic

 If nLL and nnLL are bound, they might help to understand the
E906 puzzle 

J.-M. Richard, Q. Wang, and Q. Zhao, Phys. Rev. C 91, 014003 (2015) 



PANDA



The Discovery of the anti-Xi

discovered simulataniously at CERN and SLAC

p p    X  X



PANDA – a Factory for strange and charmed YY-Pairs



Strange Systems at PANDA
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X- properties determine setup

 X- mean life 0.164 nsec

 minimizeminimize distance production 
& capture

 initial momentum 100-500 MeV/c

 thickness od secondary target few mm



PANDA-HYP setup

p beam

2cm

beam



target
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germanium
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beam



Thank you
for your attention


