
Studies of Hyperons and Antihyperons
in Nuclei 

Josef Pochodzalla

introduction & motivation

s=-2 nuclei

the E906 puzzle

antihyperons in nuclei

summary



Pioneers of Quantum Chemistry

Zeitschrift für Physik, 44, 455—472 (1927). 

Walter Heitler

Fritz London 



Traditional View of the N-N Interaction
Experimental observation

short range (r<0.5fm) repulsion
intermediate (r≈1fm) strong attraction
long range (r>1.5fm) attraction

Boson exchange model
Yukawa (1935)
Klein-Gordon equation 

range of N-N interaction  R≈2fm
R=ħc/mc2 ⇒ m≈100MeV/c2 ⇒ pion
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R. Machleidt,     
Adv. Nucl. Phys. 19, 189 (1989)



Pauli Principle not essential for repulsive core: Spin ≈ flavor ≈ color 
Understanding baryons and their mutual interactions is a complex, 
quantum-fieldtheoretical, non-perturbative many-body problem 

„The achievment is both a computational tour de force and a triumph for theory“
Nature Research Highlights 2007

Modern Version of B-B Interaction
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G-Parität
strong interaction conserves isospin and C-parity
G=charge conjugation + 180° rotation around 2nd axis in isospin
(Lee und Yang 1956, L. Michel 1952 „Isoparität“)

reminder: rotation in space

isospin rotation

particle-antiparticle systems
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G-Parity and NN Potential
G-parity of particle-antiparticle multipletts 

Hans-Peter Dürr and Edward Teller,                                         
Phys. Rev. 101, 494 (1956)

sign change in coupling constant                                                      
when going from NN to NN

Caveat: meson picture will probably not work at small distance
Chance to study transition from meson to quark-gluon regime
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The present nuclear chart

Present limitations
only single Λ-hypernuclei close to valley of stability
only very few ΛΛ-hypernuclei events
no information on antihyperons in normal nuclei 

Increasing strangeness
B
Y X

B
Y X

B
Y X

HYP2006   
H. Merkel



Understanding Nuclear Structure
Steven Stephen C. Pieper et al., 2002
potentials with increasing complexity

spin-isospin and tensor forces present in long-range one-pion-
exchange are essential
multi-nucleon forces are vital
sub-MeV precission (~3 parameters only)

no spin-
orbit

NNN 
force
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Hypernuclei offer a bridge between traditional nuclear 
physics , hadron physics and astrophysics 

It helps to explore fundamental questions like
How do nucleons and nuclei form out of quarks?
Can nuclear structure be derived quantitatively from QCD?
Properties of strange baryons in nuclei and structure of QCD
vacuum?
Can we constrain the interior of neutron stars?



S=-2 Nuclei

Alicia Sachez Lorente, PhD Thesis, Mainz 2010
J.P., Nucl. Instr. and Methods in Physics Research B 214, 149-152 (2004).
A. Sanchez Lorente, A. Botvina, J.P. 



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

Ξ-

1.5 GeV/c K-

50μm

H

ΛΛXΛY

π-

p

π-
p

α

α

−Ξ + → Λ + Λ + 28.5MeVp



Decay Products of ΛΛ 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 π momenta are similar

γ- spectroscopy ⇒ PANDA               p+A
no excited states observed yet, but theoretically predicted
How to identify the nucleus ?

5HeΛ

6HeΛΛ

−Ξ

twin 
hypernuclei

E906
4 7, ?H HeΛΛ ΛΛ



First approach to the ΛΛ interaction
We are mainly interested in the additinal binding energy between
the two Λs

in the case of the Danysz-event one obtains 

positive ⇒ attractive interaction
this is the net ΛΛ binding provided that

the core is not distorted by adding one Λ after the other
the core spin is zero
no γ-unstable excited states are produced 
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Double Hypernuclei – Status <2009

Interpreting ΔBΛΛ as ΛΛ bond energy one has to consider e.g.
dynamical change of the core nucleus
ΛN spin-spin interaction for non-zero spin of core
ΛΛ-ΞN-ΣΣ coupling
excited states possible, but have not been clearly identified so far

Takahashi et al.







Production of ΛΛ Hypernuclei

Ξ-

Λ
Λ

capture 
of Ξ- in 

secondary 
target;
atomic 

transistion

γ

γ

+28MeV

Ξ-p→ ΛΛ
conversion
γ-decay and
weak decay

primary 
production of 

of Ξ-

simultaneous implantation of two Λ’s impossible 
Ξ- conversion in 2Λ:     Ξ−+p →Λ+Λ + 28MeV
⇒large probability that two Λ’s stick to same nucleus

ΛΛ
13 *B



Pion momenta

…is not straight forward
114 MeV/c 133 MeV/c104 MeV/c



Do excited states exist ?

What is the chance that individual excited, particle stable 
states of double hypernuclei are produced ?

Can we develop a strategy to identify and assign possible γ-
transitions?

Questions



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 levels of core nucleus



Multifragmentation
conversion width Ξ+p→ ΛΛ  around Γ=1MeV
excitation energy ~ 40MeV/12≈ 3MeV/nucleon

fragmentation of excited projectile remnants are well understood in that 
regime

⇒ Statistical decay models may work (E. Fermi; J.P. Bondorf et al.)

De-excitation of light nuclei via Fermi break-up process
Conservation of A, Z, H, Energy and momentum



Excitation Function for       decays
DHP ÙÛ: double hypernuclei dominates

SHP æç : single hypernuclei below BΞ=-12MeV only 12
ΛB states

THP áòç: twin hypernuclei ~10%

note: relevant range probably BΞ≈-5…0MeV

13 *BΛΛ

Excitation energy (MeV)40 30 20



Energy Balance for Ξ conversion
Maximum energy available with respect to  13

ΛΛBg.s. ≈40 MeV

Ξ- binding energy unknown 
Theoreticals calculations on Ξ nuclear potential leads to 0.6 – 3.7 MeV
(C.J Batty et al, Aoki et al.,…)

adopted from T.Yamada 
and K. Ikeda, Phys. Rev. C 
56, 3216 (1997)

12 13( ) ( ) ( )xE m C m B m B−
Ξ ΛΛ= + Ξ + −



Population of individual states for 12C
9

ΛΛLi, 10
ΛΛBe, 11

ΛΛBe 
dominate (few percent)
excited state in 10

ΛΛBe more
likely than ground state ⇒
c.f. E. Hiyama
relative large probability
(~5%) for individual excited
states æá



Simulation within PANDA_ROOT
Example: secondary 12C target (~2 weeks*) )

Alicia Sanchez (Mainz)

*)In these simulations we assume a Ξ capture and conversion probability of 5%
(arXiv:0903.3905) 



Identification of double hypernuclei
PANDA will explore several targets: 9Be, 10B, 11B, 12C, 13C
Sum of dominating first and second excited state

caveat: probabilities need to be folded with efficiency



The E906 Puzzle  



DIE WELT 4. September 2001



The E906 experiment

beam

dump

K-

K+



E906
9·1011 K- on Be target
1.1·105 trigger 114 MeV/c 133 MeV/c

114 MeV/c

consistent with single Λ hypernuclei

momentum of the pion    
with lower momentum
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E906 – What is it?

π π π− − −
ΛΛ Λ→ + → + +4 4 4

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

Λ Λ+3 6H He

ΛΛ
7 He



ΛΛ
7 He

ΛΛ
6 He

ΛΛ
9 Li

ΛΛ
8 Li

Λ Λ
4 6H+ He

Λ Λ
4 5H+ He

− −
ΛΛΞ Ξ + →9 10 * Stopping & Fusion:  Be Li



ΛΛ
7 He

ΛΛ
6 He

4 4H+ HΛ Λ
3 4H+ HΛ Λ

5 HΛΛ

8 * 8 *( , ) & N kickout  or p K K He H− + −
ΛΛ ΛΛΞ ⇒



Antihyperons in Nuclei

J.P., Physics Letters B 669 (2008) 306–310
J.P., Hyperfine Interactions, Springer, ISSN0304-3843 (Print) 1572-9540 (Online) 2009
J.P and Stephan Pomp, proceedings of SENDAI08
Aida Galoyan, Vladimir Uszhisky, J.P. (in preparation)



Nuclei with hyperons
Increasing strangeness

B
Y X

B
Y X

B
Y X

N-N interaction 
N-N scattering
ordinary nuclei

Y-N interaction
low momentum hyperon-proton scattering
s=-1Hypernuclei

Y-Y interaction 
s=-2 hypernuclei

Can we do a scattering
experiment with low

momentum antihyperons?

In principle Yes !        

HESR +



How to measure a potential (difference)

Y Ypp = −
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Can we measure the potential for    ? 
antiprotons are optimal for the production of mass without large 
momenta
consider p+p → Y+Y close to threshold within a nucleus
Λ and Λ that leave  the nucleus will                                                 
have different asymptotic momenta                                                 
depending on the respective potential

experimental complications
Fermi motion of struck proton 
Non-isotropic production
Density distribution   U(ρ) 
Exclusiveness 

⇒ need to look at average transverse momentum close to threshold of 
coincident YY pairs

p

p

ΛΛ

Y



Parameter Scan

yield

Λ

Λ Λ

Λ

Parameter variation by ±50%
Other potentials (p,p,Λ)
absorption cross                     
sections
angular distribution
diffuseness 

Transverse asymmetry 
mainly determined by total 
potential 
Effect largest for backward 
emitted Λ
αT non-zero even if V+S=0
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Other hadron-antihadron pairs

Required running time 
for δa/a=10%:

ΛΛ: few minutes
ΞΞ: several h
DD: several months

at PANDA



THANK YOU

Modern theoretical approaches offer the chance to extract Y-N and Y-Y 
interaction from hypernuclei

Gamma spectroscopy of double hypernuclei will be feasible at PANDA

Antiproton collisions with nuclei are the ideal tool to produce exclusively 
hyperon-antihyperon pairs in nuclei at momenta close to threshold

Transverse momentum correlations of hyperon-antihyperon pairs produced 
close to threshold offer a unique opportunity to explore the potential of 
antihyperons relative to that of hyperons

Summary
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