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The first event 

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-

50µm

H

ΛΛX
ΛY

p

π-

α

π-

α

p

1.5 GeV/c K-

Ξ-



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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Baryon-baryon interaction
N-N interaction 

N-N scattering
ordinary nuclei

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

Y-Y interaction 
s=-2 hypernuclei

baryon- antibaryon interaction 
and         scattering

antihyperons in nuclei
N N− Y N−



„Neutronstars“: 
at about 2ρ0 hyperons may play a role in neutron stars
consequence: softer EOS  ⇒ lower mass and smaller radii

Isospin dependence of Y-N and Y-Y interaction?
⇒ Information on hyperons in neutron rich matter/nuclei needed

Exotic Hypernuclei

Picture from 
Fridolin Weber

exotic quark 
structures ?



Weak decay in double Hypernuclei

Interesting theoretical developments: 
Effective Field Theories in S=-1 sector
A. Parreno, C. Bennhold and B.R. Holstein, nucl-th/0308074 & 0308056

weak decay of hyperons and hypernuclei within Lattice QCD
S.R. Beane et al., nucl-th/0311027

N-N scattering
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only parity violating 
part of weak interaction
parity-conserving part 
masked by strong 
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parity violating and parity-conserving 
part of weak, strangeness changing 
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meson vs. direct quark process
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weak decay studies need the detection of the decay pion or nucleon



Birth, life and death of a hypernucleus
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Production of ΛΛ−Hypernuclei
simultaneous implantation of two Λ is not feasible (→ RHIC?)
reaction with lowest Q-value: Ξ-p→ΛΛ: 26MeV
direct implantation of a Ξ− via a two-body reaction difficult because 
of large momentum transfer

in most cases two-step process
production of Ξ- in primary nucleus
slowing down and capture in a secondary target nucleus

spectroscopic studies only possible via the decay products

X − χαπτυρε: 
X − π  L L  + 28 
Μες

Ξ−

L
Λ

+23MeV

γ

γ
Λ



Ξ- -atoms: x-rays
conversion

Ξ-(dss) p(uud) → Λ(uds) Λ(uds) ∆Q = 28 MeV
Conversion probability approximatly ~10-20%
individual nuclei may be populated with a                                  
probability of  a few %

Y. Hirata, J. Randrup et al. 

Ξ- capture



What can we do
we can only study the decay of double hypernuclei
groundstate decay of the hypernucleus initiated by the decay of the 
hyperon(s)
goal: mass of decaying system

⇒ need detection of nearly all decay products (p,n,d,t,a,γ,…)
but: usually we can only detect charged decay products 
⇒ only light nuclei which decay exclusively in charged particles
still: low kinetic energies (few MeV per nucleon, few µm range)
⇒ need sub-µm resolution
⇒ emulsion

interesting: ΛΛ-interaction in nuclear medium ⇒ heavy nuclei
ΛΛ-hypernuclei  and intermediate Λ-nuclei are produced in excited states

Q-value difficult to determine
nuclear fragments difficult to identify (neutrons!) with emulsion technique 

non-mesonic weak decay dominates
non-mesonic: mesonic ≈ 5

new approach
high resolution spectroscopy of γ-rays from particle stable, excited states
⇒ need of high statistics
⇒ fully electronic detectors

Λ + → + +
Λ + → + +

176MeV
176MeV

n n n
p n p
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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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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  
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ΛΛ ΛΛ

= ±
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B He
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interpreted as
very likely no excited state
core spin is zero 

6HeΛΛ



Pros and Cons of Emulsion Technique
R excellent track resolution
N  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 Ξ-

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



The Aoki-Event (KEK-E176)
S. Aoki et al., Prog. Theor. Phys. 85, 1287 (1991)
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The E906 strategy
fully electronic detector
use p(K-,K+)Ξ- to produce Ξ- on a nuclear target
Ξ-p→ΛΛ conversion after capture by another target
Identification of ΛΛ hypernucleus through sequential weak decay via 
π- emission

in light nuclei the pionic weak decay dominates
the pion kinetic energy is proportional to ∆BΛΛ

coincidences between two pions help to trace                                       
the decay of the ΛΛ-nucleus  

example 9LiΛΛ
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…but life is not so easy
there may be excited states involved
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the assignment may not be unique
of course mass and charge conservation                                                       
may provide additional constraints 

two coincident pions may be 
emitted also from twin nuclei
i.e. two single hypernuclei 
produced in the initial reaction 
with the Ξ-



E906
9·1011 K- on Be target
1.1·105 trigger
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Properties of 
I.N. Filikhin, A. Gal, PRL 89, 172502-1 (2002)

Faddeev-Yakubowsky calculation of four-body ΛΛpn →  unbound
H. Nemura, Y. Akaishi, Khin Swe Myint, PRC 67, 051001-1 (2003)

Stochastic variational calculations →  bound
M. Shoeb, PRC 71, 024004 (2005)

variational Monte Carlo calculation →  bound

4
ΛΛH

Suggested decay mode
PRL 87, 132504-1 
(2001)

∆BΛΛ depends then 
on excitation energy

4HΛΛ

104MeV/
p

c
π ≈ 4 *HeΛ

3He
114.3MeV/
p

c
π =

4 4 *

4 * 3

3 3

H He
He H p
H He

π

π

−
ΛΛ Λ

Λ Λ

−
Λ

→ +

→ +

→ +

p
3HΛ3H pΛ + 7.75MeV

4HeΛ

Ex (MeV) ∆BΛΛ (MeV)
7.75 1.8
8.75 0.8
9.84 -0.26

Hungerford (HYP03)
requires isomeric 
state at 3.8MeV

7LiΛΛ

104MeV/
(for 0.5MeV)
p c

B
π

ΛΛ

≈

∆ =
7 *LiΛ

9Be

114 MeV/p cπ =

7 7 *

7 * 7

He Li
Li Be

π

π

−
ΛΛ Λ

−
Λ

→ +

→ +

3.8 MeV

4HeΛ

Gal (HYP03)
3 3

3 3

(104MeV/c)
for =4MeV
(114.3MeV/c)

n H
B

H He

π

π

−
ΛΛ Λ

ΛΛ

−
Λ

→ +

∆

→ +



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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Summary

Interpreting ∆BΛΛ 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.
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Relativistic Hypernuclei
Production of hypernuclei in relativistic heavy ion collisions

Production of many hyperons
Multiple Coalescence of hyperons with fragments
(π,K), (K,π) and (K-,K+) reactions on fragments

Many predictions based on coalescence model
M. Sano, INS-PT-31 (1982)
M. Wakai, H. Bando and M. Sano, PRC 38, 748  (1988)
J. Aichelin and K. Werner, PLB 274, 260 (1992)
S. Hirenzaka, T. Suzuki and I. Tanihata,  PRC 48, 2403 (1993)
M. Sano and M. Wakai, PTP Suppl. 117, 99 (1994)

Cross sections
local maximum at ~4AGeV
single Λ-hypernuclei ~0.1µb
ΛΛ-hypernuclei ~0.01 nb

Estimate for JPARC (A. Sakaguchi)
10000 single-Λ nuclei per day
a few ΛΛ-nuclei per day 

Λ

Ξ

π

K
Λ

Meson induced 
production

coalescence 
of hyperons

totalM. Wakai,               
NP 547, 89c (1992)

Dubna



Ξ- production
p(K-,K+)Ξ-

needs K- beam (c·τ=3.7cm)
recoil momentum >460 MeV/c

KEK-E176: 102 stopped Ξ
KEK- E373: 103 stopped Ξ per week(s)
AGS-E885: 104 stopped Ξ

antiproton storage ring HESR 

few times 105 stopped Ξ per day
⇒ γ-spectroscopy feasible 

− +

− +

+ → Ξ + Ξ

+ → Ω + Ω

p p
p p

X − χαπτυρε: 
X − π  L L  +
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Ξ−3 GeV/c

Kaons_
Ξ

L
Λ

trigger
p
_

+23MeV

γ

γΛ

Production of Ξ−

Ξ- conversion in 2 Λ: −Ξ + → Λ + Λ + 28.5MeVp



The Discovery of the anti-Xi
discovered simulataniously at CERN and SLAC

p p − ++ → Ξ + Ξ



Target considerations
primary reaction: Ξ-pair production 

very limited space → nuclear wire target
Ξ production for given pbar rate 
→ heavy target (not very critical)
beam scattering, neutrons 
→ light target (critical)

secondary target
geometry defined by Ξ- range,                                                                   
angle distribution and lifetime 
thickness ~5 gr/cm2 (~2.5 cm)

4 sectors with 4 different targets                                                            
(Li,Be, B, C)+Si-strip detectors

identification can rely on existing                                                           
information on single hypernuclei
low γ-ray absorption
no x-ray background



PANDA: s-baryons in complex systems
Physics case

double hypernuclei (γ-spectroscopy)
hyper atoms (Ω- quadrupole moment)
pair production of hadron – antihadron                                                      
pairs in nuclei (?) 



C O N C L U S I O N



Conclusion
Double hypernuclei exist
Double Hypernuclei offer a wide range of unique opportunities to 
study strong interaction in a multi-body environment n

baryon-baryon interaction
weak decays
new nuclear structure effects
baryons in nuclear medium

New production schemes seem to be very promising

Finally: There are many more things
…next year HYP2006 in Mainz



d i s c u s s i o n



observable n-rich stable p-rich
groundstate mass, energy levels
Λ momentum distribution
lifetime
g-factors (M1, spinrotation)
γ-decays
weak decays
ΛΛ-nuclei
K-nuclei
antibaryon-nuclei

Hypernuclei – Phase IV 

(π,K), (K,π) → JPARC
(K-,K+) → JPARC
Kstop → FINUDA
(e,e’) → MAMI-C
HI → HypHi, JPARC
pbar-p → PANDA



Questions concerning (not only) HypHi
What information is most wanted?
How important are low energy hyperon-nucleon scattering 
experiments ? Can we live without them?

What nuclei to study ? (YN-interaction, n-stars,…)
How well does coalescence work ?
What can be said about stability of exotic2 nuclei ?

Is the H-particle still relevant?
Are hyperons relevant for nova explosions, element formation,….?
Are there excited states in kaonic nuclei ?
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Antibaryons in nuclei
Hans-Peter Dürr and Edward Teller, Phys. Rev. 101, 494 (1956)

mN

-mN

2mN 2(mN-S)
0

scalar  
potential

S

scalar 
+ vector 
potential

2(mN-S)
+V

vacuum

N in nucleus:

S=350MeV
V=300MeV
V-S=-50MeV

in nucleus:

S=350MeV
V=-300MeV
V-S=-650MeV

p

2 2( ) ( )NE V m S± = ± − +p p

baryons described Dirac equation
relativistic mean field approach (→J.D. Walecka, 1974)
baryons coupled to scalar and vector meson fields 



Why do antihyperons in matter matter?
antibaryons in nuclei allow in principle to determine S and V 
separately

because of the strong cold compression color degrees of freedom  
might become very important

allow to study the formation of a baryon antibaryon pair inside a 
nucleus  ⇒ study formation time t~ħ/EF~5fm/c 



Can we measure the potential for an    ? 
close to threshold in complex nuclei

Question: is the momentum of the                                                         
Λ and anti-Λ on the average equal?
possible answer:

at the point of creation inside                                                                  
the nucleus one has momentum                                             
conservation
but: Λ and anti-Λ have different                                                               
effective mass (= different potential) 
as soon as Λ and anti-Λ leave                                                                         
the nucleus they will have different                                                        
asymptotic momenta
the momentum difference is sensitive                                                         
to the potential difference

experimental details
need to average over Fermi motion 
use light nucleus to reduce rescattering (Li?)
use Λ and anti-Λ polarization to enhance anti-ΛΛ pairs which did not 
encounter a rescattering on their way out

p p+ → Λ + Λ

p

p

ΛΛ

Λ

is this 
correct?



Simple MC: 1.6 GeV/c pbar-C

proton: S=350MeV  V=300MeV     (V-S=-50MeV)
antiproton: S=350MeV  V=-300MeV   (V-S=-650MeV)
C target
Λ potential=2/3 of nucleons 
Fermi motion
leading effect

lambda: 0.445 GeV/c
antilambda: 0.244 GeV/c

can be extended to every hadron-antihadron production (ΛcΛc…)

2 2( ) ( )H HE p V m S p= + − +
 



Some open questions
different absorption of hyperon and antihyperon

rescattering
influence of nuclear mass ⇒ use light nucleus to reduce rescattering
but: coherence length of Λ antiΛ pair: t~ħ/EF~5fm/c ⇒ need large 
nucleus

use Λ and anti-Λ polarization to enhance anti-ΛΛ pairs which did not 
encounter a rescattering on their way out

if method is successful: can be extended to any hadron-antihadron 
production (even        …)c cΛ Λ
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cosmic 
ray

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

M.D.J.P.

A cosmic ray particle (E≈30 GeV)                                
enters the emulsion from the top 
Interacting with a bromine or                                               
silver nucleus the particle creates                                
an upper star. 

21 tracks: 9α+ 11H +1 ΛX 
Finally, ΛX disintegrates initiating                                                      
the bottom star. 
second star consists of four tracks:

2 p,d,t or α
1 π, p, d, or t
1 recoil

energy release >140MeV

many associated particles in primary reaction

13

10

80 2.6 10
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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:

Nomenclature

B
Y X

element
=

total charge 
(not number of 

protons)

number of 
baryons
N+Z+Y

(number of) 
hyperons

Y

10
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10 10-4-2
as 
4neutron= s 
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BeΛΛ

→
→ ΛΛ →
 →

4 0

1 2 1
2 1 1 indistinguishable
3 0 1

p n
He p n

p n

+

Σ
−

 + + Σ


→ + + Σ
 + + Σ



Ξ-(dss)p(uud) Þ Λ(uds)Λ(uds)
Ξ- capture on 12C

T. Yamada and K. Ikeda, PRC 56, 3216 (1997)

individual states may be populated with a probability of a fraction of 1%
high production rate needed



Can we determine the ΛΛ interaction?
The binding energy BΛ of a Λ particle in a hypernucleus can be 
determined from energy balance

for example
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What about Heavy Nuclei?
interesting: ΛΛ-interaction in nuclear medium
ΛΛ-hypernuclei  and intermediate Λ-nuclei are produced in excited 
states

Q-value difficult to determine
nuclear fragments difficult to identify (neutrons!)

with usual emulsion technique 
non-mesonic weak decay dominates

non-mesonic: mesonic ≈ 5

new concept required
high resolution                                                                                     
γ-spectroscopy

Λ + → + +
Λ + → + +

176MeV
176MeV

n n n
p n p
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The E906 experiment

beam

dump



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 Ξ- candidates

KEK-E373 (1998-2000) 
1.4·1010 K- on target, 1.3 ·107 trigger 
9·104 (K-,K+) reactions, 5096 Ξ- tracks in SciFi

Diamond target (high 
density)
shorter stopping 
distance
tracking detector for 
incoming Ξ-



Consistent Description - not yet!
I.N. Filikhin, A. Gal, Phys. Rev. C 65, 041001 (R) (2002)

Faddeev-Yakubovsky calculation

no consistent description possible so far

10Be∗
ΛΛ

10
. .g sBeΛΛ



Interpretation

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