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Probing dense baryonic matter with strangeness

Motivation
In - medium effects 
K- N interaction

Kaons in Medium
Inclusive K0 – production in πA
Kaon flow 

Strange Resonances
Excited hyperon Σ*(1385)
Mesons K*(895), φ(1020)
Thermalisation?

Kaonic bound states   
AY – model
Kaonic cluster production in HI collisions
Experimental evidence for kaonic clusters

Summary/Conclusions 

J. Cleymans et al.
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Hadrons in Medium 
Modified properties of hadrons 
in dense baryonic matter?

M*(ρ) (mass)
Γ* (ρ) (width)
σ* (ρ) (cross section)   

GOR – relation: qqmfm q ><−=22
ππ

SIS18

in-medium kaon energy

In-medium effects in finite systems:
‘Trivial’

Fermi motion
Pauli blocking
Collisional broadening

‘Non-trivial’
Partial restoration of chiral symmetry
Meson – baryon coupling 
Bound states

W.Weise, Prog. Theor. Phys. Suppl. 149 (2003) 1
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Nms += ω
K – energy 
_ 

KN – interaction

KN – threshold  
_ 

–

Scattering amplitude f

Summary: KN – interaction is attractive at finite densities,  but strength (depth of potential)  is unclear
–

due to presence of resonances 
↓

non – perturbative problem
↓

chiral SU(3) effective field theory 
with coupled channels 
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Experimental program 

Reference data from elementary reactions
K0 , Λ production and phase space distributions in 
π− + C, Al, Cu, Sn, Pb @ 1.15 GeV/c,     (S273, 2004)

K0 , K+, K-, φ, Λ production in 
π− + LH2, C, Pb @ 1.7 GeV/c, (S339, 2010)

Systematics of strangeness data from heavy-ion reactions
K0 , K+, K-, φ, K*, Λ, Σ∗(1385) production and kaon flow
Search for kaonic bound states  

Ni + Ni          @ 1.93 AGeV,         (S261, 2003)
Al + Al      @ 1.91 AGeV,         (S297, 2005)
Ni + Ni       @ 1.91 AGeV,         (S325, 2008)
Ru+ Ru @ 1.7 AGeV, (S338, 2009) 
Ni + Pb @ 2 AGeV, (S338, 2009)

Search for exotica in elementary reaction 
existance of ppK- - bound state  
p  + p @ 3 GeV, (S349, 2009) 
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Evidence for in-medium effect at ρ=ρ0

03.067.0
mb 13.087.00

0
0

±=
±=

→

α

α

σ
Aσ=X)+KA+σ(π

Inclusive K0 – production in π- + A reactions at 1.15 GeV/c

Expectation for vacuum cross section

Enhanced K0 – production on cold nuclei! 

M.L. Benabderramahne et al. (FOPI) , submitted to PRL, arXiv:0807.3361 
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Pion induced strangeness production
QMC – Quark-Meson Coupling Model + Resonance model, K. Saito, K. Tsushima, A.W. Thomas, hep-ph/0506314
(infinite nuclear matter)

Equivalent   π−n → K0Σ-

ρ = 0

ρ = ρ0

Strangeness production in π-A 
reactions:

π- + p              → Λ + K0

→ Σ0 + K0 → Λ + K0

π- + n              → Σ- + K0

π- + p              → Σ- + K+

All channels have different 
density dependence.

Resonance model can 
be tested by exclusive 
measurements and by 
analysing all reaction channels,
i.e. K0, K+, K-, Φ and Λ
(new data needed)
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K0 production in π- + A reactions at 1.15 GeV/c

Potential depth:   U(K0) = + 20 (+/- 5)  MeV consistent with heavy-ion data on K+,
Accuracy (only) statistics limited,
Method applicable to determine isospin dependence of KN – potential (e.g.  π- +  XSn). 

Ratio of momentum distributions: M.L. Benabderramahne, PhD thesis, Heidelberg (2007),
arXiv:0807.3361

Anke data @ COSY 
M. Büscher et al., EPJ, A22, 301 (2004)

p + p → K+ + X  at 2.5 GeV

Model interpretation with RBUU 
U(K+) = + 20 MeV

Model independent analysis:
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K0 and Λ measurements in HI - reactions
M. Merschmeyer et al. (FOPI), PRC 76, 024906 (2007),
nucl-ex/0703036

Reconstruction of
secondary vertices
~ 60k (100k)  Λ in Ni (Al)
~ 30k (  60k) K0 in Ni (Al)

Transverse mass spectra 

Typical detection probability
321

det 101010 −−− =⋅≈⋅= εprodPP
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Reconstruction of short lived resonances in HI collisions

Σ* → Λ + π (88 ± 2%)
→ p + π- + π

Γ = 39.4 MeV
cτ = 5 fm

Exp. Conditions:
Al+Al at 1.92 AGeV,  
21 d running  (Aug 2005) 
5 . 108 recorded events
10 TByte raw data 

FOPIs reconstruction method and background construction works for wide resonances. 

Masses and widths consistent with PDG values.

Σ*(1385) subthreshold production,
X. Lopez et al. (FOPI), PRC 76, 052203(R) (2007)

Κ* → K + π (88 ± 2%)
Γ = 50.7 MeV
cτ = 4 fm

5
det 10−≈P
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F – meson production systematics

Available data still rather scarce.

Large Φ/K- - ratio seems to be confirmed ( A.Mangiarotti et al. (FOPI), NPA 714, 89 (2003) )
15% - 20% of all K- are produced via the φ - meson and will not see any attractive K- - potential.

Necessary to extend studies to larger size systems.

φ(1020)
Al+Al, preliminary

P. Gasik, (FOPI)

6
det 10−≈P
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Particle yields at freeze-out 
5 independent ratios with 4 strange particles: 
p, π-, K0, (Λ+Σ0), K*0(892) and Σ*±(1385), φ
in Al+Al @ 1.9 AGeV

Comparison to statistical model: 

- canonical ensemble (γs = 1)

C
alc.: A

. Andronic, private com
m

unication

Equilibrium picture works surprizingly well
for Al+Al with γs=1 !
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Freeze-out points in phase diagram

Chemical equilibrium seems to be achieved even in Al+Al. 
Equilibration mechanism not understood yet in transport.
T( Al + Al )  >  T( Au + Au ).
In-medium effects need to be extracted from other observables.

J. Cleymans, et al., hep-ph/0511094

Al + Al @ 1.9 AGeV
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Kaon – flow measurements

directed flow:

elliptic flow:

Sensitivity of flow to depth of kaon potential: U(K+) = + 20 MeV,  
U(K-)  < - 60 MeV

For K- no consistent description yet by transport models.
HSD   – E. Bratkovskaya et al. (Frankfurt, Giessen)
IQMD – C. Hartnack et al. (Nantes)

Y.J.Kim (FOPI) Ni+Ni @ 1.93 AGeV
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Phenomenological  KN - potential
Y. Akaishi, T.Yamazaki, Phys.Rev.C65, 044005 (2002)
T.Yamazaki and Y. Akaishi, Phys.Lett.B535, 70 (2002)

KN interaction is strongly attractive !  Λ(1405) is  (K-p)  bound state.
_

_

AY- potential designed to: 

- describe scattering length of free KN scattering 
- X-ray shifts of kaonic hydrogen atom
- mean and width of Λ(1405)

Consequence of strong attraction:
Shrinking!

3He 3HeK-

A.Dote et al., PRC70,044313(2004) 
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Evidence for (ppK-)bound by FINUDA @ DaΦne
M. Agnello et al.,  PRL 94, 212303 (2005)

Production probability: 
P.BR = 0.1% per stopped K-

Peak parameter:

 MeV67
GeV 009.0255.2

214
311

++
−−=Γ

±=M

Controversial interpretation:
2N absorption + rescattering

(invariant mass spectroscopy)

e+e- → Φ → K+K-

K- + A→ (ppK-) + X → Λ + p + X

V.K. Magas, E. Oset,  et al.,  nucl-th/0601013 

p
p

Λ (Σ0)

p

K-

Bound state predictions for ppK-:

Author Ref. Mean (GeV) Width (MeV)

Akaishi, Yamazaki PRC65, 044005 (2002)

nucl-th/0701050

N.V. Shevchenko et al. PRL 98, 082301 (2007) ~2.310 ~100

2.322 61 

Dote, Weise 2.310 100
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Production probability: 
X / Λ = 0.1

Peak parameter:

New data on (ppK- )bound

FOPI pp - program:
L. Fabbietti (TUM)

production run planned
for 2009

T. Yamazaki, et al. 
Exa2008, Vienna, last week:
(reanalysis of old DISTO data)

p + p → K+ + X → K+ + Λ + p at 2.85GeV

 MeV0.008  118 
GeV 002.0265.2

±=Γ
±=M

Λ – trigger with new Silicon Detector 



Erice School on Nuclear Physics, 22-Sep-08 N.Herrmann, Univ. Heidelberg 17

Antikaon Cluster Production in HI collisions

Central density in HI collisions 
from transport model calculations:

ρmax=2-3 . ρ0

IQMD, C.Hartnack, Nantes

Possible mechanism for cluster formation:

1) Kaon production during high density phase

2) capture of K- in deep trapping centers 

T.Yamazaki et al., NPA738,168 (2004)



Erice School on Nuclear Physics, 22-Sep-08 N.Herrmann, Univ. Heidelberg 18

Search for ppK-

Excess observed in Ni+Ni and Al+Al with statistical significance of ~ 5.   
Yield located in spectator/fireball interface region (like non-strange clusters).   
Peak position in variance with FINUDA result.

Possible interpretation: ΣN – bound state H(2129) 
Object seen in K- + d → Λpπ- (O. Braun et al., NPB 124,45 (1977))

Λp – invariant mass    

FINUDA FINUDA

Ni+Ni

Al+Al

Rapidity distribution

midrapidity
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30     supermoduls,
150   counters,
4500 electronic channels, 
6 m2 active area

Final round of experiments in 2008 - 2010 with improved PID

Performance:
(Oct. 2007) 
σsystem ~ 100 ps
σRPC ~ 65 ps

New MMRPC TOF Barrel 

K- - PID: 
S/B > 10

Δt = tmeas – texp (ns)

p<0.8 GeV/c
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HM3MIN
D03MAX
PT3MIN
PT3MAX
Sdxy3max
M3LOW 1,7
M3HIGH
DML
DPHL3MIN 30
YDLMAX 0,65
PTDLMIN
PTDLMAX
CCNT <10
BM3MIN

F10

Λd – Correlation  Signal in Ni + Ni
Subevents rotated 
Vertex shifted 
Lambda Cut “s”

Properties: (?)
M ≈ M(KEK) = 3.14 GeV
Γ >> 20 MeV > Γ(KEK)  

Minv (Λ+d) (GeV)

d-Cuts:

Data
additional cuts:
|Δφ|>300

ypair < 0.65

Signal-MC

Background-MC

Possible decay channel:

dppnK +Λ→−

September 2003
* described in proceedings EXA05, Vienna (2005)
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Strange baryon program with FOPI @ GSI 

IPNE Bucharest, Romania ITEP Moscow, Russia
CRIP/KFKI Budapest, Hungary Kurchatov Institute Moscow, Russia
LPC Clermont-Ferrand, France Korea University, Seoul, Korea
GSI Darmstadt, Germany IReS Strasbourg, France
FZ Rossendorf, Germany Univ. of Heidelberg, Germany   
Univ. of Warsaw, Poland RBI Zagreb, Croatia
IMP Lanzhou, China SMI Vienna, Austria
TUM, Munich, Germany
+ P. Kienle (TUM), T.Yamazaki(RIKEN)

Program:

Strangeness in 

HI  collision 

pion induced reactions 

proton-proton collisions

A. Andronic, R. Averbeck, Z. Basrak, N. Bastid, M.L. Benabderramahne,  P. Bühler, R. Caplar, 
M. Cargnelli, M. Ciobanu, P. Crochet, I. Deppner, P. Dupieux,  M. Dzelalija, L. Fabbietti, F. Fu, 

P. Gasik, O. Hartmann, N. Herrmann, K.D. Hildenbrand, B. Hong, T.I. Kang, J. Keskemeti, 
Y.J. Kim, M. Kis, M. Kirejczyk, P. Koczon, M. Korolija, R. Kotte,  A. Lebedev, K.S. Lee, 
Y. Leifels, X. Lopez, J. Marton, M. Merschmeyer, D. Moisa, M. Petrovici,  K. Piasecki, 

F. Rami, V. Ramillien, A. Reischl, W. Reisdorf, M.S. Ryu, A. Schüttauf,  Z. Seres, B. Sikora, 
K.S. Sim, V. Simion,  K. Siwek-Wilczynska, K. Suzuki, Z. Tyminski,  K. Wisniewski, 

Z. Xiao, H.S. Xu, J.T. Yang, I. Yushmanov, A. Zhilin, Y. Zhang,  J. Zmeskal
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Summary / Conclusion
Strangeness production close to threshold is still far from being understood.

New data from FOPI at SIS18
• Inclusive K0 production in πA

- sensitivity to in-medium cross sections and Kaon potential at ρ=ρ0
• Short lived strange resonances: φ, K*(892), Σ*(1395)

(for the first time below NN – threshold)
- chemical equilibrium in Al + Al @ 1.9 AGeV ?

• Flow of charged kaons under the same experimental condition
- K- - potential is attractive, magnitude is unclear

• Evidence for strange di-baryon production (H1+)
- cluster formation not yet understood 

Search for multi-baryonic strange clusters ongoing 
• Structures seen in Λp (Λd) final states in diff. reactions 

- confirmation of peak position and width under diff. experimental absolutely necessary

Serious theoretical effort necessary to interpret available and coming data.  

Strange hadrons, especially strange multi-baryonic clusters, are an exiting possibility 
towards the properties of cold dense baryonic matter and non-perturbative QCD.

Strangeness  physics from 2 – 10 AGeV must be revisited! fi CBM @ SIS100
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THE END
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Thermal model predictions

A.Andronic, P.Braun-Munzinger, K.Redlich (2005)
arXiv:nucl-th/0506083

Yield of single strange clusters per Λ
peaked at lowest beam energies 

Abundance larger than Ξ - baryon

SIS,  AGS         SPS                                       RHIC

Density of species i :
(in grandcanonical ensemble)

∫
∞

−−−

±

=
0

2

2

1
2

),(
33

T

ISBE
i

i iIiSiBi

e

dppgTn μμμπ
μ

Free parameter: chemical potential μB
temperature T

Fixed by conservation laws:      V, μS, μI3
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Future Options

A.Andronic, PBM, K. Redlich (2005), nucl-th/0506083

Yield of single and double strange clusters per Λ
peaked in SIS 18/100 range

Experiment should reach sensitivity of X/Λ ~ 10-5

Necessary statistics: Nevent > 25/(10-2 . 10-5 . 10–2) = 2.5 . 1010 

Thermal model predictions What could be done (in the near future) at SIS 18?
Signal in HI is statistics limited 

Rate capabitity of FOPI 2005: 1kHz in spill   (700 Hz DC)

Max. Rate tolerable by FOPIs drift chambers: Tdrift=5μs
Rmax(in spill) = 200 kHz → 100 kHz (with pile-up reject)
Rmax(DC)                         → 70 kHz      

How? deadtime free DAQ system for FOPI
use CBM prototypes
relevant system test for CBM 

Factor 100!

Note: observations (cut - dependence of yield)
not consistent with thermal distribution  

ε

ε

⋅⋅⋅
=

⋅⋅⋅==

≈
+

=

)()/(

)(
)/(

2

2

BRPBS
sN

NBRP
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Λp enhancement in K-d→Λpπ-
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Transport Model Comparison of Kaon Yields 

Interpretation of Kaon yield in terms of medium effects 
depends on model assumption on cross section

IQMD, no pot, σ(Nan)
IQMD, w. pot,  σ(Nan)

IQMD, no pot, σ(GI)
IQMD, w. pot,  σ(GI)

RBUU, no pot, σ(GI)
RBUU, w. pot,  σ(GI)

RBUU – E. Bratkovskaya, W. Cassing (Giessen)
IQMD  – C. Hartnack et al. (Nantes)
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Summary of FOPI physics  program (2008 – 2010)

S338: Heavy ion reactions (2008/2009)
Ni+Ni @ 1.93 AGeV,         31shifts,            (done)
Ru + Ru @ 1.7 AGeV, 114 shifts, Strange resonance production 
Ni + Pb @ 2 AGeV, 51 shifts (B), and flow → K- - potential

S339: Pion induced reactions  (2010)
π− + LH2, C, Pb @ 1.7 GeV/c, 51 shifts, Strangeness production 

K- - potential at ρ = ρ0

S349: Proton induced reactions (2009)
p  + p @ 3 GeV, 42(+12) shifts, Search for ppK- - bound state 

(accepted proposals by G-PAC)
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Kaon & Antikaon Yields close to NN – Production Threshold

Enhanced production of K+, K- observed  in HI – coll.
Medium effects:
multistep processes: ΔN →NK+Λ,  m*(ρ),  EOS

Transport models:
no sensitivity of K-/K+ - ratio to in-medium mass of K-

due to strangeness exchange reaction πΛ ↔ K-N  

Production thresholds:
NN →NK+Λ Elab= 1.6 AGeV
NN →K+K-NN Elab= 2.5 AGeV

P.Senger et al. (KAOS),
F. Laue  et al. , PRL 82 (1999), updated

A.Förster et al. (KAOS), PRL 91, 152301(2003)

IQMD

Centrality dependence
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K-/K+ yields in heavy ion collisions 

K– phase space distribution different from K+

⇒ UK-(ρ0) = -70 MeV by model comparison (RBUU, Giessen)

same trend is seen from 2 – 10 AGeV @ E895 (AGS)

K. Wisniewski et al., (FOPI),  Eur.Phys.J.A9,515 (2000) A.Förster et al., (KaoS), PRL 91, 152301 (2003)

KaoS: Au+Au 1.5 AGeV
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Further observations of Λp – correlations 

M (MeV) Γ (MeV) P/Λ P/(ΙΝ) Sign (σ)
5.0

5.4

? (10)

3.7

Dubna p + A 2100, 
2180, …

<10 ? ?

1..10-3

Obelix p stopped in 4He 2209 ± 5 < 24.4 >1.4.10-4

FINUDA
PRL 94(2005)212303

K- stopped on 
12C,6,7Li

2255 ± 9 67 ± 14 3-4 .10-2

HI: Al+Al 2120 ± 10 59 ± 12 1.7.10-2

HI: Ni+Ni 2140 ± 10 59 ± 19 2.2.10-2

FOPI

_

P.
 A

sl
an

ya
n,

 h
ep

-e
x/

06
10

08
6

pA collisions @ 10 GeV/c
JINR  2m – propane bubble chamber 
700.000 stereo photographs
of 106 p + propane inelastic interactions

Obelix:
200 MeV/c antiprotons 
stopped in helium (NTP) 
104 events  

Cuts:
IM(Λ) in [1085 – 1145] MeV
and cosΘ < -0.4
Θ – angle between Λ and K0

S
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Σ*(1385) - physics
Murat M. Kaskulov, E. Oset, PRC 73 (2006) 045213

• due to short lifetime Σ* should probe finite density!

• Broadening of the width not yet observed (needs more statistics)

• Need for measurement with heavier system

• Need to include spectral function in transport codes

Γ = -2Im[Σ]Σ(1385) = 76 MeV at ρ = ρ0 !

Mean mass: attractive potential ≈ - 45 MeV at ρ = ρ0

Chiral unitary theory
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Request: consistency among different observables

Transverse flow analysis
W. Reisdorf (FOPI) (2007) 

Lesson:
Compare ‘chemical’ and ‘kinetic’ variables within 
the same model under the same conditions!

T.Kress (FOPI), PhD thesis, TU Darmstadt (2002)

Elliptic flow analysis
A. Andronic et al. (FOPI), Phys. Lett. B 612,173 (2005) 

Pions @ SIS energies
W. Reisdorf et al. (FOPI) NPA 781, 459 (2007) 
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Particle yields at freeze-out 
A

. Andronic, private com
m

unication

Equilibrium picture does not work for Φ in  Al+Al with γs=1.

Necessary to extend studies to larger size systems.

S = 185± 17
S/B = 1.9
MEAN = 1020 MeV/c2

σ = 4 ± 2 MeV/c2

φ(1020)

Al+Al, preliminary

P. Gasik, (FOPI)

Comparison to statistical model:
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θlab

T. Yamazaki et Y. Akahishi, nucl-th/0604049 (2006)
p+p Λ(1405)+p+K+

ppK-+K+

Λ+p        Σ+p

π- + p           Λ+γ+p 

Missing Mass &

Invariant Mass

Λ* ≡Λ(1405)

Typical kinematics:

ppK- production in p+p reactions

Binding energy B = 48 MeV
Decay width Γ = 60 MeV

Akaishi-Yamazaki Weise-Dote: 

Binding energy B~ 60 MeV
Decay width Γ~100 MeV

Bound states exist but they could have very large width.

Dote and W. Weise, HYP2006 Proc., nucl-th/0701050

N.V. Shevchenko et al., Phys. Rev. Lett. 98, 082301 (2007)
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Kaons in hadronic matter 

pK= 0

( ) ( ) ( )2
1

222
1

2*                                     ,
2

pmUpmp KK
++=+=± ρω

effective mass Kaon potential 

Production: P ~ exp (-m*/T) → K-yields Propagation: F=-∇U → K-flow

in-medium energy
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Identification of strange baryons with FOPI
NiNi95,Run7920

0
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ENTRIES          180208
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dedx vs. p/q (GeV/c)
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0

10000

20000

0 2 4

Ni+Ni @ 1.93 AGeV (2003)

Analyze Λ and Λ – X correlations 
X=π±,p,d,t,h,…

X  originating from primary vertex

Λ from off-vertex p-π- pairs
<d

E/
dx

> t
ru

nc
(a

rb
.u

ni
ts

)

p(GeV/c)

π-
p
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Status of ppnK- → Λd - search 

M (MeV) Γ (MeV) P/Λ P/(ΙΝ) Sign (σ)
- -

4.9

3.9

KEK E549 K- stopped in LHe - - - - -

2.6

1.0 .10-5

4.4 .10-3

Obelix p stopped in 4He 3190 ± 15 < 60. >0.4.10-4

FINUDA K- stopped on 6Li 3251 ± 6 37 ± 14

HI: Al+Al - - -

HI: Ni+Ni 3149 ± 15 100 ± 49 1.3.10-2

FOPI

_

G. Bendiscioli et al., HYP2006 

OBELIX

FINUDA

KEK, FOPI

Note:
Structure not seen
on 12C target
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Why is the K- - interaction so complicated / interesting ? 

Λ (1405)

K- K-

N-1M.F.M. Lutz, E.E. Kolomeitsev, NPA 700, 193 (2002) 

Λ(1405) closely linked to in-medium properties 
of  antikaons V. Koch et al., PLB  337, 7 (1994) 

Λ(1405) generated from chiral coupled channel 
dynamics

Sc
at

te
ri

ng
 a

m
pl

itu
de

Re Im

K- N – interaction is dominated by subthreshold
resonances: Λ(1405), Σ*(1385) 
Non – perturbative treatment in theory necessary. 
Surprises possible. 

0.2ρ0
0.4ρ0

0.8ρ0

1.4ρ0

Spectral function of Antikaons in dense matter
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Where is the best place to look for in-medium effects?

UrQMD + HSD
E.L. Bratkovskaya et al.,
PRC 69 (2004), 054907

Statistical hadron gas:
P. Braun-Munzinger,
J. Cleymans, H. Oeschler, 
and K. Redlich
Nucl. Phys. A697 (2002) 902

All models operate with on-shell particles.
Baryon density at freeze-out largest at lower beam energies.

C.Blume, VI-workshop (2005) Density of species i (in grandcanonical ensemble) :

∫
∞

−−−

±

=
0

2

2

1
2

),(
33

T

ISBE
i

i iIiSiBi

e

dppgTn μμμπ
μ

Free parameter: chemical potential μB
temperature T

Fixed by conservation laws:      V, μS, μI3
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Phasespace distribution of Λp – excess

rapidity

Midrapidity

Filtered MC distribution from 
isotropic midrapidity source,
T=90 MeV

MC
Ni+Ni

Al+Al

Data are peaked at backward rapidities
with respect to isotropic emission pattern
fi coupling to spectator matter ? 
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Rapidity density distributions

Strange strangeness balance:
Σ+ + Σ- = K+ + (K0+K0) – (Σ0 + Λ) – 3 K-

= 0.007 ± 0.008 (stat.) ± 0.032 (syst.) very small!
low T?

No kinetic equilibrium between Λ and proton. 

T=92   MeV β=0.32
T=100 MeV β=0.23

_

Equilibrium interpretation doubtful.
Non – equilibrium allows for sensitivity to high density phase.
Interpretation needs complete transport models.

Yield ratios
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Σ* - production in UrQMD

• Σ* creation processes

76%  Λ+π→Σ*   σ ~ 37 mb

12% Σ+π→Σ*

12%   N*(∆)+B →Σ*

RHIC DATA: STAR Collaboration, PRL 97 (2006) 132301

THERM. MOD.: .A. Andronic, NPA 772 (2006) 167

URQMD MOD.: M. Bleicher, NPA 715 (2003) 85
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Λ - reconstruction

Cut “p” “s”

Background 
scaling 8 1

Signal 136k 75k

S/B 1.6 6.0

Signal 
scaling 2 1

Signal-over-background depends on selection cuts

Detection probability
321

det 101010 −−− =⋅≈⋅= εprodPPMinv(p,π-)   (GeV)



Erice School on Nuclear Physics, 22-Sep-08 N.Herrmann, Univ. Heidelberg 46

The quest for (deeply)  bound kaonic states
Introduction 

K- N interaction
AY – model
Initial  experimental evidence for kaonic clusters

FOPI measurements
Kaonic cluster production in HI collisions
Baryon phase space distributions
Λ-X correlation analysis

invariant mass distributions of
Λ + d , Λ + p,  Λ + π-

Comparison of different methods   
KEK 549
FINUDA
Obelix (PS201)
Dubna

Planned experiments 
p + LH2  @ 3.0    GeV

Summary/Conclusions 

Antikaons:

Deuteron - radius:    Rrms=1.95 fm 
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KN – interaction from kaonic hydrogen 

Level diagram

DEAR  - results: X-rays from kaonic hydrogen
G.Beer et al., PRL 94, 212302 (2005)

Deser-Trueman-formula:

pKss ai
−=Γ+ 23

11 2
2

μαε

as the kaon interacts strongly with the nucleus
the 1s energy level is shifted and broadened

pKppK
fa −−

→
Scattering length: =

0
lim

–
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Neutron stars
Antikaons in Neutron stars:
“Kaon condensate”
e− K− +νe, n p + K−

G.E. Brown, H.A. Bethe, Astrophys. Jour. 423 (1994) 659 
G.Q.Li, C.H. Lee,  G.E. Brown , Nucl. Phys. A 625 (1997)

e− K− +νe

UK-(ρ=ρ0) = - 110 MeV:

W-

e- νe

s

u
_
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Motivation of high density kaonic clusters

Analogy to H2
+ - molecule and covalent binding 

NN- interaction:

Repulsive at small distances

Pauli-blocking on quark level 

ppK- - molecule: 

K- = (u,s),  no u,d quark
No Pauli repulsion 
Strong attraction between  uu and dd

_

_

_

r (fm)
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Antikaon-Clusters
Large central densities!

Series of states predicted !

3He 3HeK-

Structure of kaonic cluster states

T. Yamazaki et al. (2004) 

A.Dote et al., PRC70,044313(2004) 
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Theory comparison for ppK-

K-N πΣ, πΛ K-NN ΣN, ΛN

Γ = -2<Ψ|Im Uabs|Ψ> 

Binding energy B = 48 MeV
Decay width Γ = 60 MeV

Akaishi-Yamazaki Weise-Dote

Binding energy B~ 60 MeV
Decay width Γ~100 MeV

Absorption

Extreme compression prohibited by the
strong NN repulsion

First AMD: <ρ>~ 3 ρ0

Bound states exist but they could have large width.

Dote and W. Weise, HYP2006 Proc., nucl-th/0701050

N.V. Shevchenko et al., Phys. Rev. Lett. 98, 082301 (2007)

ppnK- pppK- pppnK- 6BeK-

3fm  



Erice School on Nuclear Physics, 22-Sep-08 N.Herrmann, Univ. Heidelberg 52

KEK experiment  E471
Missing mass spectroscopy

M. Iwasaki et al., nucl-ex/0310018  (2003) T. Suzuki et al., Phys. Lett. B 597 (2004) 263

4He(stopped K-,p) pnnK- (T=1)
Mc2 = 3117 MeV, Γ~20 MeV

BK =190 MeV
S0(3115)

4He(stopped K-,n) ppnK-(T=0,1)
Mc2 = 3140 MeV, Γ ~ 20 MeV

BK = 170 MeV
S1(3140)

Statistics: 2 ×108 stopped kaons

ppnnK-

N=(n,p), measured

tagging particles

(unobserved) 

X=(S1,S0)

K-

4He
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KEK-E549

M. Iwasaki, HYP2006

Formation probability at S0 mass: P (Γ<20MeV) < 10-4 .

Note: P(4
ΛHe) ~ 10-2
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Reconstruction of short lived ΛX resonances
Invariant mass distribution of Λd pairs

d

Reconstruct ~ 150k  pairs from 75k Λ - candidates

No obvious structure in yield distribution

Better reference needed ! 
→ mixed event distribution

Strategy:
Mix Λ – candidates with d  from other
Λ – candidate events with same

track multiplicity in CDC 
deuteron multiplicity in CDC
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Relative Azimutal Angle

after reaction plane rotation  && 
after crossing tracks removal   

Crossing track removal not sufficient to remove all detector biases 

raw correlation

after reaction plane rotation  

Tracking efficiency lower
Deficiency not present for mixed events
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Comparison of evidence for ppK-

fit region

mK+2mp

A
cc

ep
ta

nc
e 

co
rr

ec
tio

n

1) selection of  Λ invariant mass
2) selection of back – to – back Λp pairs 
3) light targets only (3x 12C, 2x 6Li, 1x 7Li)

- resonance shape / width sensitive to acceptance
- no background estimate from quasi-free production
- FOPI peak outside FINUDA acceptance

M (GeV) Γ (MeV) P/Λ P/Κ−

1.10-3FINUDA
PRL 
94(2005)212303

K- stopped 
on 12C, 6,7Li

2.255 ± 0.009 67 ± 14 3-4 .10-2

HI: Al+Al 2.12 ± 0.01 59 ± 12 1.7.10-2

HI: Ni+Ni 2.14 ± 0.01 59 ± 19 2.2.10-2

FOPI
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Obelix (PS201) @ LEAR

200 MeV/c antiprotons stopped in helium (NTP) 
104 events  

Cuts:
IM(Λ) in [1085 – 1145] MeV
and cosΘ < -0.4

G. Bendiscioli et al., submitted to NPA (2007)

M (MeV) Γ (MeV) P/Λ P/(ΙΝ) Sign (σ)
5.0

5.4

? (10)

3.7

1..10-3

Obelix p stopped in 4He 2209 ± 5 < 24.4 >1.4.10-4

FINUDA
PRL 94(2005)212303

K- stopped on 
12C,6,7Li

2255 ± 9 67 ± 14 3-4 .10-2

HI: Al+Al 2120 ± 10 59 ± 12 1.7.10-2

HI: Ni+Ni 2140 ± 10 59 ± 19 2.2.10-2

FOPI

_

Θ – angle between Λ and K0
S
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pA collisions @ 10 GeV/c

M (MeV) Γ (MeV) P/Λ P/(ΙΝ) Sign (σ)
5.0

5.4

? (10)

3.7

Dubna p + A many <10 ? ?

1..10-3

Obelix p stopped in 4He 2209 ± 5 < 24.4 >1.4.10-4

FINUDA
PRL 94(2005)212303

K- stopped on 
12C,6,7Li

2255 ± 9 67 ± 14 3-4 .10-2

HI: Al+Al 2120 ± 10 59 ± 12 1.7.10-2

HI: Ni+Ni 2140 ± 10 59 ± 19 2.2.10-2

FOPI

_

P. Aslanyan, hep-ex/0610086JINR  2m – propane bubble chamber 

700000 stereo photographs
of 106 p + propane inelastic interactions
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Tribaryons: ppnK- - search by E549

H. Yim et al., HYP2006

No evidence for narrow structure in new high statistics data.
Analysis for a wider resonance (Γ>60 MeV) is in progress.
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p2.85GeV + p  → K+ +  Λ +  p

M2
pΛ (GeV2)M2

pΛ (GeV2)

M
2 K

Λ
(G

eV
2 )

invariant
mass 

missing
mass 

M
2 K

Λ
(G

eV
2 )

4.5        5.0        5.5       6.0       6.5 4.5        5.0        5.5       6.0       6.5 

4.0

3.0

3.5

2.5

4.0

3.0

3.5

2.5

realistic
resolution

realistic
resolution

M2
pΛ (GeV2)

M
2 K

Λ
(G

eV
2 )

invariant
mass 

missing
mass 

M
2 K

Λ
(G

eV
2 )

4.5        5.0        5.5       6.0       6.5 4.5        5.0        5.5       6.0       6.5 

M2
pΛ (GeV2)

4.0

3.0

3.5

2.5

4.0

3.0

3.5

2.5

realistic
resolution

realistic
resolution

p2.85GeV + p  → K+ + ppK-

Λ +  p

Dalitz plots
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New Inner Tracker for FOPI 

3 cm

37°

7°

15 cm

20 cm

5 cm

20 cm

4 cm

Halo1

Start
Halo 2

target
Silicon 1

Silicon 2
Silicon 3

Λ p

π−

Λ − Trigger
(L. Fabietti, TUM Munich)

Micron Semiconductors
Back. No Λ Back. Λ Signal

LVL1 
M>3

11% 40% 45%

Λ Trigger 0.17% 16% 16%
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AMADEUS

KLOE –
EMC

Possible setup
for AMADEUS
within KLOE:

KLOE –
Drift 
Chamber

6 m
AMADEUS Implemented in KLOE
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Λp from ppK- or ΣN?

Literature:
Strange Dibaryon H1

+, M=2.13 GeV, Γ=17 MeV
C.Pigot et al. (Rome-Saclay-Vanderbilt Collaboration), NPB 249 (1985) 172
Λp resonance in K-D → π-pΛ at rest, 
M1=2.128 GeV, Γ1=7 MeV and M2=2.138 GeV, Γ2= 9.1 MeV
Tai Ho Tan, PRL 23, 101 (1969)

V.K. Magas, E. Oset,  et al., 
nucl-th/0601013 

M. Agnello et al., 
PRL 94, 212303 (2005)

Oset et al.:  Peak  in invariant mass distribution is due 
to final state interaction of  Λ or N (p or n)  
with target nucleus (7Li, 12C) 

Prediction: no peak structure should be observed
in pp - reactions 

Tai Ho Tan, PRL 23, 101 (1969)
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Preliminary  (Λ,p,p) spectrum in p+propane collision at 10 GeV/c.The Λpp effective mass distribution of 3401
combinations for identified protons with a momentum of P <0.9  GeV/c is shown in Figure. The solid curve is the  6-order 
polynomial function( χ2/n.d.f=245/58, Fig.a ). The backgrounds for  analysis of the experimental data are based on FRITIOF 
and the polynomial method.    There are significant enhancements in mass regions of 3087(2.2 S.D.), 3138(6.1 S.D.), 
3199(3.3 S.D.), 3320(5.1 S.D.), 3440(3.9 S.D) and 3652MeV/c2(2.6 S.D.). These peaks in ranges of 3138 and 3199MeV/c2 

were agreed with registered peaks from reports[3-4] of E471 experiment, KEK.
1. M. Iwasaki et al., Nucl. Instrum. Meth. A 473 (2001) 286.2. Y. Akaishi and T. Yamazaki, Phys. Rev. C 65 (2002) 
044005.3. T. Suzuki et al., Phys. Lett. B 597 (2004) 263.4. M. Iwasaki et al., nucl-ex/0310018, submitted to Phys. Lett. B.

Recentry, E471 experiment have discovered
two kinds of strange tribaryons by measuring
nucleon energy spectra from the stopped K−

reaction on 4He [1] (KEK PS), which was
motivated by the prediction of a deeply bound
K−ppn state by Akaishi and Yamazaki [2]. The 
first kind, S0(3115), was discovered in
(K− − 4He)atomic→ S0(3115) + p (1)
reaction [3]. The observed state has isospin T 
= 1, charge Z = 0 and mass MS0 = 3118
MeV/c2. The second kind, S+(3140), was
indicated from
(K− − 4He)atomic→ S+(3140) + n (2)
reaction [4] originally proposed to search for
the K−ppn state, which was predicted to be at
M = 3194 MeV/c2 with T = 0 and Z = 1 [2].

Exotic narrow resonance searches in the systems K0
s π ,K0

s p, K0
s

Λ, Λπ , Λp and Λpp in pA interactions at 10 GeV/c
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Λd: Rapidity Dependence of Correlation  Signal

all rapidities

y < 0.65

y > 0.65

Minv(Λd)   (GeV)
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History: Reconstruction of Δ - resonances

Properties:

Mass shift: - 50 - 60 MeV

Gaussian Width:  ~ 50 MeV

Decay width:    Γ ~ 120 MeV

Yields:

M. Eskef et al. (FOPI), Z.Phys. A3 (1998) 335

° pπ-

• pπ+

Signal/Background  ~  1% 

Minv(p,π)   (GeV)
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Ξ- - reconstruction
FOPI Preliminary (Jan2003 – Data)
Number of central events: 120M
Number of Lambda:       100.000
Number of Ξ:                      ~100 Ni+Ni @ 1.93AGeV

P.Crochet,
M.Merschmeyer,
X.Lopez

Ξ− properties:
Mass             M(Ξ−)  = 1.321 GeV
Decay mode: 
Ξ− → Λ + π − cτ =  4.91 cm
 Λ → p + π − cτ  = 7.89 cm
NN threshold:         Ebeam= 3.74 GeV

Thermal model prediction:
Λ/ Ξ=8.6 (±2.0). 10-4

Efficiency of cuts on data needs
to be quantified
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QGP

critical 
point

vacuum nuclear 
matter

quark
matter CFL quark matter

μB (GeV)1

0.1

T (GeV)
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