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• Introduction: Kaonic Cluster in theory and experiment

• Results for exclusive measurement in p + p from HADES + FOPI
– Partial Wave Analysis approach

• Combined Data Analysis Data samples
– Parallel Analysis different exclusive data samples.

• Summary

• Outlook 

Outline
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1200                   1300                   1400                   1500                    
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3 quark
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Kaonic Cluster

N
K

N N
K

Part of the Λ(1405) Resonance

Theoretical Predictions

Binding Energy (BE):

10-100 MeV

Mesonic Decay (Γm)

30-110 MeV

Non-Mesonic Decay (Γnm)

4-30 MeV

Property Value

charge + 1

st rangeness -1

part icipants ppK− , pnK
0

JP 0−

Table 0 .1 : Overview of different predict ions for the binding energy BE, m esonic- m and non-m esonic nm decay

widths of the KNN (in MeV), inspired from [Gal13, Gal10] . The sym bols (♣ ,♡ ) m ark different works by

the sam e authors.

Chiral, energy dependent

var. [DHW09, DHW08] Fad. [BO12b, BO12a] var. [BGL12] Fad. [ IKS10] Fad. [RS14]

BE 17–23 26–35 16 9–16 32

m 40–70 50 41 34–46 49

nm 4–12 30

Non-chiral, stat ic calculat ions

var. [YA02, AY02] Fad. [SGM07, SGMR07] Fad. [ IS07, IS09] var. [WG09] var. [FIK+ 11]

BE 48 50–70 60–95 40–80 40

m 61 90–110 45–80 40–85 64–86

nm 12 ∼20 ∼21
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Experimental Results on ppK-

measured
acc. corr

FINUDA

DISTO M(ppK-) = 2.267 GeVc-2

B(ppK-)  = 103 MeV
Г(ppK-)   = 118 MeVc-2

M(ppK-) = 2.255 GeVc-2

B(ppK-)  = 115 MeV
Г(ppK-)   = 67 MeVc-2

K- + A

p + p

M. Agnello et al. 

Phys.Rev.Lett.94 (2005)

T. Yamazaki et al. 

Phys.Rev.Lett.104,(2010)
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Experimental Results on ppK-

E-27 JParc

LEPS/ SPRING8

𝛾 + d

A.O. Tokayasu et al. 

Phys.Lett. B728, (2014)

Y. Ichikawa et al.

Prog. Theor. Exp. Phys. 2013

M(ppK-) = 2.27 GeVc-2

B(ppK-)  = 95 MeV
Г(ppK-)   = 162 MeVc-2
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4.3 A Part ial Wave Analysis for p+ K+ + Λ Product ion

where S is the total spin of the p + p system , L is the orbital m om entum between

the two protons and J is the total angular m om entum .

The final state is m anifold. As explained in Sect ion 2.4, the final pK+ Λ state

m ay contain several interm ediate part icles. The m ost prom inent ones are N∗ +

resonances that subsequent ly decay into K+ and Λ, see React ion (2.6). The PDG

[8] contains a list of N*-resonances but not all of them are well established.

Within this thesis no conclusion can be drawn about the precise cont ribut ion

of the different N∗ + -resonances to the invest igated final state and hence no

cross sect ion of the lat ter will be ext racted. Thus, all N*-resonances below

the m ass of 2100 MeV/c2 that have a m easured K+ Λ branching above 1% were

considered as possible cont ribut ion to the K+ Λ yield. Table 4.1 lists the selected

N*-resonances, their quantum num bers, m asses, widths and branching rat ios

into K+ Λ. Especially the branching in K+ Λ is not well known in m ost of the

cases.

Table 4 .1 : Selected N*-resonances with their propert ies [8] .

Notat ion in PDG Old notat ion Mass [GeV/c2 ] Width [GeV/c2 ] ΛK / A %

N(1650)
1

2

−
N(1650)S11 1.655 0.150 3-11

N(1710)
1

2

+
N(1710)P11 1.710 0.200 5-25

N(1720)
3

2

+
N(1720)D13 1.720 0.250 1-15

N(1875)
3

2

−
N(1875)D13 1.875 0.220 4± 2

N(1880)
1

2

+
N(1880)P11 1.870 0.235 2± 1

N(1895)
1

2

−
N(1895)S11 1.895 0.090 18± 5

N(1900)
3

2

+
N(1900)P13 1.900 0.250 0-10

Using this table, one can const ruct several allowed t ransit ions from a p + p init ial

to a N∗ + + p final state. As an exam ple, one t ransit ion will be discussed here.

A proton has the following quantum num bers JP = 1 / 2+ , where J is the total

spin of the part icle and P is it s parit y. A system of two protons can, therefore,

have a total spin S = 0 or S = 1. If one considers the S = 0 com binat ion and

assum es no orbital m om entum between the two part icles (L = 0), the quantum

num bers of the system are JP = 0+ . This state can also be characterized in

the spect roscopic notat ion (Equat ion (4.18)). Then, in this exam ple, the p + p

com binat ion is in the state 1 S0 .

If one considers, further, a final state of an N∗ (1650 ) with the quantum num -

bers JP = 1 / 2− produced together with a proton, one has to build all possible

97

Kaonic Cluster

N
K

N N
K

Part of the Λ(1405) Resonance

Physical Background:

p + p Λ +  p  +  K+

p + p N*+ +  p

Λ + K+

N*+  - Resonances

J. Beringer

Phys.Rev. D86  (2012)

p + p
ppK- +  K+

Λ + p

Λ(1405) + p +  K+
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Experimental Data 
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The FOPI Experiment
SIS18 GSI Darmstadt

• Fixed-target Setup

• Full azimuthal coverage, 5˚- 110˚ in polar angle

• Momentum resolution ≈ 7% - 15 %

• Particle identification via dE/dx & ToF

Trigger Detector – SiΛViO:

Λ – Enhancement:

Beam Energy: 3.1 GeV
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High Acceptance Di-electron Spectrometer
GSI, Darmstadt

The HADES experiment

HADES Coll. (G. Agakishiev et al.),

Eur. Phys. J. A41 (2009)

• Fixed-target Setup

• Full azimuthal coverage, 15˚- 185˚ in polar angle

• Momentum resolution ≈ 1% - 5 %

• Particle identification via dE/dx & ToF

Beam Energy: 3.5 GeV
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Total Data Set
Hades Data Ebeam=3.5 GeV Had. Wall Data Ebeam=3.5 GeV FOPI Data Ebeam=3.1 GeV

No Peak Visible
No Signal?

R. Münzer, Hyperfine Interaction, in print

G. Agakishiev,Phys.Lett. B742 (2015) 242-248

Total Number of exclusive Events: 903Total Number of exclusive Events: 21000



Hyp Conference – Sendai – Japan - 7.-11.09.2015            Robert Münzer 

Model Comparison

Phase Space Simulation

Partial Wave Analysis
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Phase Space Simulation

Experimental Data

pp p K+ Λ Phase Space
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R. Münzer, Hyp. Int., 233,1-3,159-166 (2015)
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Inside HADES acceptance

Inside HADES acceptance

4.2 Characterist ics of p+ K+ + Λ Product ion

Figure 4 .8 : Angular correlat ions of the three part icles for the HADES dat a set

(black points) shown with phase space sim ulat ions of pK + Λ (blue

dots). The upper index at the angle indicates the rest fram e (RF)

in which the angle is invest igated. The lower index nam es the two

part icles between which the angle is evaluated. CM stands for the

center of m ass system . B and T denotes the beam and target vector,

respect ively.
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Experimental Data
pp p+K++Λ Phase Space

Phase Space Model
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G. Agakishiev,Phys.Lett. B742 (2015) 242-248
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Partial Wave Analysis

𝐴 : reaction amplitude   A ∝ 𝐴 ∝ 𝐴𝑡𝑟
𝛼 (s) (Transition amplitude of wave 𝛼)

𝑘 : 3-momentum of the initial particle in the CM
𝑠 − 𝑃2 ∶ 𝑘1 + 𝑘2

2

𝑑ϕ 𝑃, 𝑞1, 𝑞2, 𝑞3 : invariant three-particle phase space 

Cross-section Decomposition

A. Sarantsev et.al., Eur.Phys J A 25 2005

Parameterization of the Transition

Bonn-Gatchina PWA Framework 

Constant amplitude

Phase

Energy dependent amp.

𝑑𝜎 =
2𝜋 4 𝐴 2

4 𝑘 𝑠
𝑑ϕ 𝑃, 𝑞1, 𝑞2, 𝑞3 , 𝑃 = 𝑘1 + 𝑘2

𝐴𝑡𝑟
𝛼 𝑠 = 𝑎1

𝛼 + 𝑎3
𝛼 𝑠 𝑒𝑖𝑎2

𝛼

𝑎1
𝛼

𝑎2
𝛼

𝑎3
𝛼
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Four Best PWA Solutions

Measured Data
PWA solutions

Inside HADES acceptance

Data
PWA
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G. Agakishiev,Phys.Lett. B742 (2015) 242-248
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PWA Results
Experimental DataExperimental Data

Solution A
Solution B
Solution C
Solution D
Solution E
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R. Münzer, Hyp. Int., 233,1-3,159-166 (2015) 
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Four Best PWA Solutions

Data
PWA
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R. Münzer, Hyp. Int., 233,1-3,159-166 (2015) / G. Agakishiev,Phys.Lett. B742 (2015) 242-248
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Upper Limit of ppK- Contribution
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ppK- Upper Limit Determination
Γ = 20 MeVc-²
Γ = 35 MeVc-²
Γ = 50 MeVc-²

2+0+ 1-

Γ (MeVc-2) Cross Section (μb)

20 7.6 ± 1.2 - 3.5 - 22.4 ± 3.6 - 10.7

35 6.3 ± 1.7 - 0.6 - 9.5 ± 2.6 - 0.9

50 10.2 ± 1.8 - 4.5 - 11.6 ± 3.4 - 0.6

60 11.2 ± 1.9 - 5.0 - 33.8 ± 5.2 - 16.9

80 11.4 ± 2.7 - 3.8 - 35.9 ± 5.7 - 17.4

Upper Limit Cross Sectionp + p -> p + K+ + Λ
Total Cross Section 

Interpolated from literature
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Upper Limit

6.3 Comparison With Other Results

Table 6 .9 : The ext racted cross sect ion of the acceptance corrected histograms.

All given in [μb ] .

Histogram Sol. No. 6/9 Sol. No. 1/8 Sol. No. 3/8 Sol. No. 8/8

CMSΛ 36.88± 0.36 37.79± 0.37 36.41± 0.35 35.95± 0.35

CMSp 38.27± 0.47 39.41± 0.53 36.43± 0.47 36.3± 0.44

CMSK+ 38.8± 0.32 39.57± 0.33 37.68± 0.3 36.7± 0.3

GJ-Angle RF-pK 37.25± 0.35 38.18± 0.37 36.16± 0.34 35.29± 0.33

GJ-Angle RF-KΛ 38.15± 0.36 39.11± 0.37 37.21± 0.34 36.74± 0.34

GJ-Angle RF-pΛ 40.41± 1.06 41.67± 1.09 40.75± 1.10 39.7± 1.15

H-Angle RF-pΛ 37.63± 0.37 38.47± 0.38 36.97± 0.36 36.14± 0.35

H-Angle RF-pK 37.23± 0.40 37.91± 0.41 36.38± 0.38 35.51± 0.38

H-Angle RF-KΛ 37.75± 0.42 38.36± 0.44 37.22± 0.42 36.24± 0.40

IM(ΛK+ ) 38.72± 0.35 39.57± 0.36 37.83± 0.34 37.01± 0.33

IM(pK+ ) 38.25± 0.34 39.27± 0.35 37.52± 0.33 36.59± 0.32

IM(Λp) 38.07± 0.38 38.83± 0.40 37.35± 0.36 36.41± 0.36

Average 38.12± 0.43 - - -

corresponding model. The model is normalized to the experimental data in the

indicated range inside the brackets. To obtain the total product ion cross sec-

t ion each histogram was integrated. The experimental data are summed inside

of the indicated range. Outside of this range the ext rapolated model value is

taken for the integrat ion. The result ing cross sect ion is quoted in each his-

togram. Table 6.9 summarizes the results of the integrat ion of all the presented

histograms of Appendix G.3. The average cross sect ion obtained with sol. No.

6/9 is writ ten in the last row of Table 6.9. The systemat ic error is const ructed by

the maximum deviat ions to this value, marked in bold. The uncertainty due to

the normalizat ion to p+ p elast ic events gives an addit ional error of 2.67 μb. A

last error comes from the fact that the data contain a certain amount of stat ist ic

not associated to pK+Λ product ion. This amount is roughly 6% as described in

Sect ion 4.1.3. The overall total product ion cross sect ion, thus, reads as:

σpK+Λ = 38 .12 ± 0 .43+ 3 .55

− 2 .83
± 2 .67(p+ p-error)− 2 .9(background) μb. (6.12)

6 .3 Comparison With Other Results

The ext racted pK+Λ cross sect ion of this work can be compared to the cross

sect ions at other beam energies. Figure 6.14 shows in both panels the pK+Λ

153

5 Is There a New Signal? - A Stat ist ical Analysis

seem astonishingly high. Unlike in m any analyses where the observed yield

in a "bum p" is direct ly connected to a product ion yield this can not be done

when considering interference. When two sources interfere the final yield can

not be at t ributed clearly to one or the other source only from observing the

interference pat tern. The percentages quoted in Figures 5.8, 5.10 and 5.12

are, thus, at t ributed to an init ial y ield before interference as a final y ield is not

clearly defined in this approach. Only in case of absent interference one could

observe direct ly a signal with 5% signal st rength as com pared to the total pK+ Λ

product ion cross sect ion.

For an upper bound on the product ion am plitude the m ost conservat ive case at

a m ass point is the one that sets the lim it . To sum m arize the results of Figures

5.8, 5.10 and 5.12 the highest percentage of cross sect ion st ill accepted by

CLs is shown in Figure 5.13 as gray bands. One sees that the upper lim it as

a funct ion of the kaonic cluster m ass is rather st ructure-less. While a kaonic

cluster produced via Wave A and B seem s to allow a higher yield by st ill being

consistent with the data, a product ion of a kaonic cluster via Wave C is st ronger

const rained to about half the product ion st rength as com pared to the two other

cases. The larger the width of the produced state the m ore yield is consistent

with the data.

Figure 5 .13 : The upper lim it on the product ion of a KNN in the m easured react ion

at a CLs lim it of 95%. The lim it is quoted in percentage of total pK+ Λ

product ion cross sect ion. The three figures show the lim it for all

three t ransit ion am plit udes. This is obtained from the HADES data-

set for a sim ulated width of 30, 50, and 70 MeV.

128

70 MeV
50 MeV
30 MeV

Measured total cross-section:

Upper limit of ppK- Cross Section:

Γ (MeVc-2) Cross Section (μb)

0+ 1.9 – 3.9

1- 2.1 – 4.2

2+ 0.7 – 2.1

Production Cross Section Λ(1405)

9.2 ± 0.9 ± 0.7  +3.3 
-1.0 μb

HADES coll. (G. Agakishiev et al.) 

Phys. Rev. C 87, 025201 (2013)

G. Agakishiev,Phys.Lett. B742 (2015) 242-248
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Combined Analysis
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• Improvement of background description

• Combined Analysis 

Outlook

Experimen
t

EB 

[GeV]
pK+Λ
Statistics

εppK- [MeV] Status

COSY-TOF 1.96 ~160k -104 In Preparation

DISTO 2.15 120 k -114 Available

COSY-TOF 2.16 3.6 k -104 Available

COSY-TOF 2.16 40 k -104 Available

COSY-TOF 2.16 ~90k -104 In Preparation

COSY-TOF 2.25 36 k -83 Available

COSY-TOF 2.40 1.6 k -24 Available 

DISTO 2.5 304 k 26 Available

DISTO 2.85 424 k 116 Available

FOPI 3.1 0.9 k 196 Single PWA

HADES 3.5 21 k 315 Single PWA
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PWA Results – COSY-TOF@2.16 GeV
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The ΣN Cusp Effect

At Threshold :  2130 MeVc-2

Quantum Number of Cusp:  0+ / 1+ (L=0,2)

Spectral Function: 

Breit Wigner

Flatté

S.Abd El-Samad, Eur.Phys.J A49(2013)

Coupled Channel:

N
Σ

p
Λ
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Cusp Spectral Function
Relativistic Breit-Wigner Distribution:

𝑑𝜎

𝑑𝑚
≈

1

𝑀2 − 𝑠 − 𝑖Γ𝑀
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PWA Results with Cusp – COSY-TOF@2.16 GeV
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Data Sets
Experiment EB [GeV] pK+Λ Statistics εppK- [MeV] Status

COSY-TOF 1.96 ~160k -104 In Preparation

DISTO 2.15 120 k -114 Combined PWA

COSY-TOF 2.16 3.6 k -104 Combined PWA

COSY-TOF 2.16 40 k -104 Combined PWA

COSY-TOF 2.16 ~90k -104 In Preparation

COSY-TOF 2.25 36 k -83 Combined PWA

COSY-TOF 2.40 1.6 k -24 Combined PWA

DISTO 2.5 304 k 26 Combined PWA

DISTO 2.85 424 k 116 Combined PWA

FOPI 3.1 0.9 k 196 Combined PWA

HADES 3.5 21 k 315 Combined PWA
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Total Cross Section
Relative Contribution scaled by total cross section
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Cross Section

𝜎 𝑝 + 𝑝 → 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 → 𝑝 + 𝐾+ + Λ

Convoluted Cross Section
Production + Branching Ratio

pKΛ

Σ-N Cusp
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Cross Section
N*(1650) N*(1710)

N*(1720)
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Cross Section
N*(1880)

N*(1900)N*(1895)

N*(1875)
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Cusp Spectral Function
Relativistic Breit-Wigner Distribution:

𝑑𝜎

𝑑𝑚
≈

1

𝑀2 − 𝑠 − 𝑖Γ𝑀

Flatte Distribution:

𝑑𝜎

𝑑𝑚
≈

ΓΛ𝑝

𝑀2 − 𝑠 − 𝑖 ΓΛ𝑝 + ΓΣ𝑁 𝑀

ΓΛ𝑝 = 𝑔𝑝Λ𝑞𝑝Λ ΓΣ𝑝 = 𝑔𝑝Σ𝑞𝑝Σ

𝑞𝑝Λ, 𝑞𝑝Σ: 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝑔𝑝Λ, 𝑔𝑝Σ: 𝐶𝑜𝑢𝑝𝑙𝑜𝑛𝑔 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠

𝑔𝑝Λ ≪ 𝑔𝑝Σ: 𝐴𝑠𝑦𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

𝑔𝑝Λ ≫ 𝑔𝑝Σ: 𝑆𝑦𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
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Black dots: Exp data

Red dots with error 
bars: PWA results

Error bars for cusp
are a bit high. 

COSY-TOF@2.16GeV

Resulting value: 

gpΛ: (0.143)2

gpΣ: (0.001)2

mailto:COSY-TOF@2.16GeV
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• Kaonic Bound State
– Kaon Nucleon Bound States -> Predicted by Theory but not conclusive Properties

– Experimental Results show different behavior

– No Signal Visible in p + p Reaction data measured at FOPI and HADES

– Production Mechanism has to be described by Partial Wave Analysis including Interference

– Extraction of Upper Limit:       0.7 - 4.1 μb (HADES)    7.1 - 35.7 μb (FOPI)

• Combined Analysis
– Set of 9 different data sample can be fitted in parallel with BG-PWA analysis

– Extraction of excitation function  → Strong contribution of N* 

– Contribution of ppK- very small → No further channel required

– Σ-N can be reproduced by BG-PWA: symmetric shape -> Coupling p-Λ > Σ-N 

Summary
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Thank You

FFOPI CollaborationHADES Collaboration

COSY-TOF Collaboration
J. Ritman, E. Roderburg
F. Hauenstein, D. Gronzka

DISTO Collaboration
M. Maggiora

Bonn Gatchina Group
A. Sarantsev

K-Cluster – Excellence Cluster Universe – TU Munich
L. Fabbietti, E. Epple, P. Klose, S.Lu,  J. Siebenson, D. Soliman


