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Search for the Kaonic Cluster ppK-

Analysis of the reaction 

p + p → p + K+ + Λ

of HADES and FOPI
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• Phase Space Model Comparison

• Coherent Approach with Partial Wave Analysis

• Upper Limit of ppK- Contribution

• Summary
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K–N Interaction
Kaons in Medium

Lutz, Prog.Part.Nucl.Phys, 53 125-136

K+ : Repulsive Interaction
K- :  Attractive Interaction

Resonances close to  𝐾N threshold 
→ Chiral Perturbation cannot be 

applied 

Baryon density ρ/ρ0
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C. Sturm, Diss. TUD 2001

Coupling of  𝐾 to Resonances

 𝐾 Spectral Function
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Coupled Channel Calculation
Self Consistent Bethe-Salpeter Equation

Phenomenological Potential

Quasi bound state of K-p 
via attractive I=0 interaction

J. Esmaili, Y.Akaishi, T. Yamazaki  Phys.Lett. B 686,23

J. Esmaili, Y.Akaishi, T. Yamazaki  Phys.Rev. C 83

T.Hyodo,W.Weise,Phys.Rev.C77 (2008)

Chiral Potential

T.Hyodo,W.Weise,Phys.Rev.C77 (2008)
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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

LEPS/ SPRING8

K- + A p + p

γ + d

M. Agnello et al. 

Phys.Rev.Lett.94 (2005)

T. Yamazaki et al. 

Phys.Rev.Lett.104,(2010)

A.O. Tokayasu et al. 

Phys.Lett. B728, (2014)
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Kaonic Cluster

N
K

N N
K

Part of the Λ(1405) Resonance

p + p
ppK- +  K+

Λ + p

J. Beringer

Phys.Rev. D86  (2012)

Λ(1405) + p +  K+
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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 



EXA 2014 – Vienna Robert Münzer 11

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:

Total Number of exclusive Events: 903

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

Total Number of exclusive Events: 21000

Beam Energy: 3.5 GeV
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The HADES Data Sample

HADES data
13,000 events of pK+Λ
Background from wrong PID ≈6%
Background from pK+Σ0             ≈1%

WALL data
8000 events of pK+Λ
Background from wrong PID ≈11.7%
Background from pK+Σ0               ≈  3%

4.1 Select ion of the p+ K+ + Λ Sam ple

Figure 4 .1 : The two pictures show the differences between the two data-sets. The

four t racks of each event have been registered in different detector

parts.

WALL Dat a-set

The select ion in the WALL data-set is sim ilar to the HADES select ion. As one par-

t icle was "m issing" in the HADES detector the events were selected for three

detected part icles inside HADES and one addit ional hit in the forward wall, il-

lust rated in Figure 4.1. While the hit in the FW was assum ed to be a proton

the other three part icles in HADES were st ill ident ified via PID cuts. The four-

vector of the proton in the forward wall was determ ined by the assum pt ion of

a st raight t rack from the prim ary vertex to the hit posit ion in the WALL. The

absolute m om entum was determ ined from the m easured t im e-of-fl ight of the

part icle and the t rack length.

4 .1 .2 Const ra int s for t he Dat a Se lect ion

To select those data out of the stat ist ic with four pre-selected part icles, which

contain exclusively react ion (4.1), one can use very basic physical const raints

like m om entum and energy conservat ion:

pp1 , + pp2 , + pπ− , + pK+ , = 0 , (4.3)

pp1 ,y + pp2 ,y + pπ− ,y + pK+ ,y = 0 , (4.4)

pp1 ,z + pp2 ,z + pπ− ,z + pK+ ,z = pz,Be m− p , (4.5)

Ep1
+ Ep2

+ Eπ− + EK+ = ECM . (4.6)

83
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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

R. Münzer, PhD Thesis, TUM 2014

E. Epple, PhD Thesis, TUM 2014
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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, PhD Thesis, TUM 2014

E. Epple, PhD Thesis, TUM 2014
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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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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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Partial Wave Analysis

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

k  : 3-momentum of the initial particle in the CM
s – P2 : (k1+k2)2

dΦ3(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.
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Systematical Analysis

Initial System

Resonance in final State

Systematical Scan over different p-p Initial Systems and different inclusion of N* Resonances 

J. Beringer

Phys.Rev. D86  (2012)
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Four Best PWA Solutions

Measured Data
PWA solutions

Inside HADES acceptance

Data
PWA
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PWA Results
Experimental DataExperimental Data

Solution A
Solution B
Solution C
Solution D
Solution E
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Four Best PWA Solutions

Data
PWA

d
N

/d
M

[e
ve

n
ts

/ 
2

5
 M

eV
c-2

]

d
N

/d
M

[e
ve

n
ts

/ 
3

6
 M

eV
c-2

]

d
N

/d
M

[e
ve

n
ts

/ 
2

1
 M

eV
c-2

]

FOPI

HADES

Data
PWA



EXA 2014 – Vienna Robert Münzer

Contribution of
Production Channels
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PWA Results – Relative Contribution
Sol. Χ2 / ndf Direct

pK+Λ
N*+

(1650)
N*+

(1710)
N*+

(1720)
N*+

(1875)
N*+

(1880)
N*+

(1895)
N*+

(1900)

A 1.09 0 % 11.3 % 52.4 % 11.8 % 6.3 % 10.9 % 0 % 7.3 %

B 1.09 16.6 % 9.4 % 42.3 % 14.1 % 0 % 9.7 % 0 % 7.9 %

C 1.10 0 % 11.1 % 49.5 % 7.5 % 0 % 14.1 % 9.3 % 8.5 %

D 1.12 13.9 % 6.8 % 43.8 % 11.9 % 5.3 % 9.4 % 0 % 8.9 %

E 1.15 21.1 % 8.6 % 41.9 % 17.6 % 0 % 0 % 0 % 10.8 %
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PWA Results – Relative Contribution
Sol. Χ2 / ndf Direct

pK+Λ
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Sol. Χ2 / ndf Direct
pK+Λ

N*+

(1650)
N*+

(1710)
N*+

(1720)
N*+

(1875)
N*+

(1880)
N*+

(1895)
N*+

(1900)

A 1.09 0 % 11.3 % 52.4 % 11.8 % 6.3 % 10.9 % 0 % 7.3 %

B 1.09 16.6 % 9.4 % 42.3 % 14.1 % 0 % 9.7 % 0 % 7.9 %

C 1.10 0 % 11.1 % 49.5 % 7.5 % 0 % 14.1 % 9.3 % 8.5 %

D 1.12 13.9 % 6.8 % 43.8 % 11.9 % 5.3 % 9.4 % 0 % 8.9 %

E 1.15 21.1 % 8.6 % 41.9 % 17.6 % 0 % 0 % 0 % 10.8 %

PWA Results – Relative Contribution

S. Abd El-Samad et al. 

Phys.Lett B688 (2010)

p(FOPI) = 3.93 GeVc-1
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PWA Results – Relative Contribution
Sol. Χ2 / ndf Direct
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PWA Results – Relative Contribution

Experimental Data can be described 
by known sources

Sol. Χ2 / ndf Direct
pK+Λ

N*+

(1650)
N*+

(1710)
N*+

(1720)
N*+

(1875)
N*+

(1880)
N*+

(1895)
N*+

(1900)

A 1.09 0 % 11.3 % 52.4 % 11.8 % 6.3 % 10.9 % 0 % 7.3 %

B 1.09 16.6 % 9.4 % 42.3 % 14.1 % 0 % 9.7 % 0 % 7.9 %

C 1.10 0 % 11.1 % 49.5 % 7.5 % 0 % 14.1 % 9.3 % 8.5 %

D 1.12 13.9 % 6.8 % 43.8 % 11.9 % 5.3 % 9.4 % 0 % 8.9 %

E 1.15 21.1 % 8.6 % 41.9 % 17.6 % 0 % 0 % 0 % 10.8 %
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Upper Limit of ppK- Contribution
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ppK- Upper Limit Determination
-> ppK- Waves include in BG-PWA

-> Mass and Width fixed

-> Background for 5 best solution 
without ppK-

-> Stepwise increase of Amplitude (a1)

-> Phase Parameter free (a2)
=> Optimal amount of 

Interference

M(ppK-) = 2.305 GeVc-²  Γ(ppK-)=20 MeVc-²

0 % 0.6 %

3.2 % 10.9 %

Exclusion limit:
Confidence Level (95%) (CLs)



EXA 2014 – Vienna Robert Münzer 32

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 yield 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)
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• 13000 (HADES) + 8000 (WALL) + 903 (FOPI) exclusive events  p + p -> p + K+ + Λ
reconstructed

• Experimental data cannot be reproduced by Phase Space

• Good explanation by Bonn-Gatchina PWA framework: 

Strong contribution of N*+ resonances

No Additional Signal needed

• Determination of upper limit of the kaonic cluster between 7.4 and 35.9 μb (FOPI) 
and 0.7 – 4.2 μb (HADES) .

• Important effect of Interference => No Peak in final spectrum

Summary
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• Combined analysis of results from different experiments at different energies and 
polarization observables   => Application to the DFG accepted

Future Perspectives

AES+10: S. Abd El-Samad et al. Phys.Lett B688 (2010)

AB+10: M. Abdel-Bary et al., Eur.Phys.J A46(2010)

AESBB+13: S. Abd El-Samad et al., Eur.Phys.J A49(2013)

Rit13: J.Ritmann, private communication (2013)

AS+06a : S. Abd El-Samad et al. Phys.Lett B632 (2006)

M+10: M. Maggiora et al. Nucl.Phys. A385 (2010)

Mag01: M. Maggiora Nucl. Phys. A691 (2001)

B+99: F. Balestra et al., Phys.Rev.Lett 83 (1999)

Epp14: E.Epple, Diss. TUM 2014
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Outlook – Combined Analysis
HADES FOPIVery Preliminary
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Thank You

FFOPI CollaborationHADES Collaboration
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Backup
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The Smallest Cluster

N N
K

INN = 1

Binding Energy (BE):

10-100 MeV

Mesonic Decay (Γm)

30-110 MeV

Non-Mesonic Decay (Γnm)

4-30 MeV

1 Int roduct ion

Table 1 .3 : The result ing wave funct ion Ψ for the different part icle com binat ions of

the two nucleons and one ant i-kaon.

NN = 1 NN = 0

Ant i-Kaon nn pp pn pn

K− ΨC ΨA ΨA ΨB

K̄0 ΨA ΨC ΨA ΨB

[45, 87, 89] and calculated in [74, 75, 95] . In these recent works it was con-

cluded that the state ΨA overlaps with ΨB as they have binding energies of

16 and 8-9 MeV, respect ively, but large widths of 40 and 30 MeV, which will

m ake a dist inct ion in a m ass spect rum im possible [74] . In [95] the existence

of this state is put at doubt , however, as it appears only as bound for one of

their tested KN interact ion potent ials which, at the sam e t im e, produces the

m easured data only roughly.

While the propert ies of ΨA and ΨB are calculated, the configurat ion with total

isospin 3/2 (ΨC) is only m ent ioned in [87, 89, 45] .

1 .6 .5 Decay M odes and W idt h

The idea behind the existence of m easurable ant i-kaonic nuclear clusters is

that with a deep binding energy som e of the possible decay channels m ay be

closed com pletely or have such a reduced phase space that the quasi-bound

states could be considerably narrow. Such a possibilit y of deeply bound kaonic

cluster was fi rst m ent ioned in [53, 66] , with a discussion of its decay pat terns.

The possible decay m odes of the three-body system s KNN (ΨA, ΨB, ΨC) are the

following:

KNN

+ N + π (1.12)

Λ + N + π (1.13)

+ N (1.14)

Λ + N (1.15)

The decay of the nuclear bound state proceeds via internal capture or scat tering

processes.

One decay m ode proceeds via one- or two-nucleon absorpt ion of the kaon which

is discussed, for exam ple, in Ref. [85] . One-nucleon absorpt ion leads to the

20

Table 0 .1 : Selected N*-resonances with their propert ies [?] .

Property Value

charge + 1

st rangeness -1

part icipants ppK− , pnK
0

JP 0−

3

Γm

Γnm

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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Trigger conditions:

LVL1 : Multiplicty(ToF) > 1  

LVL2 : LVL1 + SiLViO

Silicon L-Vertexing and Identification Online

Trigger Detector - SiΛViO

M>0

M>1

Λ – Enhancement:

LVL1

LVL2

R. Münzer et. al.  NIM A 745 (2014) 38-49

Inclusive Λ Reconstruction
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Reconstruction of exclusive 
Reactions

p + p → p + K+ + Λ
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Inclusive Reconstruction
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Exclusive Data Sample 

Primary K+ Selection Kaon Candidates in RPC and CDC
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Exclusive Data Sample 

Primary K+ Selection

Λ Selection

Λ Candidates in all sub detector Combinations

Λ ->  p + π-
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Exclusive Reconstruction

Primary K+ Selection

Λ Identification
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Exclusive Reconstruction

Primary K+ Selection

Λ Identification

Exclusive Selection
by Kinematical Refit

Secondary K+ Selection 
Sideband Analysis
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Exclusive Data Sample 

Primary K+ Selection

Λ Selection

Exclusive Selection
by kinemetical refit

Background

Kinematical Refit

Variation of Track parameters with error
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Different Kaon selection
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Backup

p < 0.5 GeV/c 0.5 GeV/c < p < 0.6 GeV/c p > 0.6 GeV/c
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Sideband Analysis
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Remaining Background

Λ / Σ Separation
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Exclusive Data Sample 
Sideband Background 

Experimental Data
Total Sideband Background

SB: p > 0.6 GeVc-1

SB: 0.6 GeVc-1> p > 0.5 GeVc-1

SB: p < 0.5 GeVc-1

Background Subtracted 

Total Number of Events: 903
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Exclusive Data Sample 
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Angular Distributions
Center-of-mass angle

Helicity Angle

Gottfried-Jackson Angle
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Simulation Packages

Phase Space Simulation Transport Modell - UrQMD

Angular Distribution 

Incoherent Cocktail 
Quantum Molecular Dynamics

Production of p K+ Λ
via Resonances (N+*)

Description of all 
particle correlations Fröhlich et al.

PoS ACAT2007 (2007)

E. Epple, 

Diss. TUM (2014)

M. Abdel-Bary et al., 

Eur.Phys.J A46(2010)

The UrQMD Model, 

http://urqmd.org/ 2013

http://urqmd.org/
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Phase Space Simulation
Experimental Data

Incoherent Cocktail
p + p → p + K+ + Λ
p + p → p + N*+(1650) 
p + p → p + N*+(1700) 
p + p → p + N*+(1900) 
p + p → p + N*+(2190) 
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Phase Space Simulation
Experimental Data

Incoherent Cocktail
p + p → p + K+ + Λ
p + p → p + N*+(1650) 
p + p → p + N*+(1700) 
p + p → p + N*+(1900) 
p + p → p + N*+(2190) 
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Phase Space Simulation
Experimental Data

pp -> p K+ Λ Phase Space
Simulation



EXA 2014 – Vienna Robert Münzer 60

Phase Space Simulation
Experimental Data

pp -> p K+ Λ Phase Space
Simulation
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Phase Space Simulation
Experimental Data

pp -> p N*+(1650)
Phase Space
Simulation
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Phase Space Simulation
Experimental Data

pp -> p N*+(1700)
Phase Space
Simulation
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Phase Space Simulation
Experimental Data

pp -> p N*+(1900)
Phase Space
Simulation
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Phase Space Simulation
Experimental Data

pp -> p N*+(2190)
Phase Space
Simulation
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UrQMD Simulation
Experimental Data

UrQMD Simulations
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UrQMD Simulation
Experimental Data

UrQMD Simulations
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PWA Results in 4π



EXA 2014 – Vienna Robert Münzer 69

ppK- Upper Limit Determination

Scan of different mass and width
M(ppK-) = 2.205-2.305 GeV/c² 
Γ(ppK-) = 20-80 MeV/c²

And 5 best solution of PWA w/o ppK-

Γ = 20 MeV/c²
Γ = 35 MeV/c²
Γ = 50 MeV/c²

2+0+ 1-

Exclusion limit:

Background Solution: 000113 
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Bonn-Gatchina PWA

A - reaction amplitude
k – 3-momentum of the initial particle in the CM
s – P2=(k1+k2)2

dΦ3(P,q1,q2,q3) – invariant three-particles phase space

S,L,J     – spin, orbital mom. and total angular momentum of the pp system
S2,L2,J2 – spin, orbital mom. and total angular momentum of the two particle system in fin. state
S’,L’      – spin, orbital mom. between the two particle system and the third particle with four mom. qi

multiindex α   – possible combinations of the S, L,J, S2, L2, J2, S’, L’ and i
Atr

α (s)              - transition Amplitude
A2b

α (i,S2,L2,J2) – rescattering process in he final two-particle channel (e.g. production of Δ)

Cross Section for the production of three particles out of a collision of two particle

The decomposition of the scattering amplitude into partial waves can be written as follows:

http://pwa.hiskp.uni-bonn.de/
A.V. Anisovich, V.V. Anisovich, E. Klempt, 

V.A. Nikonov and A.V. Sarantsev

Eur. Phys. J. A 34, 129152 (2007)
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Fitting Procedure

This is a log-likelihood minimization on an event-by-event base

The transition Amplitude is parameterized as follows

N* Resonances in the PDG with measured decay into K+Λ

And the production of pK+Λ via non resonant waves 

What we included to model the PK+Λ process:

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
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Systematic4 Exclusive Event Select ion and Model Descript ion

Table 4 .3 : Different versions of N* com binat ions in the PWA input .

No. Com binat ion

0 N(1650), N(1710), N(1720)

1 N(1650), N(1710), N(1720), N(1900)

2 N(1650), N(1710), N(1720), N(1895)

3 N(1650), N(1710), N(1720), N(1880)

4 N(1650), N(1710), N(1720), N(1875)

5 N(1650), N(1710), N(1720), N(1900), N(1880)

6 N(1650), N(1710), N(1720), N(1900), N(1895)

7 N(1650), N(1710), N(1720), N(1900), N(1875)

8 N(1650), N(1710), N(1720), N(1895), N(1880)

9 N(1650), N(1710), N(1720), N(1895), N(1875)

10 N(1650), N(1710), N(1720), N(1880), N(1875)

Table 4 .4 : Different sets of non-resonant waves in the PWA input .

No. Com binat ion

0 no non-resonant waves

1 (pL)(1 S0 ) − K

2 previous wave + (pL)(3 S1 ) − K

3 previous waves + (pL)(1 P1 ) − K

4 previous waves + (pL)(3 P0 ) − K

5 previous waves + (pL)(3 P1 ) − K

6 previous waves + (pL)(3 P2 ) − K

7 previous waves + (pL)(1 D2 ) − K

8 previous waves + (pL)(3 D1 ) − K

9 previous waves + (pL)(3 D2 ) − K

best . For each N* com binat ion the solut ion with the best loglikelihood was de-

term ined. This value depends only on the num ber of non-resonant waves that

have been included. Table 4.5 shows the loglikelihood value for each N* com -

binat ion. The four best results are m arked in bold. Table 4.6 sum m arizes the

four best solut ions and their further nam ing schem e. The overall best agree-

m ent with the data is obtained with a solut ion that contains N(1650), N(1710),

N(1720), N(1900) and N(1895) as well as nine non-resonant waves of pK+ Λ. The

superposit ion of the four best solut ions in com parison to the data is illust rated

by a gray band in Figures 4.16 and 4.17. The width of the band represents the

106

4 Exclusive Event Select ion and Model Descript ion

Table 4 .3 : Different versions of N* com binat ions in the PWA input .

No. Com binat ion

0 N(1650), N(1710), N(1720)

1 N(1650), N(1710), N(1720), N(1900)

2 N(1650), N(1710), N(1720), N(1895)

3 N(1650), N(1710), N(1720), N(1880)

4 N(1650), N(1710), N(1720), N(1875)

5 N(1650), N(1710), N(1720), N(1900), N(1880)

6 N(1650), N(1710), N(1720), N(1900), N(1895)

7 N(1650), N(1710), N(1720), N(1900), N(1875)

8 N(1650), N(1710), N(1720), N(1895), N(1880)

9 N(1650), N(1710), N(1720), N(1895), N(1875)

10 N(1650), N(1710), N(1720), N(1880), N(1875)

Table 4 .4 : Different sets of non-resonant waves in the PWA input .

No. Com binat ion

0 no non-resonant waves

1 (pL)(1 S0 ) − K

2 previous wave + (pL)(3 S1 ) − K

3 previous waves + (pL)(1 P1 ) − K

4 previous waves + (pL)(3 P0 ) − K

5 previous waves + (pL)(3 P1 ) − K

6 previous waves + (pL)(3 P2 ) − K

7 previous waves + (pL)(1 D2 ) − K

8 previous waves + (pL)(3 D1 ) − K

9 previous waves + (pL)(3 D2 ) − K

best . For each N* com binat ion the solut ion with the best loglikelihood was de-

term ined. This value depends only on the num ber of non-resonant waves that

have been included. Table 4.5 shows the loglikelihood value for each N* com -

binat ion. The four best results are m arked in bold. Table 4.6 sum m arizes the

four best solut ions and their further nam ing schem e. The overall best agree-

m ent with the data is obtained with a solut ion that contains N(1650), N(1710),

N(1720), N(1900) and N(1895) as well as nine non-resonant waves of pK+ Λ. The

superposit ion of the four best solut ions in com parison to the data is illust rated

by a gray band in Figures 4.16 and 4.17. The width of the band represents the
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4.3 A Part ial Wave Analysis for p+ K+ + Λ Product ion

Table 4 .5 : Best solut ions for each N* com binat ion in the PWA.

No. of N* com binat ion No. of non-res. waves Log-likelih.

0 7 -2415.74

1 8 -27 0 8 .49

2 8 -2524.59

3 8 -27 1 2 .49

4 4 -2671.05

5 8 -2310.4

6 9 -27 5 4 .37

7 8 -2657.77

8 8 -27 3 4 .97

9 6 -2698.86

10 4 -2642.58

Table 4 .6 : Nam ing schem e for the four best solut ions.

Nam e N* com binat ion No. of non-res. waves Loglikelih.

1/8 N(1650), N(1710), 8 -2708.49

N(1720), N(1900)

3/8 N(1650), N(1710), 8 -2712.49

N(1720), N(1880)

6/9 N(1650), N(1710), 9 -2754.37

N(1720), N(1900), N(1895)

8/8 N(1650), N(1710), N(1720), 8 -2734.97

N(1895), N(1880)

scat ter of the different solut ions. The iterat ive perm utat ion of included waves

in the PWA fi t procedure shows that even if the exact com posit ion of part ici-

pat ing part ial waves to the process p + p → p + K+ + Λ can not be determ ined

unam biguously, the quality of data descript ion is yet com parable and does not

induce a large system at ic uncertainty in the predicted shape of the pΛ invari-

ant m ass dist ribut ion. This result is im portant as it allows a stable predict ion for

the pΛ invariant m ass dist ribut ion without the inclusion of a signal of a possible

kaonic cluster product ion. The gray bands in Figures 4.16 and 4.17 are, thus,

the null hypothesis (no signal) for a further stat ist ical sign ificance test .

107

Best Solutions

N* content non-resonant content
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Solution inside WALL acceptance

Fig u re 2 .1 8 : Tw o -p a r t ic le m a sse s fo r t h e HA D ES da t a se t (b lack p o in t s) sh ow n

wi t h t h e f o u r be st P W A so lu t io n s (g ray b an d ), ob t a in ed b y a ? t

t o t h e HADE S an d WA LL data.

Fig u re 2 .1 9 : Tw o -p a r t ic le ma sse s fo r t h e W A LL da t a se t (b lack p o in t s) sh ow n

wi t h t h e f o u r be st P W A so lu t io n s (g ray b an d ), ob t a in ed b y a ? t

t o t h e HADE S an d WALL d a t a .
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PWA Results
Experimental DataExperimental Data

Solution A
Solution B
Solution C
Solution D
Solution E
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PWA Results
Experimental DataExperimental Data

Solution A
Solution B
Solution C
Solution D
Solution E
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Solution inside WALL acceptance
2 Data Select ion and Model Descript ion

Figure 2.21: Angular correlat ions of the three part icles for the WALL dat a set

(black points) shown with the four best PWA solut ions (gray

band), obtained by a fi t to the HADES and WALL data.

38
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ppK- Upper Limit
p + p -> p + K+ + Λ
Total Cross Section

Upper Limit Cross Section

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

High production cross section 
even though no peak is visible 

Peak structure suppressed 
due to interference

S. Abd El-Samad et al. Phys.Lett B688 (2010)

S. Abd El-Samad et al. Phys.Lett B632 (2007)

M. Abdel-Bary et al., Eur.Phys.J A46(2010)

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

K.Fuchs et al., Springer Verlag 1985
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Cross Check4.3 A Part ial Wave Analysis for p+ K+ + Λ Product ion

Figure 4 .1 4 : Invariant m asses of two part icles for the three part icles for the se-

lect ed HADES dat a set (black points) shown with the best PWA

solut ion (blue dots), obtained by a fi t to the HADES data, excluding

a MpΛ m ass range of 2200-2300 MeV/c2 (upper row) and excluding a

MpΛ m ass range of 2300-2400 MeV/c2 (lower row).

KNN contam inated events changes the predict ion of the fi t .

The results of these fi t s to the selected events are presented in Figure 4.14.

The PWA fi t s also well to the selected data sam ple. These two solut ions, ob-

tained from the selected sam ples, can be drawn in the com plete m ass range as

well. This way one can determ ine how m uch the fi t changes its predict ion for

a certain m ass range when the events within this range are excluded. Figure

4.15 shows the MpΛ for the three different solut ions for the HADES and WALL

data sets. Specifically the upper right panel reveals that the inclusion of m ass

ranges that could contain a sm all am ount of signal seem s not to bias the fi t . For

the WALL data set m ore differences between the three cases are visible. This is,

however, not surprising as non of the WALL data were used for this test and the

lower panels reveal, thus, the changes in the ext rapolat ions to this phase space

103

w/o 2200-2300 MeV/c2

w/o 2300-2400 MeV/c2
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Cross Check

Good consistency among 
the results.
The solution is not 
biased by a possible signal
in the excluded mass range

HADES acceptance

WALL acceptance
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Result

pull
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The best solution

4 Exclusive Event Select ion and Model Descript ion

Table 4.3: Different versions of N* combinat ions in the PWA input .

No. Combinat ion

0 N(1650), N(1710), N(1720)

1 N(1650), N(1710), N(1720), N(1900)

2 N(1650), N(1710), N(1720), N(1895)

3 N(1650), N(1710), N(1720), N(1880)

4 N(1650), N(1710), N(1720), N(1875)

5 N(1650), N(1710), N(1720), N(1900), N(1880)

6 N(1650), N(1710), N(1720), N(1900), N(1895)

7 N(1650), N(1710), N(1720), N(1900), N(1875)

8 N(1650), N(1710), N(1720), N(1895), N(1880)

9 N(1650), N(1710), N(1720), N(1895), N(1875)

10 N(1650), N(1710), N(1720), N(1880), N(1875)

Table 4.4: Different sets of non-resonant waves in the PWA input .

No. Combinat ion
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Figure 4 .10 : Invariant m asses of two part icles for the HADES dat a set (black

points) shown with the best PWA solut ion (blue dots) fi t ted to

these data.

Figure 4 .11 : Invariant m asses of two part icles for the WALL dat a set (black

points) shown with the best PWA solut ion (blue dots), obtained

by a fi t to the HADES data only.

solut ion, obtained only from the HADES events, was com pared to the events in

the WALL data sam ple. Figures 4.11 and 4.13 point out that the experim ental

data inside of the WALL acceptance (black data) can be described to a large

extent by the PWA solut ion (blue points). Because the solut ion is not biased by

the WALL data-set , this is a proof of a certain predict ive power of the solut ion for

detector-blind regions. Since the HADES data-set contains no part icles em it ted

in the very forward direct ion (0 .33 ◦ to 7 .17 ◦ ), and the WALL does, these two

data-set can not be seen as sub-sets of one-another but are independent . This

is an im portant quality check for the PWA code.
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Test of the Null Hypothesis

2.2 Test of the Null Hypothesis H0

HADES WALL

Figure 2.1: The upper figures com pare the four best PWA solut ions of a fi t to

both data sets HADES and WALL. Shown is the invariant m ass of

pΛ of the HADES data set com pared to the solut ions. The lower

figures contain the local p0 dist ribut ions for the four PWA solut ions

com pared to the m easured data.
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2 Is There a New Signal? - A Stat ist ical Analysis

HADES WALL 

Figure 2.2: The range of p-values from the four best solut ions is displayed here

as a gray band.

Figure 2.3: The figure shows the local p0 dist ribut ion for a com bined analysis

of HADES and WALL data. The differences between the four best

solut ions are sum m arized by a gray band.
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Inclusion of a new State
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Feature of a PWA

The minimum has to be found 
by the fit

… Interferences



EXA 2014 – Vienna Robert Münzer 92

Upper limit at CLs 95%
These waves are included into the four best solutions of the PWA

2.3 The Research Hypothesis Hμ

This usual approach has a crit ical drawback in case of signals with a low pro-744

duct ion yield. By this convent ional method one m ay exclude signals to which745

the experiment has no sensit ivity [?] . A further crit ical point is the fact that one746

can show that the experim ent with the higher expected background can put747

st ronger lim its on a product ion yield as a background opt im ized experiment748

[?] . The reason for this is that the CL lim it will always makes statements about749

the signal+ background as it is technically not possible to separate both in m ost750

experim ents. The new approach called CLs t ries to solve these problems. Here751

the ’confidence level’ is defined as a rat io of the Hμ and H0 hypotheses. Is reads752

as follows:753

CLs =
pμ

1 − p0

. (2.4)754

755

Values are rejected in a test if CLs ≤ α . Due to the addit ional factor the p-value756

of the hypothesis, pμ is not rejected like in Eq. ?? but is, due to the addit ional757

factor a bit more conservat ive:758

pμ ≤ α · (1 − p0 ) . (2.5)759
760

2 .3 .1 Im plem ent at ion761

The research hypothesis contains three different t ransit ions am plitudes by which762

a kaonic cluster could be produced:763

W eA : ′p + p ′ 1 S0 →
′ppK(2250) − K ′ 1S0 (2.6)764

W eB : ′ p + p ′ 3 P1 →
′ppK(2250) − K ′ 1P1 (2.7)765

W eC : ′ p + p ′ 1D2 →
′ppK(2250) − K ′ 1D2 . (2.8)766

767

In this expression the spect roscopic notat ion 2S+ 1LS+ L is used to characterize768

the init ial and final state, see Appendix ??. The produced yield of the kaonic769

cluster will most likely stem from a sum of all three possible waves. For tech-770

nical purposes we tested three different condit ions. One where all yield purely771

com es from wave A, one where all yield comes from Wave B and one where772

all yield com es from Wave C only. Further these three condit ions were im-773

plemented in the four best background hypotheses to const ruct four different774

research hypotheses. This is done to respect the fact that our knowledge about775

the t rue N∗ cocktail in the data is lim ited. The tested combinat ions are sum ma-776

rized in Table ??. As precise inform at ion about the mass and width of the kaonic777

cluster are m issing several mass and with combinat ions where tested with the778

45

1.3 A Part ial Wave Analysis for p+ K+ + Λ

Qƒ n
μ1 ...μ J

( , S2 , L2 , J2 , S′ , L′ , J) is the spin-density matrix of the final state .360

The t ransit ion am plitude is param etrized as follows:361

Aα

t r
(s) = ( α

1
+ α

3
s)e

α
2 . (1.16)362

363

As the center of mass energy of this experim ent was constant the third param-364

eter α
3

which is responsible for the energy dependence of each part ial wave365

is not used. This means that each transit ion (α ) from init ial to final state is366

described by a st rength and a phase.367

In this experiment , the two colliding protons are the init ial state, and the final368

state is composed of the three part icles pK+ Λ, see React ion (1.1). The init ial369

state of the two protons is versat ile in the way the two part icles can react with370

each other. In Appendix B, all possible combinat ions of the two protons are371

listed. For this experiment , there are six states which have been selected as372

possible init ial states: 1S0 , 3P0 , 3P1 , 3P2 , 1D2 and 3F2 . The states are character-373

ized in the spect roscopic notat ion [?] . This is expressed as follows:374

2S+ 1LJ, (1.17)375
376

where S is the total spin of the p + p system , L is the orbital momentum between377

the two protons and J is the total angular momentum.378

The final state is manifold. As explained in Sect ion ??, the final pK+ Λ state m ay379

have contained several intermediate part icles. The most prom inent ones are380

N∗ + resonances that subsequent ly decay into K+ and Λ, see React ion (??). The381

PDG [5] contains a list of N* resonances. Not all of them are well established. It382

is not the aim nor the possibility of this thesis to decide which of them deserve a383

higher rat ing. Thus all N* resonances below the mass of 2100 MeV/ c2 that have384

a measured K+ Λ branching above 1% were considered as possible candidates385

for sources of K+ Λ product ion. Table 1.3 lists the selected N* resonances, their386

quantum num bers, masses, widths and branching rat ios into K+ Λ. Especially387

the branching in K+ Λ is not well known in most of the cases. It is, however,388

not of im portance for the current analysis, since there is no relat ion of the K+ Λ389

channel to other N* decays.390

Using this table, one can find several allowed t ransit ions from a p + p init ial391

to a N∗ + + p final state. As an example, one t ransit ion will be discussed here.392

A proton has the following quantum numbers JP = 1 / 2+ , where J is the total393

spin of the part icle and P is its parity. A system of two protons can, therefore,394

have a total spin S = 0 or S = 1. If one considers the S = 0 com binat ion and395

assum es no orbital m omentum between the two part icles (L = 0), the quantum396

17

Scanned masses:
2220 – 2370 MeV/c2 (in steps of 10 MeV/c2)
Scanned widths:
30 MeV, 50 MeV, and 70 MeV 
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N* resonances

56 6.3. DATA DESCRIPTION BY A N* COCKTAIL

here are summarized in table 6.2. From measurements of the COSY-TOF collaborat ion [11] it is

known that noneof the threepart icles in thefinal state is produced with an isotropic dist ribut ion

of the polar angle in the CM frame. An angular dist ribut ion was included in the simulat ion of

both the N*-resonances and the pK + Λ direct product ion by weight ing the events according to

the θΛ polar angle for the Λ part icle in the center of mass frame with the COSY-TOF measured

dist ribut ion. The simulated channels were fit ted to the experimental dist ribut ions. The best

fit was determined by a χ2 minimizat ion of the scaled sum to the measured data. Hereby all

dist ribut ion in fig. 6.10 were fit ted simultaneously. The experimental data could be reproduced

assuming a cont ribut ion by the N*(1720), N*(1900) and direct pK + Λ product ion of 41.5%, 57%

and 1.5% respect ively. The contribut ion of the N*(1650)+ and N*(2190)+ was found to be of

0% for both. A total χ2 value of 3.18 was obtained.

N* Mass [MeV/ c2] 1650 1720 1900 2190

N* width [MeV/ c2] 165 200 180 500

PDG evidence *** * * *

Table 6.2: Masses and width used for N* -resonances. Extracted from PDG part icle data. [10]

Figure 6.10: a) IMK + Λ , b) IMpΛ ,c) MMK + and d) MMΛ fit ted with the sum of the four N* + -

resonances from table 6.2 and the simulat ion of a direct pK + Λ product ion.
Master Thesis A. Solaguren-Beascoa Negre
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Upper Limit
2.3 The Research Hypothesis Hμ

Figure 2.9: The upper accepted percentage of total cross sect ion at a CLs lim it

of 95%. The three figures show the lim it for all three t ransit ion am -

plitudes. The different colors represent the upper lim it for the four

best solut ions. This is obtained from the HADES dataset for a sim u-

lated width of 50MeV/ c2 .

Figure 2.10: The upper accepted percentage of total cross sect ion at a CLs lim it

of 95%. The three figures show the lim it for all three t ransit ion

am plitudes. The different colors represent the upper lim it for the

four best solut ions. This is obtained from the HADES dataset for a

sim ulated width of 30MeV/ c2 .

53

Γ(ppK-)=50 MeV
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Dalitz Plots
6.2 Acceptance and Efficiency Correct ion

Figure 6 .1 2 : The two colum ns show two dalit z plots. Once for the m easured data

(Exp Acc), once for the data which were corrected for the losses of

efficiency (Exp 4π), and once for the PWA m odel No. 6/9 in 4π (Sim

4π).

151

0.1 WALL Stuff Correct ion

Figure 0 .3 : Dalit z

9

6.2 Acceptance and Efficiency Correct ion

Figure 6 .1 2 : The two colum ns show two dalit z plots. Once for the m easured data

(Exp Acc), once for the data which were corrected for the losses of

efficiency (Exp 4π), and once for the PWA m odel No. 6/9 in 4π (Sim

4π).
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Cross Section6.2 Acceptance and Effi ciency Correct ion
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Figure 6 .8 : Acceptance funct ions of the two-part icle m asses for the four best PWA

solut ions of the PWA (different colors). Sol. No. 6/9 (green), Sol. No.

8/8 (cyan), Sol. No. 1/8 (blue) and Sol. No. 3/8 (red)

events due to the decay of the Λ into pπ− (64%) is taken into account as the 4π

dist ribut ion contains the full set of all Λs.

To obtain the experim ental event dist ribut ion in 4π the experim ental spect ra

inside the acceptance were divided by the corresponding acceptance funct ion.

This was done for each acceptance funct ion of the four best PWA solut ions. The

single 4π spect ra of all solut ions and observables are shown in Appendix G.3.

The com bined results are shown in Figures 6.10 and 6.9. The bin ent ry corre-

sponds to the value obtained from the correct ion funct ion of Sol. No. 6/9. The

displayed errors account for the stat ist ical error of the experim ental data. The

gray boxes show the system at ic error of the acceptance correct ion. This error

was obtained by the m axim um deviat ion of any of the three other correct ion to

the one of sol. No. 6/9. As expected, the experim ental data in 4π are consisted

with the predict ions of the PWA solut ion.

The CM dist ribut ions are sym m et ric with respect to the CM axis. The IMK+ Λ

shows the event dist ribut ions as predicted by the PWA. Single peaks due to N*

resonances are not visible due to the large widths of the states. The sm all peak

at around 1900 MeV/c2 , present in som e of the solut ions, seem s to appear also

in the experim ental data but is slight ly shifted to lower m asses.

The K-Λ helicit y angle (panel i) Figure 6.9) shows a relat ively flat behavior.

Within the large spread of the data points it is consistent with the PWA m odel

that predicts a slight m odulat ion as a funct ion of the angle. In Ref. [165, 166]

this observable was proposed to study the pΛ final state interact ion. As ex-

pressed by Eq. 6.9 the helicity angle is t ight ly correlated with the invariant

m ass of two part icles. An angle of cosθ = 1 is related to sm all invariant m asses

147

correction

6.2 Acceptance and Efficiency Correct ion

Figure 6 .10 : Experim ental dist ribut ions for the two-part icle invariant m asses cor-

rected for acceptance and efficiency.

For the invest igat ion of the kaonic nuclear bound state KNN, the invariant m ass

of p and Λ is the m ost relevant observable. The acceptance corrected spect rum

of the IMpΛ of Figure 6.10 shows a sm ooth increase of the m easured yield with

increasing m ass of the system . There is no broad st ructure at M = 2267 MeV/c2

and = 118 MeV/c2 visible, as reported by the DISTO collaborat ion [125, 126] .

Two bins st ick out from the sm ooth t rend of this observable. The one at 2130

MeV/c2 can be assigned to the N-cusp, a well known phenom ena in the in-

variant m ass of pΛ [199] . This behavior is assigned to a coupled channel of

− N ↔ Λ − p which opens at about 2130 MeV/c2 . To invest igate the bin at

2270 MeV/c2 the four IMpΛ spect ra of Appendix G.3 are shown with a zoom into

the relevant m ass region. Figure 6.11 presents four t im es the IMpΛ dist ribut ion

each figure for acceptance and efficiency with another m odel.

Figure 6 .11 : IMpΛ for the four different correct ion funct ions. Points show the ex-

perim ental values and the lines the PWA-m odel that was used for the

correct ion.

149
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6 Ext ract ion of the pK+ Λ Product ion Cross Sect ion

a)                                            b)                                            c)

d)                                            e)                                            f)

g)                                            h)                                            i)

Figure 6 .9 : Experim ental dist ribut ions of the three part icle angular correlat ions,

corrected for acceptance and efficiency. Inlets show bins that are far

out as com pared to the other values. See Figure 2.6 for further expla-

nat ions on the observables.

of pΛ where the final state interact ion should be the st rongest . In Ref. [155] an

enhancem ent of stat ist ic at very sm all pΛ opening angles was observed for Ek n

= 2.16, 2.26, and 2.4 GeV, respect ively. This was interpreted as a t race of p-Λ

final state interact ion. The K-Λ helicit y angle at 3.5 GeV does not show such a

behavior at cosθ= 1. The reason for this is that at higher energies only a sm all

port ion of the phase space is influenced by final state interact ion [166, 198] .

Hence, these effects are less pronounced at the here invest igated energy.

148
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Combined Analysis of HADES and FOPI

4 Best HADES Solutions 
HADES-only

1_8 ( s=-0.27 104 )
8_8 ( s=-0.27 104 )
3_8 ( s=-0.27 104 )
6_9 ( s=-0.27 104 )

s : - ( Log Likely hood ) of PWA  

4 Best HADES Solutions 
HADES+FOPI

1_8 ( s=-0.83 105 )
8_8 ( s=-0.82 105 )
3_8 ( s=-0.98 105 )
6_9 ( s=-0.78 105 )

Energy dependent coefficient =0
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Results of 3_8
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Results of 3_8
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Results of 3_8
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Results of 3_8
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Combined Analysis of HADES and FOPI

4 Best HADES Solutions 
HADES-FOPI (ene-fix)

1_8 ( s=-0.83 105 )
8_8 ( s=-0.82 105 )
3_8 ( s=-0.98 105 )
6_9 ( s=-0.78 105 )

s : - ( Log Likely hood ) of PWA  

4 Best HADES Solutions 
HADES+FOPI (ene_dep)

1_8 ( s=-0.73 105 )
8_8 ( s=-0.76 105 )
3_8 ( s=-0.70 105 )
6_9 ( s=-0.62 105 )

Energy dependent coefficient fitted
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Results HADES
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Results HADES
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Results WALL
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Results WALL
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Results FOPI
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Results FOPI
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4 PI – param_3_8_ene_dep  
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4 PI - param_3_8_ene_dep
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Legendre Fits
Mean of all solutions
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Contributions
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PWA without Interference
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Combined Analysis of HADES and FOPI

With Interference:

1. cfgg = Σ cp * tensor
2. Cross section = Σ cfgg * cfgg+

Without Interference:

1. cfgg = Σ ( cp * tensor) * ( cp * tensor)+

2. Cross section = Σ cfgg
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Results of 3_8_wo_int (not fitted)
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Results of 3_8_wo_int (not fitted)
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Results of 3_8_wo_int (100 iter)
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Results of 3_8_wo_int (100 iter)


