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Hunting	  for	  Resonances	  
• In	  hadron	  collisions	  at	  GeV energies	  particle	  production	   proceed	  through	   the	  

intermediate	  excitation	  of	  resonances	  
• Formation	  and	  decay	  rates	  of	   the	  resonances	  have	  to	  be	  measured	  

Ξ excess	  in	  A+A	  and	  p+A at	  
low	  energies

J.  Steinheimer,  M.  Bleicher J.Phys.  G43  (2016)  no.1,  015104
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Strangeness	  Production
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Strangeness	  Production

p p p

K+

Λ

• Important	  Ingredient	   for	  Transport	  Models
• Understand	  Production	  Mechanism	  to	  look	  for	  Exotics	  (ppK-‐)
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Strangeness	  Production

p N*
Λ

K+

Resonance JP	   Mass	  (𝑮𝒆𝑽 𝒄𝟐⁄ ) Γ (	  𝑴𝒆𝑽 𝒄𝟐⁄ )

N*(1650) 1 2⁄ * 1.655 0.150

N*(1710) 1 2⁄ + 1.710 0.100

N*(1720) 3 2⁄ + 1.720 0.250

N*(1875) 3 2⁄ * 1.875 0.220

N*(1880) 1 2⁄ + 1.870 0.235

N*(1895) 1 2⁄ * 2.090 0.090

N*(1900) 3 2⁄ + 1.900 0.0250
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Strangeness	  Production

p Λ
Final	  State	  Interaction
Aka:	  scattering length and
effective range
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Conversion	  Processes
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Partial	  Wave	  Analysis

Cross-‐section	  Decomposition

A. Sarantsev et.al., Eur.Phys J A 25 2005Bonn-‐Gatchina PWA	  Framework	  

𝑑𝜎 = 	  
2𝜋 2 𝐴 4

4 𝑘 𝑠 𝑑ϕ 𝑃, 𝑞<,𝑞4, 𝑞= , 	  	  	  	  𝑃 = 𝑘< + 𝑘4

Partial	  Waves	  Decomposition:

p p+
S,L,J

N*

p

S2,	  L2,	  J2

S’,	  L’,	  J’

=	  Production	   Amplitude	  
(Breit-‐Wigner	   for	  N*)
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Partial	  Wave	  Analysis

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 2 𝐴 4

4 𝑘 𝑠 𝑑ϕ 𝑃, 𝑞<,𝑞4, 𝑞= , 	  	  	  	  𝑃 = 𝑘< + 𝑘4

𝐴?@A 𝑠 = 𝑎<A + 𝑎=A 𝑠 𝑒DEF

𝑎<A

𝑎4A

𝑎=A

Partial	  Waves	  Decomposition:

HADES coll. (G. Agakishiev et al.) 
Phys. Lett. B742 (2015) 242-248. 
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Data	  Sets

Experiment EB	  [GeV] pK+Λ
Statistics

Status

DISTO 2.15 121	  k Available

COSY-‐TOF 2.16 43	  k Available

COSY-‐TOF 2.16 ~90k In	  Preparation	  (not	  used	  in	  the	  analysis)

DISTO 2.5 304	  k Available

DISTO 2.85 424	  k Available

FOPI 3.1 0.9	  k Single PWA

HADES 3.5 21	  k Single PWA

HADES coll. (G. Agakishiev et al.) 
Phys. Lett. B742 (2015) 242-248. 
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Parameter	  Scan

Solution A B C D E

Loglike -‐67142 -‐67018 -‐66878 -‐66504 -‐66405

N*(1650) + + + + +

N*(1710) + + + + +

N*(1720) + + + + -‐

N*(1875) + + -‐ -‐ +

N*(1880) + + + + +

N*(1895) + + + + +

N*(1900) -‐ + + -‐ +

Σ𝑁	  (0+) + + + + +

Include	  different	  N*	  Resonances	  
pKΛ non	  resonant	  up	  to	  F	  wave	  *	  
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DISTO@2.14	  GeV

Χ2 /	  ndf (ndf=428)

PWA 1.52

arXiv:1703.01978v1
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COSY-‐TOF@2.16	  GeV

Χ2 /	  ndf
(ndf=428)

PWA 0.44

arXiv:1703.01978v1
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DISTO@2.5	  GeV

Χ2 /	  ndf (ndf=428)

PWA 2.56

arXiv:1703.01978v1
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DISTO@2.85	  GeV

Χ2 /	  ndf (ndf=428)

PWA 3.55

No	  Kaonic Cluster	  included	  

arXiv:1703.01978v1
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FOPI

Χ2 /	  ndf (ndf=428)

PWA 0.91

arXiv:1703.01978v1
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HADES

Χ2 /	  ndf (ndf=428)

PWA 2.14

arXiv:1703.01978v1
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HADES	  -‐ WALL

Χ2 /	  ndf (ndf=428)

PWA 1.86

arXiv:1703.01978v1
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Different	  Acceptances
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Total	  Cross	  Section

Value:
𝐶< = 4.03	   ± 0.57	  104
𝐶4 = 1.49	   ± 0.04
𝐶= = 1.43	   ± 0.39

𝜎STU = 	  𝐶< 1 −
𝑠W

𝑠W + 𝜖
4

YE 𝑠W
𝑠W + 𝜖

4

YZ

R.Muenzer et al.,Hyperfine 233, 159-166 (2016)
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Initial	  States
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Resulting N*	  Excitation Function
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Phase	  Space	  contribution	   varies	  from	  40%	  to	  
10%	  of	  the	  resonance	  contributions	   when	  
going	   from	  2.14	  GeV to	  3.5	  GeV proton	  
kinetic	  energy
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Final	  State	  Interaction	  in	  PWA
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Comparison	   to	  theory:
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The	  ΣN	  Cusp	  Effect

24

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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Λp Cusp	  Formation	  Mechanism

)0(
1111 VfV ⋅= (0-‐bound,	  8MeV-‐width)

K-‐

Σ+Σ+

n

π -‐

Λ

p

Ch.1 Ch.2

n
p

n

M(Λp)	   [MeV/c2]

Σ(1385)

Cu
sp

pK=	  680-‐840	  MeV/c

2050 2150 2250 2350 2450 2550

M(Λp) [MeV/c2]

nΣnΣ ++ →

ΛpnΣ →+

π-‐ missing	  mass	  spectrum

Σ0p	  threshold

O.	  Braun	  et	  al.,	  Nucl.	  Phys.	  B	  124	  (1977)	  45
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Cusp	  Spectral	  Function
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PWA	  fits	  including	  Cusp	  resonance

pΣ Coupling	  =	  0.001
pΛ Coupling	  =	  0.004

Scattering	  parameters	  compatible	  with	  
previous	   fit	  except	  for	  the	  triplet	  
effective	  range	  
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• Combined	  Analysis	  for	  COSY	  &	  DISTO	  &	  HADES	  &	  FOPI	  
completed

• Systematical	  Analysis	  performed	  
• Excitation	  Function	  for	  N*	  and	  pKΛ extracted
• Scattering	  Length	  p-‐Λ separate	  for	  Singlet	  and	  Triplet
• Cusp	  Wave	  included	  too	  and	  coupling	  coefficients	  were	  

determined	  
• Common	  upper	  limit	  for	  Kaonic Bound	  states	  to	  come	  soon

Summary	  and	  Outlook

N*	  better	  constraint	  to	  model	  Heavy	  Ion	  collisions
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Kaonic	  Cluster

N N
K

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
strangeness -1

participants ppK−, pnK
0

JP 0−

Table 0.1: Overview of different predictions for the binding energy BE, mesonic- m and non-mesonic nm decay
widths of the KNN (in MeV), inspired from [Gal13, Gal10]. The symbols (♣,♡) mark different works by
the same 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, static calculations

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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Kaonic	  Cluster

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+

N N
K

Resonance JP	   Mass	  (𝑮𝒆𝑽 𝒄𝟐⁄ ) Γ (	  𝑴𝒆𝑽 𝒄𝟐⁄ )

N*(1650) 1 2⁄ * 1.655 0.150

N*(1710) 1 2⁄ + 1.710 0.100

N*(1720) 3 2⁄ + 1.720 0.250

N*(1875) 3 2⁄ * 1.875 0.220

N*(1880) 1 2⁄ + 1.870 0.235

N*(1895) 1 2⁄ * 2.090 0.090

N*(1900) 3 2⁄ + 1.900 0.0250
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Upper	  Limit

6.3 Comparison With Other Results

Table 6.9: The extracted cross section 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 production cross sec-
tion each histogram was integrated. The experimental data are summed inside
of the indicated range. Outside of this range the extrapolated model value is
taken for the integration. The resulting cross section is quoted in each his-
togram. Table 6.9 summarizes the results of the integration of all the presented
histograms of Appendix G.3. The average cross section obtained with sol. No.
6/9 is written in the last row of Table 6.9. The systematic error is constructed by
the maximum deviations to this value, marked in bold. The uncertainty due to
the normalization to p+p elastic events gives an additional error of 2.67 μb. A
last error comes from the fact that the data contain a certain amount of statistic
not associated to pK+Λ production. This amount is roughly 6% as described in
Section 4.1.3. The overall total production cross section, 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 extracted pK+Λ cross section of this work can be compared to the cross
sections at other beam energies. Figure 6.14 shows in both panels the pK+Λ
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5 Is There a New Signal? - A Statistical Analysis

seem astonishingly high. Unlike in many analyses where the observed yield
in a "bump" is directly connected to a production yield this can not be done
when considering interference. When two sources interfere the final yield can
not be attributed clearly to one or the other source only from observing the
interference pattern. The percentages quoted in Figures 5.8, 5.10 and 5.12
are, thus, attributed to an initial yield before interference as a final yield is not
clearly defined in this approach. Only in case of absent interference one could
observe directly a signal with 5% signal strength as compared to the total pK+Λ
production cross section.

For an upper bound on the production amplitude the most conservative case at
a mass point is the one that sets the limit. To summarize the results of Figures
5.8, 5.10 and 5.12 the highest percentage of cross section still accepted by
CLs is shown in Figure 5.13 as gray bands. One sees that the upper limit as
a function of the kaonic cluster mass is rather structure-less. While a kaonic
cluster produced via Wave A and B seems to allow a higher yield by still being
consistent with the data, a production of a kaonic cluster via Wave C is stronger
constrained to about half the production strength as compared to the two other
cases. The larger the width of the produced state the more yield is consistent
with the data.

Figure 5.13: The upper limit on the production of a KNN in the measured reaction
at a CLs limit of 95%. The limit is quoted in percentage of total pK+Λ
production cross section. The three figures show the limit for all
three transition amplitudes. This is obtained from the HADES data-
set for a simulated width of 30, 50, and 70 MeV.
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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. Lett. B742 (2015) 242-248. 


