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K—N Interaction

Kaons in Medium

Kaon energy [MeV]

Baryon density p/p,

K* : Repulsive Interaction
K : Attractive Interaction

C. Sturm, Diss. TUD 2001

Coupling of K to Resonances

Y+ me A(1405) &+ K+ N
A+7e X(1385) « K+ N
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Coupled Channel Calculation

Self Consistent Bethe-Salpeter Equation

Tij(V's) = Vij(Vs) + V;E(\/E)(;E(\/g)ﬂj(\/g)
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T.Hyodo,W.Weise, Phys.Rev.C77 (2008)
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Kaonic Cluster

N J
Y
Part of the A(1405) Resonance
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Kaonic Cluster

N J
Y
Part of the A(1405) Resonance

Theoretical Predictions

Chiral, energy dependent

var. [DHW09, DHW08]  Fad. [BO12b, BO12a] var. [BGL12] Fad. [IKS10] Fad. [RS14] Binding Energy (B E):
BE 17-23 26-35 16 9-16 32 10-100 MeV
Mm 40-70 50 41 34-46 49 )
Fom 4-12 30 Mesonic Decay (I',,)
Non-chiral, static calculations 30-110 MeV
var. [YA02, AY02] Fad. [SGM07, SGMR07] Fad. [IS07,1S09] var. [WG09] var. [FK*'11]  Non-Mesonic Decay (rnm)
BE 48 50-70 60-95 40-80 40 4_30 MeV
M 61 90-110 45-80 40-85 64-86
Cnm 12 ~20 ~21
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Experimental Results on ppK-
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Kaonic Cluster

N J
Y
Part of the A(1405) Resonance

p+p —> A(1405)+p + K*
ppK + K*

|—> N+p

J. Beringer
Phys.Rev. D86 (2012)
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Kaonic Cluster

N /

Y
Part of the A(1405) Resonance

p+p —> A(1405)+p + K*

ppK + K*

|—> N+p

Physical Background:

p+p >N\ + p + K

D+Dp > N** + p

EXA 2014 - Vienna

N** - Resonances

Resonance | JP | Mass (GeV/c?) | Width (GeV/c?)
V¥(1650) | 5~ 1.655 0.150
NH1710) | 17 1.170 0.100
N*(1720) | 37 1.720 0.250
N*(1875) | 5~ 1.875 0.220
NH(1880) | 47 1.870 0.235
VH(1895) | 5~ 2.090 0.090
N*(1900) | 37 1.900 0.250

J. Beringer

Robert Minzer
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Experimental Data
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The FOPI Experiment

S1S18 GSI Darmstadt

Beam Energy: 3.1 GeV

* Fixed-target Setup
* Full azimuthal coverage, 5°- 110° in polar angle
* Momentum resolution = 7% - 15 %

* Particle identification via dE/dx & ToF

Trigger Detector — SiAVIO:
A—Enhancement: 14.1 & 7.9(stat) 32

Total Number of exclusive Events: 903
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The HADES experiment

High Acceptance Di-electron Spectrometer
GSI, Darmstadt

Beam Energy: 3.5 GeV
* Fixed-target Setup
* Full azimuthal coverage, 15°- 185° in polar angle
* Momentum resolution = 1% -5 %

* Particle identification via dE/dx & ToF

HADES Coll. (G. Agakishiev et al.),
Eur. Phys. J. A41 (2009)

Total Number of exclusive Events: 21000
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The HADES Data Sample

WALL Dataset

Pre-Shower Pre-Shower

Forward WaII:
—— 7{ S =
ey |1 meter |
HADES data WALL data
13,000 events of pK*A 8000 events of pK*A
Background from wrong PID =6% Background from wrong PID =11.7%
Background from pK*z° =1% Background from pK+z° = 3%
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Total Data Set

Counts - Normalized

Hades Data E, ., ,=3.5 GeV

Had. Wall Data E,,,=3.5 GeV
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Total Data Set

Counts - Normalized

Hades Data E, ., ,=3.5 GeV

Had. Wall Data E,,,=3.5 GeV
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Model Comparison

Phase Space Simulation
Partial Wave Analysis
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Phase Space Simulation

CMS Angle  Masses
dN/dcosB [events/0.07]
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Phase Space Model|
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Partial Wave Analysis

Bonn-Gatchina PWA Framework

Cross-section Decomposition

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

2 4 2
L _enlA

Wd‘ia(ﬁ 71,92, 4q3) P=Fk;+kg

A : reaction amplitude A« A, *(s) (Transition amplitude of wave a)

k : 3-momentum of the initial particle in the CM

d®,(P,q,,9,,9;) : invariant three-particle phase space

Parameterization of the Transition

A (s) = (af + a5V/s) exp (ia3)

Constant amplitude
Phase

Energy dependent amp.
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Systematical Analysis

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

Resonance in final State

Resonance | J© | Mass (GeV/c?) | Width (GeV/c?)
N*(1650) | 5~ 1.655 0.150
N*(1710) | &7 1.710 0.100
N*(1720) | 37 1.720 0.250
N*(1875) | 2~ 1.875 0.220
N*(1880) | 47 1.870 0.235
N*(1895) | 5 2.090 0.090
N*(1900) | 37 1.900 0.250

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

CMS Angle
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CMS Angle

dN/dcosB [events/0.07]

-J.-Angle
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Hel. - Angle
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Four Best PWA Solutions

dN/dM [events/ 25 MeVc?]

dN/dM [events/(14 MeV/c2)]
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Contribution of
Production Channels
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PWA Results — Relative Contribution

X2/ ndf | Direct | N™* N* N* N*
pK*A (1650) | (1710) | (1720) (1880)

0% 113% 524% 11.8% 6.3 % 10.9 % 0% 7.3 %
B 1.09 16.6 % 94% 423% 141% 0% 9.7 % 0% 7.9 %
C 1.10 0% 111% 495% 7.5% 0% 14.1% 9.3 % 8.5%
D 1.12 13.9% 6.8% 438% 119% 53% 9.4 % 0% 8.9 %
E 1.15 21.1% 86% 419% 17.6% 0% 0% 0% 10.8%

EXA 2014 — Vienna Robert Milnzer




PWA Results — Relative Contribution

H X2 / ndf | Direct
A

1.09
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11.3%

524% 11.8%

14.1%

11.1% 495 % 7.5%
6.8% 438% 119%
86% 419% 17.6%
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PWA Results — Relative Contribution

X2/ ndf | Direct | N** N*+ N*+
pK*A (1650) | (1710) | (1720)

109 16.6% -- 14.1%
1.10 0% 7.5 %
112 13.9% -- 11.9%
1.15 17.6 %
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PWA Results — Relative Contribution

H X2/ ndf | Direct
A

1.09 0%
B 1.09 16.6 %
C 1.10 0%
D 1.12 13.9%
E 1.15 21.1%

11.3% 52.4%
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PWA Results — Relative Contribution

2 / ndf | Direct

N*+ N*+ N*+ N*+
(1650) | (1710) (1880) | (1895)

524% 11.8% 6.3 % 10.9 % 0% 7.3 %
423% 141% 0% 9.7 % 0% 7.9 %
49.5 % 7.5% 0% 14.1% 9.3 % 8.5%
43.8% 119% 53% 9.4 % 0% 8.9 %
419% 17.6% 0% 0% 0% 10.8%

Counts-normalized

Experimental Data can be described
by known sources
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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 (a,)
-> Phase Parameter free (a,)

=> Optimal amount of
Interference

Exclusion limit:
Confidence Level (95%) (CL,)

EXA 2014 - Vienna
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nation
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Upper Limit

% of o(pp = pK*A)
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Summary

13000 (HADES) + 8000 (WALL) + 903 (FOPI) exclusive events p+p->p + K"+ A
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 ub (FOPI)
and 0.7 — 4.2 ub (HADES) .

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

EXA 2014 — Vienna Robert Milnzer




Future Perspectives

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

experiment V5 (GeV) €, g+n €, statistics  polar.
COSY-TOF [AST06a| 2.63 S4.87 23140 791 N
COSY-TOF [AST06a] 2.66 11491 -201.35 1037 N
COSY-TOF |Rit13] 2.67 121.56  -194.71 160000 ?
COSY-TOF [AST06a| 2.72 17105 -145.22 4323 N
DISTO [MT10, Mag01] 2.75 20044 -115.83 121000 Y
COSY-TOF [M.R11] 2,75 203.69  -112.58 43662 Y
COSY-TOF [AEST10] 2.75 203.69  -112.58 7228 N
COSY-TOF [AEST10] 2.75 203.69  -112.58 15372 N
COSY-TOF [ABT10] 2.79 23895 -T7.32 89684 N
COSY-TOF [AESBBT13] 2.79 245.70  -T0.57 30000 N
COSY-TOF [ABT10] 2.83 284.06  -32.21 3322 N
COSY-TOF [AEST10] 2.83 284.06  -32.21 0791 N
COSY-TOF [AEST10] 2.87 318.86 2.60 6263 N
DISTO [MT10, Mag01] 2.87 31886 2.60 304000 \
DISTO [MT10,Mag01, BT99] 2.95 43048 114.21 424000 Y
FOPI 3.06 508.97  192.70 903 N
HADES 3.18 629.33  313.06 20000 N

AFST10: S. Aod El-Sared et al. Phys.lett B688 (2010)
AB10: M. Aodel-Rary et al., Bur.Phys.J 246 (2010)
AESER'13: S. Aod El-Samed et al., Eur.Phys.J 249(2013)
Rit13: J.Ritmann, private comunication (2013)

AS'06a : S. Aod El-Samed et al. Phys.Iett B632 (2006)
M10: M. Maggiora et al. Nucl.Fhys. A385 (2010)
Mag0l: M. Maggiora Nucl. Phys. A691 (2001)

B+99: F. Balestra et al., Phys.Rev.Ilett 83 (1999)
Fool4d: E.Epple, Diss. TUM 2014
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Outlook — Combined Analysis

CMS Angle

-J.-Angle

Hel. - Angle

counts
-

0.
cos(05")

LMU

HADES Very Preliminary FOPI

. - 0.5 0 05 ] 0.6 0 0.5
cos(0™) cos(@5") cos(05)

. [] 0. - 05 0 05
cos(ofy ™) cos{93,"")
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Thank You

//ﬁ HADES Collaboration

HADES

FOPI Collaboration

clus
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Backup
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The Smallest Cluster

KNN
Propert Value
perty —— S+ N+ 77
charge +1 rm
strangeness -1 — N+ N+ 1
. —0
participants ppK~, pnK ——— >. + N
F 0~
— > A+ N rnm
Chiral, energy dependent _ _
var. [DHWO09, DHWO08]  Fad. [BO12b, BO12a] var. [BGL12] Fad. [ksi0] Fad.[rs14] Binding Energy (BE):
BE 17-23 26-35 16 9-16 32 10-100 MeV
Mm 40-70 50 41 34-46 49 :
- ts o Mesonic Decay (I',,)
Non-chiral, static calculations 30-110 MeV
var. [YA02, AY02] Fad. [SGMO7, SGMR07] Fad. [1S07, 1509]  var. (wGo9] var. [Fk111  NON-Mesonic Decay (rnm)
BE 48 50-70 60-95 40-80 40 4-30 MeV
M 61 90-110 45-80 40-85 64-86
Mom 12 ~20 ~21
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Trigger Detector - SIAVIO

Silicon A-Vertexing and Identification Online Inclusive A Reconstruction

§ 60 o n o o=1.112 Ceve™?
S 40 b AL g =53Meve? |
T Sig, =48

z'} N 5,-'(5 =013

0

20 F ]

LhE lh Liz ]i4 L16 gfﬂ
InvM(r,p) (GeVc

2 e [T
7 Sio Silvio B E-:zmn ! VL2 114 Geve™
1500 , -
Trigger conditions: 1000
500
LVL1 : Multiplicty(ToF) > 1 0 b
LVL2 : LVL1 + SiAVIiO ML MG p) (Geve )

A —Enhancement: 14.1 + T’.Q(smt)fﬁjg

R. Minzer et. al. NIM A 745 (2014) 38-49
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Reconstruction of exclusive
Reactions

p+p—2>p+K +A
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Inclusive Reconstruction
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Exclusive Data Sample

Primary K* Selection

p(GeVc™)
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Exclusive Data Sample

Primary K* Selection

A Selection

YA\

AADES

A Candidates in all sub detector Combinations
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Exclusive Reconstruction
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Exclusive Reconstruction
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Exclusive Data Sample

Primary K* Selection Kinematical Refit

' Variation of Track parameters with error
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Different Kaon selection
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Backup

Events

Events
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Sideband Analysis
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N\ / X Separation
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Exclusive Data Sample
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Exclusive Data Sample

Counts-normalized
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Angular Distributions
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Simulation Packages

Phase Space Simulation Transport Modell - UrQMD

Incoherent Cocktail

p+p—p+ KT +A

Quantum Molecular Dynamics

p+p—=>p+NT*(—= KT +A) Description of all
Angular Distribution TSt particle correlations
....................................... xA0°
‘ 1.5) umm i +
+ pin CMS S o)s Production of p K* A
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counts
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M. Abdel-Bary et al., E. Epple,
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http://urqmd.org/

Masses

CMS Momenta

Phase Space Simulation
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+ Experimental Data
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Phase Space Simulation
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Phase Space Simulation

Counts-normalized

NI
w0 3 A\ s + Experimental Data
= § = g 4

S N WA OO
ocooeooo0o0

0.q o5 o 05

N B
pr LT |

2 H £~
""""'" # L

R o 23 A 36
[§ch ]

M, Imvpk) M’,-,n.('z\p)tGwc_z’ == PP ->pP K* A Phase Space
(b) () Simulation

A 05 03 o5 o 05

COS(O rqpel (NI COS(O cqel(P)) €O (0 ) (K ))

cos(0™F PEA Be)

(2)

-0.5 -0.5 a 0.5

cosOFT PAEp) cos(O™F PEEA cos(O™F Ehpa )

() (k) (1)

EXA 2014 — Vienna Robert Milnzer




Phase Space Simulation

Counts-normalized
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Phase Space Simulation
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Phase Space Simulation
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Phase Space Simulation
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Phase Space Simulation
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Masses

Counts-nomalized

CMS Momenta

UrQMD Simulation
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PWA Results in 4t
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ppK Upper Limit Determination
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Bonn-Gatchina PWA

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

(2m)*|A[?
do = Wd‘ﬁa(ﬂ q1-92,43) , P=Fki+ky
http://pwa.hiskp.uni-bonn.de/
_ . . A.V. Anisovich, V.V. Anisovich, E. Klenpt,
A - reaction amp litude Lo . . V.A. Nikonov and A.V. Sarantsev
k — 3-momentum of the initial particle in the CM Fur. Phys. J. A 34, 129152 (2007)

d®,(Pq,q,495) —invariant three-particles phase space

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

A=) AX($)Q . (SLI)Agy(i,SoLaJo)(si) x QA" ., (,92L2J2S'L'T) . (2)

S5,L,J —spin, orbital mom. and total angular momentum of the pp system
S,,L,J, = spin, orbital mom. and total angular momentum of the two particle system in fin. state

S,”  —spin, orbital mom. between the two particle system and the third particle with four mom. g,
multiindex a — possible combinations of the S, L,J, S,, L,, J,, S, L and i
A% (s) - transition Amplitude

A2 (i,S,L,J,) — rescattering process in he final two-particle channel (e.g. production of A)

EXA 2014 — Vienna Robert Milnzer




Fitting Procedure

The transition Amplitude is parameterized as follows

() = (af +a5v/5) 2

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

What we included to model the PK*A process:
N* Resonances in the PDG with measured decay into K*A

Notation in PDG Old notation Mass [GeV/c?] Width [GeV/c?] T[ak/Tau %
N(1650) £~ N(1650)S;; 1.655 0.150 3-11
N(1710) 3 N(1710)P4 1.710 0.200 5-25
N(1720) 2 N(1720)D13 1.720 0.250 1-15
N(1875) 3~ N(1875)D13 1.875 0.220 4% 2
N(1880) 1° N(1880)P;; 1.870 0.235 241
N(1895) 2~ N(1895)S:; 1.895 0.090 18%5
N(1900) 3" N(1900)P;3 1.900 0.250 0-10

And the production of pK*A via non resonant waves

EXA 2014 - Vienna
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Systematic

N* content non-resonant content
No. Combination No. Combination
0 N(1650), N(1710), N(1720) 0 no non-resonant waves
1 N(1650), N(1710), N(1720), N(1900) 1 (pL)(*So) - K
2 N(1650), N(1710), N(1720), N(1895) 2 previous wave + (pL)(3Sy) - K
3 N(1650), N(1710), N(1720), N(1880) 3 previous waves + (pL)(*Py) - K
4 N(1650), N(1710), N(1720), N(1875) 4 previous waves + (pL)(3Po) - K
5 N(1650), N(1710), N(1720), N(1900), N(1880) 5 previous waves + (pL)(*Py) - K
6 N(1650), N(1710), N(1720), N(1900), N(1895) 6 previous waves + (pL)(3Py) - K
7 N(1650), N(1710), N(1720), N(1900), N(1875) 7 previous waves + (pL)(1Dy) - K
8 N(1650), N(1710), N(1720), N(1895), N(1880) 8 previous waves + (pL)(3D.) - K
9 N(1650), N(1710), N(1720), N(1895), N(1875) : st
10 N(1650), N(1710), N(1720), N(1880), N(1875) 9 previous waves + (pL)(*D2) = K
No. of N* combination No. of non-res. waves Log-likelih.
0 7 -2415.74
1 8 -2708.49
Best Solutions 2 8  -2524.59
3 8 -2712.49
4 4  -2671.05
5 8 -2310.4
6 9 -2754.37
7 8 -2657.77
8 8 -2734.97
9 6 -2698.86
10 4  -2642.58

N7A\

AADES
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Solution inside WALL acceptance

dN/dM [events/(14 MeV/c?)]
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Figure 2.18: Two-particle masses for the HA DES data set (black points) shown
with the four be st PWA solutions (gray band), obtained by a ?t
to the HADES and WALL data.
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Figure 2.19: Two-particle ma sses for the WALL data set (black points) shown
with the four be st PWA solutions (gray band), obtained by a ?t
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PWA Results
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ppK Upper Limit

p+p->p+K+A
Total Cross Section

S —

Upper Limit Cross Section
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7.6+1.2°35 -224+36°107
6.3+1.7°96 -95+26°99
10.2+1.8°4°> - 11.6+3.4-0¢6
11.2+1.9-°9 - 33.8+5.2-163
11.4+2.7-38 - 359+57-174

High production cross section
even though no peak is visible

Peak structure suppressed
due to interference
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Cross Check
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Cross Check
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Good consistency among
the results.

The solution is not

biased by a possible signal
in the excluded mass range
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Result

dN/dM [events/(14 MeV/c?)]
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The best solution
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Four Best PWA Solutions
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Test of the Null Hypothesis
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Test of the Null Hypothesis
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Test of the Null Hypothesis

dN/dM [events/(14 MeV/c?)]
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Test of the Null Hypothesis

dN/dM [events/(14 MeV/c?)]

Combined result
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Test of the Null Hypothesis
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Test of the Signal Hypothesis
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Inclusion of a new State
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Feature of a PWA
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Upper limit at CL, 95%

These waves are included into the four best solutions of the PWA

ZS+1L

WaveA: p+p 1Sy— ppK(2250)-K IS,
WaveB: p+p 3P;— 'ppK(2250)-K 1P,
WaveC: p+p D, — 'ppK(2250)-K D,

Scanned masses:

2220 — 2370 MeV/c? (in steps of 10 MeV/c?)
Scanned widths:

30 MeV, 50 MeV, and 70 MeV
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N* resonances
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Dalitz Plots
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Combined Analysis of HADES and FOPI

4 Best HADES Solutions 4 Best HADES Solutions

HADES-only
1 8(s=-0.27 10%)
8 8(s=-0.27 10%)
3 8(s=-0.27 10%)
6 9 (s=-0.27 10%)

s: - ( Log Likely hood ) of PWA

Energy dependent coefficient =0

HADES+FOP
1 8 (s=-0.83105)
8 8 (s=-0.82 10°)
3_8(s=-0.98 105)
6_9 (s=-0.78 10°)
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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 4 Best HADES Solutions
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Legendre Fits
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PWA without Interference
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Combined Analysis of HADES and FOPI

With Interference: Without Interference:
>
1. cfgg=2 cp * tensor 1. cfgg=2 (cp * tensor) * (cp * tensor)*
2. Cross section = X cfgg * cfgg* 2. Cross section =2 cfgg
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Results of 3 8 wo int (not fitted)
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Results of 3_8_wo_int
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Results of 3 8 wo int (100 iter)
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Results of 3 8 wo int (100 iter)
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