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Zusammenfassung

Hadronen können bei niedrigen Energien im Rahmen der Quantenchromodynamik mit Hilfe
von e�ektive Modellen, wie χPT, beschrieben werden. Eine besondere Herausforderung stellen
dabei Hadronen mit Gehalt an seltsamen Quarks (Strangeness) dar. Beispiele dafür sind das
Verhalten von Kaonen in der Gegenwart von Kernmaterie und die lange vorhergesagte Forma-
tion von gebundenen Zuständen zwischen Antikaonen und einem oder mehreren Nukleonen.
Im letzten Jahrzehnt verstärkte sich das Interesse an gebundenen kaonischen Zuständen durch
experimentelle Ergebnisse zum Λ(1405) und zu sog. kaonischen Clustern wie das ppK−. Diese
beiden Zustände sind eng verknüpft, da das Λ(1405) heutzutage als molekularer Zustand
beschrieben wird, der einen Beitrag aus dem gebunden Zustand K−-p besitzt.
Die vorliegende Arbeit beschreibt die experimentelle Suche nach einem gebundenen ppK− Zu-
stand in der Reaktion p+p→pK+Λ. Das Experiment wurde am FOPI Spektrometer an der
GSI in Darmstadt mit einem Protonstrahl (EStrahl=3.1 GeV) und einem �üssig Wassersto�
Target durchgeführt. Zur Anreicherung der gewünschten Reaktion wurden die Strahldetek-
toren verbessert sowie ein neuer Trigger- und Spurdetektor für die Λ-Teilchen (SiΛViO) in das
Spektrometer eingebaut. Mit Hilfe von rekonstruierten Λ-Teilchen konnte deren Anreicherung
in den aufgenommen Daten um einen Wert von 14.1± 7.9(stat)+4.3

−0.5 bestimmt werden.
Die Analyse der exklusiven Reaktion p+p→pK+Λ wurde in unterschiedlichen Schritten durch-
geführt. Für die Reduktion des Untergrunds wurde ein kinematischer Re�t verwendet. Der
verbleibende Untergrund konnte durch eine sog. Seitenband-Analyse Technik bestimmt wer-
den. Insgesamt konnten 903 exklusive Reaktionen bei einem Restuntergrund von≈61 Ereignis-
sen extrahiert werden.
Die beobachteten Reaktionen wurden sowohl mit Phasenraum- als auch mit Transportmodell
Simulation verglichen. In beiden konnte eine signi�kante Abweichung zwischen experimentellen
und simulierten Daten beobachtet werden. Eine hinreichende Beschreibung wurde mit Hilfe
der Bonn Gatchina Partialwellen-Analyse (BG-PWA) erreicht, durch die eine kohärente Summe
aus Übergangswellen an die experimentellen Daten ge�ttet wird.
Mit den Ergebnissen der BG-PWA konnte eine obere Grenze für die Produktion des ppK−

bestimmt werden, indem die Wellen dieses Zustands in die BG-PWA Routine hinzugefügt
wurden. Für eine Kon�denz Grenze von 95% wurde eine obere Grenze für den Produktions-
Querschnitt zwischen 4.1µb und 16.9µb bestimmt, wobei für den Zustand eine Breite zwis-
chen 20 MeV/c2 und 80 MeV/c2 und eine Masse zwischen 2.205 GeV/c2 and 2.305 GeV/c2

angenommen wurde. Diese Ergebnisse - besonders für kleine Breiten - liefern Randbedingung
für zukünftige theoretische Berechnungen.
Darüber hinaus hat die Analyse gezeigt, dass die BG-PWA gute Ergebnisse für die Reaktion
p+p→pK+Λ liefert.
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Abstract

For low energies hadrons can be described in the framework of the Quantum Chromo Dy-
namics by e�ective models, like the χPT. One special challenge is the description of hadrons
containing strange quarks. One example is the behaviour of kaons in the presence of nuclear
matter and the predicted formation of bound states of anti kaons and one or more nucleons.
In the last decade these kaonic bound state drew more and more attention triggered by ex-
perimental results on the Λ(1405) and kaonic bound states, like the ppK−. These states are
strongly connected, since the Λ(1405) is described nowadays usually as a molecular state with
a certain contribution of a K−-p bound state.
The presence work is focused on the experimental search of the ppK− in the exclusive reaction
p+p→pK+Λ. The experiment was performed at the FOPI spectrometer at GSI in Darmstadt
with a proton beam (Ebeam=3.1 GeV) and a liquid hydrogen target. This spectrometer was
upgraded by a set of beam detectors and a dedicated trigger and tracking detector (SiΛViO)
to enhance the event of interest. Exploiting reconstructed Λ particle a value for enhancement
of those particles in the recorded data of 14.1± 7.9(stat)+4.3

−0.5 could be determined.
For the analysis of the exclusive reaction p+p→pK+Λ di�erent selection steps were performed.
For the suppression of background reactions a kinematical re�t frameworks was used. The
determination of the remaining background could be performed using a so called sideband
analysis technique. By these methods a �nal sample of 903 exclusive reaction events could be
extracted with a remaining background of ≈61 events.
The observed reactions were compared with phase space and transport model simulations.
Both have shown signi�cant discrepancies between experimental and simulation data.
A su�cient description was obtained using the Bonn Gatchina Partial Wave Analysis frame-
work which is able to �t a coherent sum of a set of transition waves to the experimental data.
The results of a systematical analysis also �t to outcome of other experimental results.
For the determination of the upper limit the wave of the ppK− was included in the framework
and a systematical scan for di�erent properties of the ppK− was performed. For a con�dence
level of 95% upper limits of the production cross section between 4.1µb and 16.9µb were
obtained assuming for the ppK− a width between 20 MeV/c2 and 80 MeV/c2 and a mass be-
tween 2.205 GeV/c2 and 2.305 GeV/c2. The resulting value - especially for low partial width
- could provide constraint to further theoretical calculation. Furthermore, this analysis has
shown the nice performance of the BG-PWA for the analysis of the reaction p+p→pK+Λ .
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Chapter I

Introduction

1.1 Strong Interaction

1.1.1 The QCD Phase Diagram

The strong interaction between quarks and gluons is described by the theoretical framework
of the Quantum Chromo Dynamics (QCD). The quarks as well as the gluons are carrying
a color charge, which is used to de�ne a local SU(3) symmetry. Since the gluons also carry
charge, phenomena like gluon-gluon coupling appear, which leads to e�ects like asymptotic
freedom and con�nement.
Asymptotic freedom appears at high energies, which corresponds to small interaction dis-
tances. In this regime the coupling constant for the strong interaction αs becomes low, which
allows a pertubative calculation of the interaction. The asymptotic freedom was con�rmed
experimentally by measurements of multi jet production in high energy e+ − e− annihilation
experiments [Bet07].
In the low energy region the coupling constant gets bigger and the e�ect of con�nement dom-
inates. Due to this e�ect the interaction strength becomes so large that quarks and gluons
can not be observed as free particles and produce colorless objects, called hadrons. These
can be separated into mesons, consisting of a quark/anti-quark pair, and baryons, which are
composed of three quarks. Due to the large coupling constant, pertubative calculations can
not be applied anymore in this energy regime. The di�erent phases of the nuclear matter can
be illustrated by the phase diagram of the nuclear matter (Figure 1.1). At low energies and
low baryonic density the quarks form hadrons. Due to the asymptotic freedom of the QCD,
at higher energies and densities, the coupling constant reduces, which leads to a transition to
a decon�ned phase - the Quark Gluon Plasma (QGP) - with freely moving quarks and gluons.
The transition to this QGP phase is predicted to happen at low baryonic densities in a
smooth cross-over - which has been con�rmed by Lattice QCD calculations [Dan01, FH11].
With increasing energies a critical point is predicted with a second order phase transition
followed by an transition region (yellow band) in which �rst order phase transition appears.
The production of this phase with a focus on the phase transition is currently explored at
RHIC [JM12, d'E09, A+05a, Esk95]. At LHC the properties of this QGP are explored, for
example by the modi�cation of the production of quarkonia states like J/Ψ [Sco13].

1



CHAPTER I. INTRODUCTION

Figure 1.1: Phase Diagram of nuclear matter [Nor98]. At low energies and low baryonic
densities the quarks form hadrons.The yellow band indicates the temperatures and densities
at which a �rst order phase transition from the hadronic phase to the quark gluon plasma
takes place. At the critical point the �rst order phase transition turns into a second order
phase transition, while at low densities and higher energies a crossover between the two phase
is predicted. The arrows indicate the regimes, which will be accessible by experiments at the
LHC, RHIC (red) and future experiment at FAIR (black).

1.1.2 Equation of State

The behaviour of the hadronic matter depending on the temperature and the density is
described by the equation of state (EoS). The equation of state is used to describe the energy
density of hadronic matter as a function of density and temperature. While the properties of
this matter are known for normal nuclear density (ρ0 = 0.16 fm−3), the behaviour especially
at higher densities is not settled. One experimental approach to investigate the behaviour at
higher densities are heavy ion reactions. The KaoS collaboration, for example, has measured
K+ yields in sub-threshold heavy-ion reactions (C + C and Au + Au at 0.8− 1.5 GeV per
nucleon). Via comparison of their data to transport model predictions, they could conclude
that the EoS of isopsin symmetric nuclear matter (approximately equal number of protons
and neutrons) is rather soft in the tested density region [STC+12] [Sie13].
Also further experiments like FOPI and HADES are investigating heavy ion reactions at
densities of 1-3ρ0 [A+05c, A+03, A+11]. A promising observable is the measurement of the
elliptic and direct �ow of protons and pions [DLL02].
The determination of the EoS for hadronic matter is very important for the understanding
of objects like neutron stars. Indeed, inside of such objects, high densities of nuclear matter
can appear and depending on the EoS of hadronic matter di�erent hypotheses about the
components of the inner core of neutron star can be validated. In Figure 1.2 a diagram
of neutron star mass versus the radius of the neutron star is shown. In this picture, the
predicted mass-radius relation from di�erent theoretical models, based on di�erent EoS, are

2



CHAPTER I. INTRODUCTION

Figure 1.2: Neutron star mass versus the radius. The di�erent lines represent di�erent theo-
retical predictions [DPR+10], like nucleonic matter (blue lines), nucleonic plus exotic matter
(pink lines) or strange quark matter (green lines) [LP01]. The horizontal bands are constraints
from measurements of neutron stars [DPR+10,JHB+05,CRL+08].

presented. The lines represent calculation of pure nucleonic matter (blue), nucleonic plus
strange matter (pink lines) or strange quark matter (green lines) [LP01]. The horizontal lines
show the results of some of the measured neutron star masses [DPR+10, JHB+05,CRL+08].
These measurements provide some very strict constraints to theoretical predictions for the
equation of state.
While these results seem to favour a sti� equation of state with pure nucleonic matter, it was
shown by theoretical calculations, that from certain energy densities the production of strange
hadrons, like Λ and K−, might be energetically favorable. Although those e�ects could lead
to a softening of the equation of state, they are not completely ruled out by the constraint of
neutron star mass measurements [SB08,WCSB12,RBW05].
This discrepancy between theoretical models, neutron star measurements and results form
heavy ion reactions is still an open question. Especially the production of strange matter, like
kaonic bound states, is a heavily discussed topic.

1.1.3 Chiral Symmetry and Hadron Masses

In the previous paragraph the behaviour of the hadronic matter under higher energy densities
was discussed. At high nuclear densities the properties of hadrons, like their masses, might
change due to chiral symmetry restoration.
To discuss this e�ect, �rst the origin of the hadron masses has to be explained.
One part of the hadron mass originates from the Higgs mechanism, which allows for example
to explain the masses of the gauge bosons W+, W− and Z0 and also the masses of the free
quarks [Daw94]. Only by summing up the free quark masses (mu≈ 2 MeV/c2,md ≈ 4 MeV/c2)
the total mass of the hadrons can not be explained (mp ≈ 930 MeV/c2). This observed mass

3
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Figure 1.3: Chiral condensate as a function of the baryon density ρ and the temperature
T. [Dah08]. The red indicated the position of nuclear matter of density ρ0. The red shaded
area mark the region which is accessible by experiments at SIS18 and SIS300 at moderate
temperatures and higher densities. The yellow area at low densities and high temperature is
accessible by SPS, RHIC and LHC experiments.

di�erence is generated by the spontaneous breaking of the QCD chiral symmetry in vacuum.
The QCD Lagrangian is characterized by a number of symmetries. The local SU(3)color sym-
metry and a global U(1) symmetry being responsible for the baryon number conservation are
exactly ful�lled [RW00] [Sie13]. Due to the �nite quark masses the symmetry of the QCD
Lagrangian is explicitly broken. In the chiral limit, with vanishing masses for the three light
quarks, the symmetry of the QCD can be translated into a SU(3)L × SU(3)R symmetry,
which is responsible for the conservation of the chirality1. By this Lagrangian a set of eight
degenerated massless ground states - called Goldstone bosons2 - is created.
Based on this chiral symmetry each particle should have a chiral partner, with the opposite
parity and the same mass. Experimental results have shown that the isopsin multiplets with
di�erent parity are not degenerated (see also [S+05]). For example, the chiral partner of the
ρ meson, the a1 meson, is almost two times heavier.
This e�ect can be explained by a spontaneous breaking of the chiral symmetry. This sponta-
neous breaking of chiral symmetry results in di�erent masses of chiral partners with opposite
parity. The order parameter quantifying the spontaneous chiral symmetry breaking is the

1chirality: (greek: handedness)
2Goldstone Bosons: (π− ,π+ ,π0,K+ ,K− ,K0,η,η′). The non-zero masses of the Goldstone boson can

be explained by the explicit symmetry breaking, which originates in the mass of the quark. The masses
of the bosons are given by the Gell-Mann-Oakes-Renner relation [Koc95]. For example in case of the pion
(mπ ≈140 MeV/c2):

m2
πf

2
π = −mu +md

2
〈0|uū+ dd̄ |0〉

with the bare quark mass mu,md and the pion decay constant fπ

4
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expectation value of the quark condensate 〈qq̄〉. In Figure 1.3 the quark condensate 〈qq̄〉 is
plotted as a function of the baryon density ρ and the temperature T. In the vacuum (ρ=0,
T=0) it has a non-zero value. With increasing density and temperature the quark conden-
sate decreases, which leads to a restoration of the chiral symmetry. As a consequence, this
e�ect leads to a modi�cation of the particle mass spectrum, embedded in the nuclear envi-
ronment [BR91].

1.2 Kaons in the Nuclear Medium

This work is focused on the study of kaon properties. Since kaons are Goldstone bosons,
their mass of ≈ 500 MeV/c2 originates from the explicit symmetry breaking of the QCD. In
vacuum two types of kaons exist. These are on the one hand kaons with a strangeness content
of S = −1 and on the other hand antikaons with a strangeness content of S = +1. Each
specie appears in two di�erent charged states with di�erent isospins. In the case of the kaon
these states are the K+ and the K0 and for the antikaon the K− and the K̄0.
In vacuum these particles are degenerated, since all of them are Goldstone bosons.
If these particles are located inside of the nuclear medium, this degeneration vanishes, which
leads to a di�erent behaviour of kaons and antikaons.
As already mentioned, the behaviour of hadrons cannot be described by perturbation theory
because of the large coupling constant αS . For that reason kaons are described within chiral
perturbation theory (χpT). In this theory the QCD Lagrangian is modi�ed to an e�ective,
non linear, chiral Lagrangian, with the the baryon octet and the pseudo scalar meson octet
as e�ective degrees of freedom [HOL+12,KN86,NK87].
By solving this e�ective Lagrangian [KL96, LJMR94, KSW95] one obtains the in-medium
energy of the kaon:

E(~k, ρN ) =

(
m2

K + ~k2 − ΣKN

f2
K

ρS

) 1
2

± 3

8

ρN
f2
K

, (1.1)

with the three-momentum of the kaon ~k, the nuclear density ρN = 〈N̄γ0N〉 and the scalar
density ρS = 〈N̄N〉. fK is the decay constant of the kaon. The third term in this equation
corresponds to the attractive scalar interaction due to the explicit chiral symmetry break-
ing [HOL+12]. This term depends on the kaon-nucleon sigma term ΣKN

3. The last term
originates from the repulsive vector interaction, while the upper/lower sign refers to the K/K̄,
respectively. This term - also called Weinberg-Tomozawa term - is responsible for the di�erent
behaviour of kaons and antikaons inside of the nuclear medium. While it is repulsive for kaons,
which results in an increasing e�ective energy with increasing density, this term is attractive
for antikaons, which results in a decreasing e�ective energy. In Figure 1.4 the e�ective energy
of K+ and K− is plotted versus the nuclear density. The yellow bands indicate the range
predicted by theory.
Based on this calculation, especially the modi�cation of the antikaon energy should have

enormous consequence for the equation of state. Motivated by the predicted dropping of the
antikaon mass within dense nuclear matter, it was predicted by [KN86,NK87] that kaon con-
densation should appear already at a density of 3ρ0. For higher densities the production of

3ΣKN = 1
2
(mq +ms

[
1
2

∂mN
∂mq

+ ∂mN
∂ms

]
. The Sigma term depends on the strangeness content of the nucleon.

For a strangeness content of 0.1-0.2 this value is 350 MeV < ΣKN < 405 MeV. Lattice calculations give a
value of ΣKN ≈ 450 MeV [FKOU95,DL95].
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Figure 1.4: E�ective energy of K+ and K− with increasing nuclear density. The yellow bands
refer to di�erent theoretical predictions [Stu01].

kaons via the process e−→K− +νe and n → p +K− would become energetically favourable
if the antikaon mass gets as small as the electron free energy and these processes should be
able to reduce the Fermi pressure inside of neutron stars. Since this process would also soften
the equation of state. it would contradict to some extend recent neutron star measurements,
as it was stated in in Paragraph 1.1.2.
This considerations show, that the in-medium behaviour of the (anti)kaons is still of funda-
mental importance for itself but also to address the description of astronomic dense object.
Experimentally, the situation for the K+ is rather settled. It has been con�rmed that kaons
feel a repulsive mean �eld potential of 20− 40 MeV at a normal nuclear density [B+97,A+10],
which is in agreement with the predictions from Equation 1.1 [Sie13].
For antikaons the situation is not so clear,unless there is some experimental evidence that
suggests an in-medium modi�cation for antikaons too, e.g. from the KaoS and FOPI collab-
oration [Her96, L+99, S+06], but the situation is far from being clear. The reasons for the
more di�cult description of the K− are manifold. On the one hand the K− can be pro-
duced via di�erent channels. While the production of the K+ is dominated by the channel
p+p→pK+Λ , the K− is not produced via one dominant channel. Especially in heavy ion
reactions at a collision energy below the NN production threshold the production via several
inelastic exchange channels is possible [RBW05,Lut04,Fuc06]. Furthermore, the production
via the decay of the Φ meson was found to be a non negligible contribution [A+09].
On the other hand the production of baryonic resonances in�uences the interaction between
K− and nucleons. Especially the existence of the resonances Λ(1405) and Σ(1385) has a strong
in�uence on the K− , which are located close below the K̄N thresholds. This resonances allow
the coupling between K̄-N and Σ/Λ -π .

Σ+ π ↔ Λ(1405) ↔ K̄ +N,

Λ + π ↔ Σ(1385) ↔ K̄ +N.

6
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Due to the existence of these resonances the description of the K− cannot be achieved within
the χPT. By the inclusion of self-consistent coupled channel calculations, the spectral func-
tion of the K− was determined by di�erent groups [RBW05, Lut04, HOL+12, RO00]. In

Figure 1.5: Antikaon spectral function obtained from a self-consistent coupled channel calcu-
lation [Lut04].

Figure 1.5 the antikaon spectral function calculated in [Lut04] is shown. In this spectrum
the functions for di�erent nuclear densities (ρ = 0, 0.5, 1, 2ρ0) and di�erent kaon momenta
(q=0 GeV/c,q=0.5 GeV/c) are plotted. At low densities the kaon at rest show a interesting
two peak structure, which washes out for higher densities. While the higher mass peak is
explained by dressed kaons, which are propagating freely through the nuclear medium, the
lower mass peak is associated to the formation of a Λ(1405) from the K− and a nucleon.
If the K− moves inside of the nuclear medium (q=0.5 GeV/c) it can be seen again like a quasi
particle, but still containing a large low mass tail.

1.3 The Role of the Λ(1405) Resonance

As it was stated, resonances play an important role in the description of the K− inside of the
nuclear medium.
Especially the Λ(1405) is connected to the antikaon-nucleon interaction being at least partially
considered as K−-p bound system. This particle with a mass of 1405.1 MeV/c2 and a width
of 50 MeV/c2 [B+12] is located between the K̄-N and the Σ-π threshold4. Due to this close
by thresholds the theoretical description of this state via chiral pertubative calculation fails
[OM01].
Theoretically this state is described by non-pertubative coupled channels techniques [BNW05,

4Ethr,Σπ=1.33 GeV/c2 Ethr,K̄N=1.43 GeV/c2

7
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KSW95,OR98,HW08]. In this framework the scattering of a meson-baryon system is described
by the self consistent Bethe-Salpeter-Equation:

Tij(
√
s) = Vij(

√
s) + Vil(

√
s)Gl(

√
s)Tlj(

√
s). (1.2)

This equation describes the scattering matrix Tij , which is connected to the di�erential cross
section via Fermi's golden rule. In the �rst term the scattering from channel i to channel j is
described, by the scattering potential Vij . In the second term the loop integrals are described
via the diagonal matrix Gl.

Tij Vij Vil

Gl

Tlj

i j

i j

Figure 1.6: Schematic illustration of the Bethe-Salpeter Equation (Equation 1.2)(upper pic-
ture). The total scattering Tij from channel i to channel j consists of direct scattering Vij

plus a scattering to an intermediate state l. The scattering from l to j is described again by
Tlj , which leads to an in�nite sum of loops (lower picture) [HW08].

The Bethe-Salpeter equation can be described schematically by the Feynman diagrams
shown in Figure 1.6. In this illustration the scattering from an initial state i to a �nal the j
via an in�nite sum of intermediate states l is calculated. In the Isospin channel I=0 it turns
out, that the dominant contribution is the coupling between the K̄-N and Σ-π channels. These
two states appear as two poles in the complex energy plane - shown in Figure 1.7. The real
part in this frame correspond to the energy of a pole, while the imaginary part is correlated
to the width. In this picture the pole around Re(z) ≈1420 MeV is associated with a narrow
K̄-N bound state, while the second pole z1 is seen as a broad resonance of π Σ. The di�erent
positions of the poles indicated by the red and blue crosses correspond to the single channel
(π Σ/K̄N only), double channel (2) and full channel (4) calculation. From these spectrum
the in�uence of channel coupling to the pole positions is visualized.
Due to this the Λ(1405) is on the hand strongly correlated to the K̄N interaction but on the
other hand it is di�cult to drawn direct conclusions on the strength of the K̄-N interaction
due to the coupling of the two channels. Furthermore, the Λ(1405) is only decaying into Σπ
pairs. Thus, the strength of the K̄N interaction can not be deduced directly from the Λ(1405)
spectral function.
Furthermore, di�erent experimental results indicates that the line shape of the Λ(1405) ap-
pears di�erently in π ,γ and kaon induced reactions [MS10, TEFK73, BGH+77, EFK+65].
Recent results on the Λ(1405) published by the HADES collaboration [ABB+13] have shown
that the Λ(1405) spectral function reconstructed by Σπ invariant mass exhibits a maximum
at 1385 MeV/c2, hence shifted with respect to the nominal peak position.

8
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Figure 1.7: Position of the poles of the two channels of the Λ(1405). The pole z1 is seen
as a broad resonance of π Σ, while z2 is associated with a narrow K̄-N bound state. The
di�erent positions for each pole indicate di�erent calculations, which are single channel (π
Σ/K̄N only), two channel (NK̄ and π Σ) (2) and full channel (all states in I=0 and I=1) (4)
calculations [HW08].
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total fit
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Σ(1385) p K+

Λ(1520) p K+

Σ π p K+
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Figure 1.8: Spectral functions of the Λ(1405) measured in γ induced reactions (left) [MS10]
and p induced reactions (right) [ABB+13]. In the left panel the spectral function for the three
decay channels are shown separately. In the right panel the sum of the two charged decay
channels is shown.

In Figure 1.8 the results obtained by the CLAS collaboration (a) and the HADES collab-
oration (b) are shown. The CLAS results show the Λ(1405) spectrum in the three possible
decay channels (Σ+π−,Σ0π0,Σ−π+) by di�erent colored dots. The HADES results show the
sum of the two possible charged decay channels. In these spectra a clear di�erence of the peak
position form the γ induced reactions (CLAS) and the p induced reactions (HADES) is visible.
These results could be seen as an indication that in di�erent reactions di�erent coupling to
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the two Λ(1405) poles appears and therefore the position of the Λ(1405) depends itself on the
initial reaction. Another interpretation of this shifted peak position of the Λ(1405) takes into
account the inference of the two poles of the Λ(1405) with the background channels [SF13].
Furthermore, a di�erence in the three di�erent decay channels in the CLAS data is visible,
which originates in the di�erent Isospin compositions of the decay channels [NOTR99].
These results show, that an extraction of the K̄-N interaction from the spectral function of
the Λ(1405) requires a well understood description of the coupling of the channels.

1.4 Kaonic bound states

During the last decade another possibility for the determination of the K̄-N potential was
focused in the works of Akaishi and Yamazaki. Already in the last century the existence
of kaonic clusters was predicted by some works [Nog63,Wyc86]. Triggered by the success-
ful observation of a bound state of π− mesons inside of 207Pb [YHI+96, IOH+00,GGK+00]
and 205Pb [GGG+02], which were extended also to searches for bound states of ω and η
in light nuclei, Akaishi and Yamazaki considered also the existence of nuclear bound states
of K̄ mesons, with binding energies in the order of ≈ 100 MeV and with a small width of
20− 40 MeV [AY02].
The lightest of the predicted bound states is the so called ppK− state. Based on the assump-
tion that the Λ(1405) consists partially of K̄-N bound state, also a state with an additional
proton was predicted to be bound. In this picture the Λ(1405) is predicted to serve as a
doorway for the production of the ppK− . A binding energy of B=48 MeV and a width of

Figure 1.9: Structure and dimensions of the Λ(1405) (left) and of the ppK− state (right),
predicted in [AY02].

Γ=61 MeV was evaluated for this state within the �rst phenomenological calculation [AY02].
A schematic representation of the structure of the K− -p and ppK− states is shown in Fig-
ure 1.9. In this picture also the calculated r.m.s. (root mean square) radii of the K− is shown,
as well as the mean distance between the two protons. This radius was predicted to reduce
signi�cantly to 1.90 fm in comparison to the p-n system in the deuteron (d=3.90 fm). Due to
this small radius the kaon the estimated density reached by the kaonic bound systems is very
high (up to ≈ 5 ρ0) and if this hypothesis would hold, this would have strong consequences
of the EoS at high densities [AY02].
The results of Akaishi and Yamazaki, normally referred as AY-Ansatz, were criticised by other
groups. In [SGMR07] the authors claimed, that the ppK− has to be treated as K̄NN state,
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Calculation Reference BppK− (MeV) Γ (MeV)

Three-body Faddeev [SGM07,SGMR07] ≈50-70 ≈100
AMD [DW07] <53

Optical Potential [Wyc86] 100 20
Phenomenological Potential [YA02] 48 61
Three-body Calculation [BGL12] 16 40
Variational Calculation [DHW08] 19±3 40-70
Variational Calculation [DHW09] 20±3 40-70
Coupled-channel Faddeev [IS07] 44-67 43-50
Variational Calculation [WG09] 40-80 ≈ 75

Table 1.1: List of di�erent theoretical predictions for the binding energy and the width Γ of
the ppK− .

with a total isospin of I=1 in the N-N system5. In their calculation the authors of [SGMR07]
obtained a coupling of the K̄NN state with the πΣN system - similar like in the calculations
of the Λ(1405). Nevertheless, they obtained a binding energy for the K̄NN of BppK− ≈
50− 70 MeV and a width of Γ ≈ 100 MeV.
Another criticism to the AY-Ansatz resides in the fact that their approach is a purely phe-
nomenological approach, which interprets the Λ(1405) as an almost pure K−p bound state
with a negligible contribution of the πΣ resonance [HW08]. In the AY-Ansatz the binding
energy of the K̄-N is determined to be 27 MeV, while in the chiral SU(3)-Ansatz in [HW08]
this value is calculated to be 12 MeV.
In [DW07] a calculation based on this chiral SU(3) K̄-N interaction and a realistic N-N in-
teraction was performed using the Antisymmetrized Molecular Dynamics (AMD) method.
In this calculation a maximal binding energy of the ppK− system of BppK− =53 MeV was
obtained.
In Table 1.1 further results of theoretical predictions are listed additionally to already men-
tioned calculations. This list shows that the situation is not clear at all, being the expected
width and binding energy is distributed within a rather broad range. Nevertheless the exis-
tence of the ppK− state is predicted within all these methods.
Like the theoretical predictions, the results obtained from di�erent experiments through the
last decades also do not show a clear picture.
Experimentally the ppK− can be accessed via its decay into proton-Λ. Since the main
decay channel of the Λ goes into p and π− , no measurement of neutral particles is re-
quired [IKMW05].
In 2005 the Finuda collaboration published results obtained from K− absorption data, mea-
sured at the DAΦNE e+e− collider. At this collider Φ particles are produced, which decay
into K+ -K− pairs. The produced K− interact with di�erent targets like 6Li, 7Li and 12C
and are absorbed. In the �nal state the Λ and p particles were selected, which are emitted
with a relative angle of ≈180◦. In Figure 1.10 the invariant mass spectrum of p and Λ after
background subtraction is plotted. In the small inlet picture the acceptance corrected spec-
trum is shown.

5This state of K̄NN state is not a pure ppK−. It could also be a state of pnK̄0, which has the same
quantum numbers. However, this state is also often called ppK− in literature
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From this spectrum they extracted a binding energy of B = 115+6
−5(stat)

+3
−4(syst) and a width

of Γ = 67+14
−11(stat)

+2
−3(syst) [A

+05b].
While this structure was interpreted in [A+05b] to give a clear evidence for the ppK−,

Figure 1.10: Invariant mass (p,Λ) spectrum measured by the FINUDA collaboration in K−

induced reaction [A+05b].

a di�erent interpretation was given by [MORT06]. In their calculation they explained the
observed structure as originating from the reaction K− p N → Λ N followed by a further
interaction of the Λ and N in the nucleus. The authors of this article also pointed out, that
the presence of the absorbing nucleus may complicate the interpretation. For this reason, the
authors of [MORT06] claimed the need for the investigation of p+p →p K+ Λ reactions.
Experimental results from proton proton reactions were published by the DISTO collabora-
tion. In this experiment proton proton reactions at a beam energy of Ebeam = 2.85 GeV with
the �nal state p K+ Λ was measured. In this exclusive measurement the experimental results
were compared to phase-space simulations of the underlying reaction pp→pK+Λ . This com-
parison shows a signi�cant discrepancy in the invariant mass and missing mass distributions
between simulations and experimental data. This discrepancy appears in events containing a
proton, which is emitted under large polar angles. In Figure 1.11 the deviation spectrum of
invariant mass spectrum of Λ and p is shown for these events. This deviation spectrum show
the division of the experimental data by pK+Λ phase space simulations. In this spectrum a
clear Gaussian shaped structure can be seen, which was interpreted as the signal of a ppK−

with the binding energy of B=105±2 MeV and a width Γ=118±8 GeV [Y+08]. This peak
structure was just visible in the so called large angle proton region. For protons emitted under
small polar angles no evident signal is visible.
This di�erent signatures were interpreted as a dominant production of the ppK− in reactions
with a large momentum transfer [Y+08].
This dominant production of the kaonic bound states was already postulated in [YA07]. In this
work the formation of a ppK− in p+p reactions was investigated theoretically and compared
to the production via a transfer reaction, e.g. K− absorption reactions. In this calculation
the Λ(1405) - stated as Λ* - played a major role in the production of the ppK−.
In contrast to transfer reactions, in formation reactions the proton and the Λ* are created in
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Figure 1.11: Invariant mass (p,Λ) measured by the DISTO collaboration in the reaction p+p
→p K+ Λ. The spectrum is presented for events containing a proton, which is emitted under
large polar angles [Y+08].

reactions with large momentum transfer. Due to this the phase space of the Λ* and the proton
overlaps, which would increase the probability for them to build the ppK− . In Figure 1.12
the results for the calculation from [YA07] are shown. On the left side the Feynman diagram
of the production is shown. In the right spectrum the di�erential cross section as a function
of the mass is plotted. From the calculation a clear dominance of the production of the bound
state compared to the quasi free production is predicted. This distribution depends on the
radius of the ppK− (indicated by di�erent coloured curves). A denser system is correlated
with a higher production probability.
The interpretation of the DISTO data has been criticized on the hand by theoretical groups,
due to the lack of a theoretical prediction, which could reproduce a binding energy of B=105
MeV. In an early calculation of [Wyc86] such binding energies are not ruled out, but it was
also predicted, that for such binding energies the width should be signi�cantly lower, due to
the energetically closed decay channel ppK− →πΣp.
On the other hand also the experimental analysis method is questionable. For the description
of the background in the analysis a pure phase space distribution was used. In this model
no �nal state interaction between the particles was implemented and also no intermediate
resonances were considered in the production process. Since it was already shown by the
COSY-TOF collaboration [AB+10,AES+10] that both could have major impact on the �nal
state distribution, the question arises, if the shape of the assumed background is correct.
Recent results obtained by the LEPS experiment, show a quite di�erent result on the ppK−.
In this experiment the γ induced reaction γ+d →K+ + π− + X was investigated at an energy
range Egamma =1.5-2.4 GeV. In this experiment, the LEPS collaboration did not investigate
the ppK− via its decay into Λ and p, but they looked to the missing mass spectrum of the
K+ and π−.
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Figure 1.12: Production of the ppK− in formation reactions. The Λ* serves as doorway to
the production of the ppK− (left). Due to the high momentum transfer, the production of
the ppK− bound state is dominant against the quasi free production of Λ* p, especially for
small radii of the ppK− [YA07].

Figure 1.13: The missing mass (K− ,π− ) spectrum measured at the LEPS experiment. The
region in which the ppK− signal is expected is marked (left). The right panel shows the upper
limit at a CL of 95% for di�erent values of the ppK− width [T+14].

In Figure 1.13 (left) the resulting missing mass spectrum is shown. In the expected region
no peak structure is visible. The dotted line correspond to the background from the reaction
γn→Λ K− π− , γp→Σ+K+ π−, γn→Λ K+ π− π0 and γp→Σ(1385)+K+ π−. Since no
signal is visible, an upper limit was determined for possible binding energies from 10 MeV to
150 MeV and widths of 20 MeV, 60 MeV and 100 MeV, respectively. The ppK− signal was
added to the background cocktail via a Breit-Wigner distribution. The upper limit of the
production cross section within the detector acceptance at a con�dence level of 95% versus
the peak mass of the assumed ppK− is shown in Figure 1.13 (right panel). The upper limits
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for the width Γ=20, 60, 100 MeVare (0.07-0.2),(0.1-0.6) and (0.2-0.7) µb,respectively.
Most recently the HADES experiment analysed the exclusive reaction p+p→p K+ Λ. In
their analysis also no direct indication for the existence of the ppK− could be found, but the
experimental data could be reproduced with known sources, like the direct pK+Λ production
and the production via intermediate N∗ resonances. In contrast to the LEPS experiment they
used a Partial Wave Analysis framework for the analysis. In this analysis a coherent sum of
all sources is build, which takes also interference e�ects into account. In this experiment also
an upper limit for the production of the ppK− of ≈ 4 µb has been extracted [Epp14].
From all these result no clear picture about the existence of ppK− can be drawn.
The ppK− was predicted by several theoretical calculations, but with di�erent width and
binding energies. Also the existences of such a state cannot be completely ruled out from
experimental results. For that reason, this work shall contribute to this open question with an
exclusive measurement realized at the FOPI spectrometer located at GSI. In this experiment
the reaction p+p→pK+Λ is investigated.
In the experiment at the FOPI spectrometer a beam energy of 3.1 GeV was chosen to cover
the energy range between DISTO (2.85 GeV) and the HADES results (3.5 GeV).

1.5 pK+Λ

The study of the ppK− in proton proton reactions is performed by the analysis of the �nal
state pK+Λ. In order to observe a possible signal, the mechanism of the reaction p+p→pK+Λ
has to be understood properly.
The production mechanism can be described by the one boson exchange model (OBE). In
this model it is assumed, that the initial protons exchange a virtual meson like a K or a π. In
Figure 1.14 the di�erent Feynman diagrams are shown, representing the so-called t-channel
exchange [FS67].
In the case of the �nal state pK+Λ four reactions might contribute to the production

(a) (b) (c) (d)

Figure 1.14: Feynman diagrams of the production of pK+Λ according the one boson exchange
model [Sie13].

mechanism. In panel (a) and (b) the direct production is shown, which can be realized by
the exchange of a strange or a non-strange boson. In diagram (c) and (d) the production of
an intermediate resonance is presented. In (c) the production of a N∗, which decays into a Λ
and a proton. In the OBE the ppK− can be produced via the exchange of a strange virtual
boson (Figure 1.14 (d)). Within this picture the contribution by N∗ plays an important role
since for the vertex B πp→K+ Λ the cross section for the production of an intermediate N∗
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is rather high [AB+10,SPM01].
From experimental results by the COSY-TOF collaboration this signi�cant contribution

Figure 1.15: Contribution of N∗(1650) and N∗(1710)/N∗(1720) to the production of pK+Λ.

of intermediate N∗ has been veri�ed. The exclusive reaction p+p→pK+Λ was investigated
for di�erent beam energies between 1.5 GeV and 2.8 GeV and the relative contribution of
the di�erent resonances could be extracted. By comparing the di�erent resonance strengths
at various beam energies, an energy dependence of the single N∗ contribution strengths can
be deduced. This dependence is shown in Figure 1.15. The red diamonds represent the
N∗ (1650) strengths, the combined strengths of N∗(1710) and N∗(1720) are shown by the
blue squares. The dashed curves indicate the �ts to the data points and the colored bands
visualize the three error bands of the �ts to the contribution strengths [AES+10]. In this plot
the decreasing contribution of the N∗(1650) is clearly visible [AES+10]. Extrapolating these
results to beam energies of the FOPI experiment one would expected a stronger contribution of
N∗(1710)/N∗(1720). Also a contribution of N∗ resonances like N∗(1900) would be expected,
due to the higher available energy. Also in the HADES experiment a signi�cant contribution
of higher mass N∗ resonance was found [Epp14].
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Chapter II

The FOPI-Detector and the SiΛViO
Upgrade

The FOPI detector was build at the end of the 1980's at the �Helmholzzentrum für Schwe-
rionenforschung� with the goal to measure the properties of compressed matter in heavy ion
reaction. This �xed target spectrometer is very well suited for heavy ion reaction experiments,
since the SIS18 accelerator is capable to accelerate proton up to 4 GeVand heavy ion particle
up to 2AGeV(see Section 2.1) the design of the spectrometer was realized in a way to cover
a solid angle of almost 4π (as indicated by the name FOur Pi).
The FOPI detector - shown in Figure 2.1 - can be divided in two di�erent subsystem, which
are the forward and the backward system1. The two hemispheres are covered by di�erent
sub detectors, which will be explained in the following chapter. The backward hemisphere is
covered by the Central Drift Chamber CDC (2.4), which is surrounded by two time-of-�ight
detectors, the Plastic Barrel (2.8) and the resistive Plate chamber (2.9). The forward hemi-
sphere consists of the drift chamber Helitron (2.5) and a scintillator wall (2.6). Additionally
to the standard FOPI detector setting a further detector was build, which should improve the
tracker and trigger capabilities of the spectrometer (2.10).
The whole system besides the Plastic Wall is surrounded by a super conducting magnet, which
creates a solenoid magnetic �eld of 0.3 T.
The FOPI spectrometer is show in Figure 2.1. In the upstream direction of the FOPI spec-
trometer two additional beam detectors were located. These detectors - not shown in Fig-
ure 2.1 - were build for start time determination and trigger creation (2.3)

2.1 The Proton Beam

For the proton-proton experiment a proton beam with an energy of at least 3.0 GeVwith high
intensities is needed. The accelerator system at the GSI, consisting of the linear accelerator
LINAC and the SIS18, is very well suited for these requirements.
The protons are extracted by an ion source and accelerated up to an energy of 11.4 MeVby
the linear accelerator UNILAC [Gro13a]. This particle beam with intensities of 107 protons
per bunch is injected to the SIS18 synchrotron, with an injection time of 130µs, where the
particle bunches are further accelerated up to an energy of 3.1 GeV. The particle bunches

1The forward/backward hemisphere measured mainly particle, which are emitted in the forward/backward
direction in the center of mass frame of the �xed target reaction.
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Figure 2.1: Schematic View of the FOPI Spectrometer. The backward hemisphere consisting
of the Central Drift Chamber CDC (yellow), which is surrounded by two di�erent time-of-
�ight detectors, the Plastic Barrel (blue) and the resistive Plate chamber (turquoise).The
forward hemisphere consists of the drift chamber Helitron (dark yellow) and a scintillator
wall (blue). The whole system is surrounded by a super conducting magnetic (red)

are extracted from the synchrotron to a beam line, which guides the beam to the FOPI
spectrometer. Along the beam line a fraction of the particles gets lost. The �nal beam
intensity at the target is around 106 - 107 particle per bunch. The total time (≈10 s) of
injection, acceleration and extraction is called spill.

2.2 The Proton Target

For this experiment a liquid hydrogen target was used. A cell made of Kapton, located at
the end of the beam pipe (see Figure 2.2), was connected by pipes with a reservoir of liquid
Hydrogen - lique�ed by a cryogenic cooler.
The target cell had a cylindrical shape with a radius of 2 cm and a length of 1.5 cm, stabilized
by two small aluminum rings at the front of the cell. Due to the higher pressure inside the
cell, the actual length of the target cell was around 2 cm.
The resulting interaction probability of the beam protons with an energy of 3.1 GeV with the
target structure was 0.004 % for the Kapton foil and 0.372 % for the liquid hydrogen.
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2.3 Beam detectors

2.3.1 Start Detector

The start detector provides the reference time for the multi wire chamber(see Paragraph 2.4.1)
and the start time for the time of �ight detectors (Section 2.6). Additionally, the signal is
used for the trigger creation (Section 2.11).
This detector - used in the proton beam experiment - was located 2 m upstream of the target.
To cope with beam intensities up to 107 protons/s, focused on a beam spot of about 6mm
diameter, the readout was realized on both sides with booster photo multipliers2, which are
working at rates up to several MHz. Since the magnetic �eld inside FOPI at the position
of the start detector is still in the order of 60 mT the photo multipliers were shielded with
iron tubes. The intrinsic time resolution of this detector was about 130 ps at a hit rate of
2 106Hz [BHS+09] [MBF+14].

Figure 2.2: Cross section of the beam pipe containing the veto detector and the hydrogen
target. After the beam pipe the trigger and tracking detector SiΛViO (2.10) is located. [Ber09]

2.3.2 Halo and Veto Detector

In the measurement of particle reactions it is necessary to discard reactions, which took place
before the target. To suppress such events two detectors - HALO and VETO detector - were
installed before the target. Their signal was used as a trigger veto.
The HALO detector consists of two scintillator paddles positioned 1.5 m in front of the target
around the beam pipe.
The Veto detector is positioned 5 cm in front of the target inside the beam pipe. Figure 2.2
show the cross section of the beam pipe containing the veto detector. This detector consists
of two 5 mm thick scintillators which were read out on one side only by �ne-mesh PMTs

2Hamamatsu H6524-01MOD with modi�ed booster lines.
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3. The two scintillators are rotated by 90◦ with respect to each other and were split into
two segments each, to facilitate the installation. Both detectors have an inner hole of 1 cm
diameter to enable the passage of the beam and were positioned around 10 cm before the target
edge. The e�ciency of this detector was evaluated to be above 98% [BHS+09] [MBF+14].

2.4 The Central Drift chamber (CDC)

Figure 2.3: Schematic View of the Central Drift Chamber. The �eld wires - indicated by the
black lines - are spanned in parallel to the beam direction in the middle of the sectors (green
lines). The sense wires (red) are spanned in parallel to the beam axis but are tilted against
the �eld wires.

The particle tracking in the backward region of FOPI is done by the the Central Drift
Chamber (CDC). It is a conical shaped Multi Wire Drift Chamber divided into 16 sectors.
The inner diameter and length are 30 cm and 80 cm, respectively. The outer diameter and
length are 174 cm and 1.8 m, respectively. (see Figure 2.4 (left)).
The sectors of the CDC, which divide the chamber in the x-y-plane (see Figure 2.4 (right)),
are separated by 252 cathode wires. Each sectors contains 61 �eld wires (diameter 125 µm)
and 60 sense wires (diameter 20 µm). All wires are parallel to the beam axis. The sense wire
planes of each sector are tilted by 8◦ against the sector boarders to avoid left-right ambiguities.
The used drift gas is a mixture of 88 % Argon, 10 % Isobutane and 2 % Methane, which leads
to a nearly homogeneous, drift-�eld independent drift velocity of 4 cm/ns.
A voltage of −15 kV is applied to the cathode wires, which generates a drift �eld of around

3Hamamatsu H6152-01B with modi�ed booster lines
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800 V/cm. In order to provide an electric �eld with a 1/r dependence at the position of the
sense wires, a voltage of -1275 V is applied to the �eld wires.
The sense wires of the CDC are read out by Flash ADCs, which are able to provide an energy
and a timing signal.

Figure 2.4: Cross section of the Central Drift Chamber in the x-z-planes, together with
the position of the target (red dot) positioned on the beam axis (left schema). The right
schema shows the cross section in the x-y-plane together with the �eld, sense and potential
wires [Ben07].

2.4.1 Track Reconstruction in the Central Drift Chambers

The �rst step of the track identi�cation in the CDC is the reconstruction of hit points. Par-
ticles, which are traversing the drift gas, are loosing energy and are producing electrons by
gas ionization. These electrons are drifting along the electric �eld to the sense wires. Close to
the sense wire the increasing electric �eld causes an avalanche e�ect of the primary electrons
increasing the total charge arriving at the sense wires.
The distance from the primary ionization position depends on the drift time tDrift, the drift
velocity vD (see Equation 2.1) and the Lorentz angle αL. Since the drift volume of the Central
Drift Chamber is positioned completely inside the homogeneous solenoid magnetic �eld, the
drifting electrons are also e�ected by the Lorentz force. Due to this, the drift path does not
follow the electric �eld lines, but is tilted by the Lorentz angle αL, according to Equation 2.2:
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Figure 2.5: Illustration of the �eld con�guration along the �eld wires of the CDC [Mer04].

vD =

(
eEτ

2me

)(√
1 +

eBτ

me

)−1

, (2.1)

αL = arctan

(
eBτ

me

)
, (2.2)

where:

me : Electron mass

e : Electron charge

τ : Mean time between two collisions

B : Magnetic �eld strength

E : Electric �eld strength

The hit position in the x,y-plane can be determined by Equation 2.3:(
xhit
yhit

)
=

(
xwire

ywire

)
±
(

cos(αL)
sin(αL)

)
· vD(t− twire − t0), (2.3)

where (xWire, yWire) is the position of the sense wire in the x-y plane at which the charge was
collected, t is the drift time of the electrons to the sense wire, tWire is the wire dependent

22



CHAPTER II. THE FOPI-DETECTOR AND THE SIΛVIO UPGRADE

time o�set4 and t0 is the absolute time o�set, which is provided by the start detector (see
Paragraph 2.3.1).
To determine the calibration parameter (t0, αL, vD) a self-consistent procedure is applied using
high momentum tracks, which are crossing a sector border of the CDC. Figure 2.6 shows a
reconstructed hit in the CDC with a wrong (a) and a correct (b) drift velocity calibration.
With the wrong calibration one can see a mismatch between the two track segments in the
separate sector. [Ben07]
Additionally to the hit position in the x-y-plane the z component of the hit point is measured.

(a) (b)

Figure 2.6: (a) Event with wrong Lorentz angle. The lower track is broken in two parts in
the sector border. (b) The same event with the proper Lorentz angle.

The z position is obtained by a charge division method [Pin95, FHR73]. The ratio of the
charges collected on the left (upstream) and right (downstream) end of a wire is proportional
to the ratio of the relative distances where the avalanche occurred and is given by the formula:

QL

QR
=

z

L− z
, (2.4)

where QL and QR are the collected charges on the left-hand and right-hand side. z is the
position along the sense wire with the length L. The total charge is related to the numbers
AL and AR, measured by the Flash ADC modules, multiplied by the gain factors gL and gR
as follows:

AL/R = gL/RQL/R. (2.5)

The z position of the hit is determined by the following formula:

zthit = z0 +
leff
2

QR −QL

QR +QL
, (2.6)

with the geometrical position in the z-direction of the wire z0 and the e�ective length of
the sense wire le�. The e�ective length of the sense wire is de�ned by the resistance of the

4The wire dependent o�set is correction for the di�erent readout time of wires with a di�erent length
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preampli�er R0 and the sense wire resistance RW :

le� = l0

(
1 +

2R0

RW

)
. (2.7)

2.4.2 Momentum Measurement with the CDC

The Central Drift Chamber is located inside of a solenoid magnetic �eld. The trajectories of
charge particles traveling through the chambers are helices.
To determine the momentum, the curvature of the particle trajectory has to be measured.
This is done by reconstructing the position of the hits in the x-y-plane belonging to a track.
The transverse and the absolute momentum is calculated with the following equations:

pt [GeV/c] = 0, 3 · |Z[e]| ·B[T ] ·R[m], (2.8)

p [GeV/c] =
pt

sinΘ
, (2.9)

where

B : Magnetic �eld in Tesla

Z : Charge of particle in units of e

R : Radius of the Particle Track

Θ : Polar angle of the Particle

Additional to the hit point of the particle, the energy loss of the particle is measured. Since
the energy loss of a particle is independent from its mass, it can be used together with the
measured momentum to identify di�erent particles. Figure 2.4.3 shows the energy loss of a
particle versus its momentum. The blue lines show the nominal lines corresponding to the
Bethe-Bloch, calculated for given particles.

dE

dx
= − 4πnz2

mec2β2
·
(

e2

4πε0

)2

·
[
ln

(
2mec

2β2

I · (1− β2)

)
− β2

]
. (2.10)

z : Charge of Particle

n : Electron density of the Medium

me : Mass of Electron

I : Excitation Energy of the the Material

2.4.3 Energy-Loss Calibration

The total energy loss of the particle traversing the active volume of the CDC is proportional
of the collected charge in each drift cell. The total energy loss for a hit is given by

∆E = f

(
AR +

gR
gL

AL

)
, (2.11)
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Figure 2.7: Energy loss versus momentum measured in the CDC. The blue lines correspond
to the nominal energy loss calculated by the Bethe-Bloch formula.

where f is a factor which takes into account the gas gain and the ampli�cation factors of the
preampli�ers at both ends of each wire.
The energy loss per unit path length for each track is calculated by

dE

dx
= f

(
AR +

gR
gL

AL

)
sin(Θ)

∆rxy
, (2.12)

where ∆rxy is the length of the track in the (x,y)-plane and Θ is the polar angle of the track.

2.5 The forward drift chamber (Helitron)

The Helitron is the drift chamber, which covers the forward hemisphere of the FOPI spectro-
meter. It consists of 24 sectors covering the polar angles from 4.5◦ up to 27◦ [Mue08] in the
full 2π azimuthal angle. Each sector of the Helitron has 53 sense wires (diameter 50 µm) and
53 potential wires (diameter 125 µm), that are positioned orthogonal to the beam axis.
The gas mixtures consists of Ar, Isobutane and Methane in the ratio 88:2:10. The drift
potential is at −12.3 kV. The resulting electric �eld is around 750 V/cm [Har03].

2.5.1 Track Measurement with the Helitron

Hit point measurement

Particles which are passing the Helitron are creating electrons, which are drifting to the sense
wires. In the electric �eld the electrons are producing avalanches and the charges are collected
by the sense wires. Due to the presence of the magnetic �eld the trajectories of the electrons
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Figure 2.8: Schematic view of Helitron. The wires of the Helitron are spanned in orthogonal
direction to the beam axis (indicated by the black lines).

are tilted against the electric �eld lines by the Lorentz angle αL. Figure 2.9 shows a schematic
view of a sector. The hit position in the sector coordinate system is determined y Equa-
tion 2.13.

Figure 2.9: Schematic View of a Helitron
sector. The hit point is measured by the
drift time component xDZ , yDZ and the
charge sharing component yLT [Ple99].

x = xDZ , y = yDZ+yLT , z = zWire (2.13)

xDZ and yDZ are obtained by the drift time mea-
surement of the electrons.

xDZ = tvDrift cos(αL), (2.14)

xDZ = tvDrift sin(αL), (2.15)

where yLT is determined by the charge division
along the sense wire (Equation 2.16).

yLT =

(
1− qi

qo

1 + qi
qo

)
leff . (2.16)

The e�ective length can be calculated by the
impedance of the preampli�er RV , the length of
the wire l and the wire resistance R.

le� =
l

2

(
1 +

2RV

R

)
(2.17)

The z-position of the hit is obtained by the z-position of the corresponding sense wire. For
the pattern recognition in the Helitron a global Hough-transformation algorithm is used. The
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angular di�erence of a hit in the middle of the Helitron to the remaining hits is plotted in a
histogram. Hits, which belong to the same track, are represented by cluster points.

Track Identi�cation

Figure 2.10: Creation of mirror hits in a
Helitron sector [Ple99]. Due to the mag-
netic �eld the mirror axis of each point is
tilted be the Lorentz angle αL.

After the corresponding hits have been selected,
the position with respect to the sense wire plane
has to be determined. From the measurement of
the drift time only the distance to the sense wire
can be determined. This e�ect leads to mirror
tracks as it is illustrated in Figure 2.10.
To identify the correct track one uses the stag-
gering. The sense wires are displaced by 200 µm
from the center of the sector alternating left and
right. The value for the displacement is calcu-
lated for each event. At �rst, a polynomial func-
tion is �tted through the drift time coordinates of
one track. From the di�erence of the �tted to the
measured drift time one obtains the displacement
of the wire. The sign of that di�erence is related
to the side of the wire plane [Ple99].

2.5.2 Momentum Measurement

Particles, which are traveling through the Helitron are moving - constrained by the Lorentz
force - on circular trajectories in the x-y plane. The transverse momentum over the charge is
given by the formula:

pT
q

= rBz, (2.18)

with the longitudinal magnetic �eld Bz and the radius r. With a dedicated algorithm using
normalized cubic B-spline one can calculated from the z-dependence of the x and y coordinates
and their �rst and second derivative the p

q ratio for a given particle track. The procedure is
described in Appendix B.

2.6 The Plastic Wall

The Plastic Wall is a time of �ight wall, which covers polar angles from 4.5◦ till 28◦ with
a full 2π azimuthal acceptance. It consists of 512 scintillator strips, which are arranged in
48 radial sectors [Goe95]. These are 1.8 cm thick and 2.4 cm wide. The length ranges from
45 cm to 165 cm. The strips are read out from both sides by photo multipliers. Hence every
plastic scintillator provides a time signals tL,R and two amplitudes, which correspond to the
energy loss EL,R.
From those quantities the time-of-�ight can be determined with Equation 2.19.

ttof =
1

2
(tl + tr)) + tconst., (2.19)
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Figure 2.11: Schematic view of Plastic Wall (light blue) with Zero Degree counter (dark blue).

where tconst is the reference time, which is provided by the start detector (see Paragraph 2.3.1).
The position of the hit along the bar is calculated on the one hand by the time information
Equation 2.20 using the speed of light in the scintillator material cpad, the energy information
Equation 2.21 and the wave length λ:

xt =
cpad
2

(tL − tR) , (2.20)

xe =
λ

2
ln

(
EL

ER

)
cpad. (2.21)

The time of �ight resolution of the start detector-PLAWA System was about 400 ps [Lei11].
The position resolution is about 1.2 cm to 2.0 cm [Rit95].

2.7 The Zero Degree Detector

At low polar angles the Plastic Wall is completed by the Zero Degree Detector. It consists of
252 pie like plastic scintillators, which are arranged in seven concentric circles (Figure 2.11).
The polar acceptance ranges from 0.1◦ to 4.5◦. The scintillator modules are read out at one
side. In the proton experiment the signal of the zero degree detectors is used only for trigger
purposes (see Section 2.11).

2.8 The Scintillator Barrel

At polar angles from 50◦ up to 117◦ the Central Drift Chamber (see Section 2.4) is surrounded
by the plastic barrel with an azimuthal coverage of around 85%.
The barrel consists of 180 plastic scintillator strips, each with a rectangular cross section of
4x3 cm2 and a length of 150 cm. The light produced in a strip is collected by PMTs on each
side [Ben07]. Combined with the signal from the start detector (see Paragraph 2.3.1) the
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barrel delivers the �ight time of the particle. Additionally the plastic scintillators, whose z
component is de�ned by the time di�erence between the two photo multipliers, record the hit
position [Ryu09]. The position resolution is about 7 cm [Ben07].
In the proton-proton experiment the time resolution of the Plastic Barrel was around 400 ps
[Her12].

2.9 The Resistive Plate Chamber (RPC) Barrel

The polar region of the Central Drift Chamber, which is not covered by the plastic barrel - from
27◦ to 50◦ - is covered by the Restive Plate Chamber Barrel. This consists of 32 so called super
modules, each equipped with 5 Multi-strip Multi-gap Resistive Plate Chambers (MMRPC).

Figure 2.12: Schematic view of a single
gap RPC. Only the ionization which oc-
curs in the gray area produces enough
avalanche charge to produce a readable
signal (red)

Figure 2.13: Schematic view of a multi-gap
RPC. The size of the primary ionization
zone is decreased in each gap.

The detectors are positioned with an overlap such
to maximize the coverage [KCD+11].
The RPC detectors consist of a gas volume en-
closed within two layers of high-ohmic material
(e.g. glass), coated with copper on the outside
(see Figure 2.12 (a)). Due to the high bias volt-
age - applied to the chamber - produced elec-
trons travel through the chamber to the anode,
where an avalanche formation takes place. Only
primary ionisation, which happens next to the
cathode, is creating an avalanche, which is high
enough to generate a detectable signal on the an-
ode. Due to this small region of ionization and
the very high drift velocity, the RPCs are able
to generate timing signals with very good resolu-
tion.
The resistive plate chambers used in the FOPI
spectrometer are advancements of those single
gap RPCs (see Figure 2.13). These have a seg-
mented anode (multi strip), which allows an in-
creased azimuthal resolution. The gas volume is
divided into three sub volumes (multi-gap), which
reduces the volume of the detectable primary ion-
ization, followed by an increased time resolution.
The intrinsic time resolution of the MMRPC de-
tectors is around 65 ps [KCD+11]. At the proton-
proton experiment this lead to a total time of
�ight resolution of around 180ps [Her12]. The
FOPI MMRPCs are �lled with a gas mixture of
R134a, SF6 and Isobutane with the ratio 80:15:5.
A voltage di�erence of 9.6 kV - applied to the two
electrodes - produces an electric �eld of around

110 kV/cm. The strips on the MMRPC are read out on both ends, which allow to determine
the z position of the particle hit.

29



CHAPTER II. THE FOPI-DETECTOR AND THE SIΛVIO UPGRADE

2.10 The Lambda Trigger and Tracker (SiΛViO)

For the proton-proton experiment an additional detector was build, the Λ-Trigger SiΛViO
(Silicon for Λ -Vertexing and Identi�cation Online). This detector serves for two di�erent
purposes. On the one hand in order to generate a trigger signal for events, which contain a Λ
particle. On the other hand this detector should provide an additional hit point to improve
the tracking capability in the forward hemisphere.

Figure 2.14: Schematic View of the SiΛViO Detector with a typical pK+Λ Event [MBF+14].

2.10.1 Detector setup

The detector consists of one single sided segmented silicon detector with an annular shape
(SiΛViO A) and a patchwork of eight double sided segmented rectangular silicon detectors
(SiΛViO B). Figure 2.14 shows a schematic view of the arrangement of the silicon detectors
of SiΛViO.
The two layers are positioned directly after the target (see Figure 2.2). The distance to the
target of SiΛViO A is 4 cm and of SiΛViO B is 16 cm [MBF+14,Mue08,Ber09].
The read out of the SiΛViO A and one side of the SiΛViO B layer is realized by fast a
readout chain (shaping time ≈150 ns [MBF+14]) of Mesytec preampli�ers5, which are able
to create a trigger-signal depending on the multiplicity of strips measuring a signal above
a certain threshold. The second side of the SiΛViO B layer is readout by APV25 chips
[Lea05, JFM+99,RCF+00]. These have 128 input channels. Each signal is ampli�ed, shaped
(shaping time of 50 ns) and sampled. This sampled signal of all channels is �nally multiplexed
and stored in a ring bu�er. Additionally, the chip has an input, that triggers the chips to send
the stored data from one sampling bin to the DAQ6-system. Due to the fast trigger processing

5The read out by Mesytec was realized by the preampli�er MPR16 and the Shaper STM16+ [KG13]
6DAQ = Data Acquisition
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in the FOPI DAQ System, the time relation between the shaped event and the corresponding
trigger signal is constant within the width of one sampling bin, which is necessary. This time
relation has to be measured and are set in the APV25 chip [MBF+14].

2.10.2 Raw-Signal and Calibration

The raw signal distributions for the two di�erent readout electronics are shown in Figure 2.15.
The amplitude distributions for one channel of the analog Mesytec (a) and of the APV25

(a) (b)

Figure 2.15: Raw Spectra of one channel for the Mesytec (a) and for the APV25 (b) read-out.
The left peak in each spectrum, which are �tted by an Gaussian function, is the noise distribu-
tion, the right peak is associated with the MIP signal. The position of the hardware/software
threshold is marked with the red/green line (see text).

read-out (b) are plotted in Figure 2.15. One can clearly see the MIP7 peak (right peak) well
separated from the noise peak (left peak) for both cases. A signal to noise ratio (SNR) of 29
and of 15 was obtained for the Mesytec and for the APV25 read-out, respectively. The events
below the noise peak in the APV25 spectrum are caused by the drop of the baseline.
The hardware threshold was set for each channel separately directly above the noise level. In
the o�ine analysis a threshold corresponding to 3.5 times the noise width was chosen.
The hardware and the software threshold are shown in Figure 2.15 (green line and red line
respectively). The energy values were deduced from the calibration with the known energy
loss of one MIP in 1 mm silicon. The energy value of the hardware threshold is deduced from
the threshold value in the module, which is correlated to the energy [MBF+14].

2.10.3 Clustering and Track Point Creation

From the measured particle signals in the detector, the particle hit points are created. The x
and y position are deduced from the measured signal in the two sides of the rectangular shaped
detectors of the SiΛViO B layer. The z position is �xed for every detector by the mounting
structure. Since the detector can measure two coordinates, this can lead to ambiguities if two

7MIP = Minimal ionizing particle: particles with the lowest possible energy loss per length - according to
Bethe-Bloch formula.
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hits are reconstructed. Those ambiguities can only be solved in the matching procedure with
further detectors (see Paragraph 3.1.1).

2.10.4 Trigger capability

Charged particles, which are passing a silicon layer, are loosing energy to the material, which
leads to the production of electron-hole pairs in the semiconductor material. Due to the
doping of the material and an applied bias voltage, these electron-hole pairs are pulled to
opposite readout sides of the detector, where they create a signal. The energy loss of neutral
particles is quite small compared to the one of charged particle, thus they do not create a
readable signal.
Λ particles emitted from the primary vertex are decaying with a high probability (≈ 70 %)8

before the SiΛViO B layer after have been �ying through the SiΛViO A layer. The decay
particles of the main decay channel of Λ 1 are generating each a signal in the second layer.
Thus the number of signals in the SiΛViO B is greater than in SiΛViO A.
The read-out of both layers is done by fast electronic, which are able to create a multiplicity
dependent trigger signal for each of the two layers.

2.11 Trigger Creation in the p-p Experiment

One central element of the data acquisition of every experiment is the trigger, which applies
already a pre-selection of the events. In the p-p experiment we are interested in events
containing a Λ particle and a kaon candidate in the Resistive Plate Chamber.

2.11.1 First Level Trigger (LVL1)

The �rst Level Trigger requires the following conditions:

Proton Beam The Proton Beam Trigger consists of the trigger signal of the start detector
(2.3.1) in anti-coincidence with the signal of the halo and veto (2.3.2) detectors.
An additional protection (≈ 20µs) was used to ensure that two di�erent events are
separated in time, to avoid pile up.

Reaction Trigger The Reaction Trigger ensures, that a reaction has occurred. A positive
trigger signal requires a hit multiplicity greater than one in the plastic wall and at least
one hit in the Barrel time of �ight detectors, e.g. RPC or Plastic Barrel

Anti reaction Trigger To neglect elastics reactions, in which one proton is emitted in a very
small polar angles and passing the zero degree detector, a coincidence with a maximum
multiplicity trigger is added to the trigger signal: MultZDD < 2

This trigger was applied to enhance events with a kaon candidate in the Resistive Plate
Chamber. First Level Trigger Events were written out with a downscale-factor9 of 10.

8cτλ = 7.8 cm [B+12].
1The Λ hyperon is partially decaying into a p and a π− (Branching Ratio: 62,8%) [B+12].
9Downscale: Only a fraction of events ( 1

2ηds
) is written out
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2.11.2 Silvio Trigger Condition

The SiΛViO trigger requires at least one hit in the SiΛViO A and at least two hits in the
SiΛViO B layer. Those events were written out with a downscale of 7. This trigger condition
should enhance the amount of events containing a Λ candidate.

2.11.3 Second Level Trigger (LVL2)

The second level trigger condition requires a positive LVL1 and SiΛViO trigger. Those trigger
events were not downscaled. This trigger condition should enhance events containing a Λ
candidate and a K+ candidate in the RPC.

2.11.4 Event Reduction and Background Suppression

The previously described trigger settings are meant to increase the Λ content of the recorded
events. Obviously they introduce a bias for the accepted events. This e�ect must be taken
into accounted if one wants to extract �nal cross-sections and can be estimated with the help
of simulations by comparing reconstructed data to Monte Carlo tracks. For this purpose
the pK+Λ signal was generated with the PLUTO (see Section 4.2) event generator including
the angular distribution extracted from [AB+10] for the Λ hyperon. The errors of this an-
gular distribution are treated separately (indicated by (ang)). The background events were
generated with the UrQMD transport code (see Section 4.2) without strangeness produc-
tion [Gro13b,SGH+98].
In Table 2.1 the acceptance for the signal and background events are listed for di�erent trig-

LVL1- Acceptance LVL2 - Acceptance
Signal (pKΛ) 0.52± 0.003(stat)± 0.16(ang) 0.29± 0.002(stat)± 0.09(ang)
Background 0.183± 0.003 2.51± 0.02 · 10−2

pKΛ Bkg. Supp. 2.86± 0.05(stat)± 0.91(ang) 11.93± 0.12(stat)± 3.7(ang)

Table 2.1: Acceptance for signal and background events for di�erent trigger conditions. For
the signal acceptance an angular distribution taken from [AB+10] was taken into account.
The resulting error values for the angular correction (ang) are shown separated from the
statistical errors (stat).

ger conditions as well as the resulting background reduction for the LVL1 and LVL2 condition.
The error values for the background suppression are dominated by the errors originating from
the errors of the angular distribution (ang).
Rather low acceptance for the signal events is mainly caused by the fact that a charged par-
ticle hit is required in the region covered by the RPC or Barrel detector. Indeed a good kaon
identi�cation is mandatory to select the reaction p + p → p + K+ + Λ, which is only possible
in the RPCs. This explains the numbers shown in Table 2.1.
For the LVL1 the background reduction is 2.86± 0.05(stat)± 0.91(ang) and for the the LVL2
trigger condition 11.93 ± 0.12(stat) ± 3.7(ang). This leads to an enhancement of the signal
to background ratio from LVL1 to LVL2 by a factor of 4.09 ± 0.08(stat) ± 1.8(ang) within
the geometrical acceptance. Moreover the LVL2 settings enable an e�cient suppression of the
o�-target events, as discussed in Section 5.1.
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Chapter III

The Data Analysis

In the following chapter the di�erent steps of the data analysis are described. Starting from
the reconstruction of tracks in the di�erent subsystems of the FOPI spectrometer - explained
in the previous chapter - a new framework was developed for the analysis of the proton-proton
data.
In the �rst step the two di�erent hemispheres - the forward and backward - were treated
separately. For the forward hemisphere the track information of the Helitron is combined
with the hit information of SiΛViO and the Plastic Wall. In Section 3.1 the procedure of
matching, momentum determination and the particle identi�cation is explained.
In the backward hemisphere the track information from the CDC were used for particle
identi�cation. For the matching of the track information with the reconstructed hits in the
RPC, routines already developed for this purpose were used (3.2).
After the separate extraction of the track information in the two hemispheres, the tracks were
combined in the general data format, which can be accessed by the di�erent physical analysis
routines.
For the physics analysis three di�erent types of reactions were reconstructed for di�erent
purposes.
One reaction is the elastic scattering of protons. Due to the �xed kinematical constraint,
this reaction is used to calibrate the detector response. The identi�cation is explained in
Section 3.3.
For this beam time the detector SiΛViO was built to serve as an trigger to enhance the
amount of events containing a Λ particle. In order to quantify the performance of the system
an inclusive reconstruction of Λ particles is necessary - as described in Section 3.4.
The main part of the analysis is dedicated to the pK+Λ �nal state, for which the ppK−

particle might be a possible production channel. The di�erent steps which are necessary to
extract an exclusive sample from the whole recorded data sample is explained in Section 3.5

3.1 Forward Track Identi�cation

The tracks in the forward direction are created from the tracking information of the Helitron,
the Plastic Wall and the SiΛViO Detector. The track reconstruction of the Helitron is de-
scribed in Section 2.5.
The merging of Helitron tracks and reconstructed hits in the Plastic Wall detector - which is
a part of the standard FOPI code - is done by geometrical matching. A successfully merged
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combination can be re�tted using the momentum �tting routine of the Helitron. This routine
allows to add additional hit points from other detectors (see Section B).
To reject fake tracks in the Helitron chamber, only tracks matched with a Plastic Wall hit are
used for the further analysis. Those tracks are named Helitron tracks in the following.
Those Helitron tracks have to be combined with the information of the SiΛViO detector,
which is explained in Paragraph 3.1.1. To improve the particle momentum resolution the
tracks are re�tted (3.1.2). The identi�cation, which tracks correspond to which particle, is
explained in Paragraph 3.1.3.

3.1.1 Track Matching with SiΛViO Hit Points

The hit point of the SiΛViO-B layer is combined with the track information of the Helitron
drift chamber of FOPI via geometrical matching. The reconstructed Helitron tracks are ex-
trapolated through the magnetic �eld of FOPI to the z-position of the SiΛViO B layer. The
di�erence between the extrapolated track points and the SiΛViO hit points in x and y di-
rection is plotted in Figure 3.1. The combination with a distance in the x- and y- direction
within 3.5σ is accepted. In case of more than one accepted SiΛViO-B hit the one with the
smaller distance was chosen. The inaccuracy resulting of this procedure is negligible, since
the number of tracks with more than one possible hit points is negligible.
The ratio of Helitron tracks matched with SiΛViO to all Helitron tracks in the SiΛViO accep-
tance is shown in Figure 3.2 as function of di�erent track parameters. One can see a homo-
geneous distribution of an average matching e�ciency of 91.2 ± 0.6 % is achieved [MBF+14].

(a) (b)

Figure 3.1: Distance of the SiΛViO B hit point to the extrapolated point of the Helitron track
on the x-y plane at the SiΛViO-B z-Position (x (a) respectively y (b)) [MBF+14].

3.1.2 Track Re�tting of Forward tracks

By adding the hit points of SiΛViO to the track reconstruction one can improve the momentum
resolution in forward direction. Therefore the hit-point of SiΛViO is included in the re�tting
of the associated Helitron track. This procedure is necessary, since the radial resolution of the
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Figure 3.2: Ratio of Helitron tracks matched with SiΛViO hit point divided of all Helitron
tracks in SiΛViO acceptance. Upper left picture shows the ratio versus θ of the track. In the
upper right the ratio versus φ of the track is shown. The lower picture shows the ratio versus
the track momentum [MBF+14].

Helitron is very poor. In the �rst step the polar angle of the particle is recalculated. Since
FOPI is using a solenoid magnetic �eld, the particle trajectories are straight in the rz-plane1.
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Figure 3.3: The left row shows the momentum resolution for pions (panel (a)) and protons
(panel (b)), for Helitron alone (black) and after re�tting with the SiΛViO point (red).

Without SiΛViO the polar angle of the particle is calculated using the hit point information
of the plastic wall under the assumption, that the particle originated from the vertex2. With
the the SiΛViO hit point the vertex-assumption can be discarded and the θ can be calculated.
The second step is to �t a track to the hit points and to calculate the momentum of the particle
[Win78]. The resolution improvement of this procedure was checked in simulations. Figure 3.3

1r=
√

x2 + y2: Distance to the beam axis
2As vertex the origin with the coordinate (0,0,0) is used
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shows the resolution, which is de�ned as the width of the distribution of Equation 3.1:

Resolution =
preco − psim

psim
=

∆p

p
. (3.1)

The resolution for pions and protons with and without the re�t is shown in Figure 3.3 ((a)
and (b)). One can see that for the pions an average improvement of 4% while for the protons
more than 5% improvement is possible. Due to the used tracking routine of the Helitron
the improvement of the momentum resolution is not very large. This tracking routine uses
- in case of no available hit point in SiΛViO - the target as a starting point. Due to the
long lever arm from the Helitron points to SiΛViO or the target, the di�erence is quite low
for the momentum. Since the SiΛViO detector was built to improve the reconstruction of a
secondary vertex, the small e�ect on the momentum resolution was expected.

3.1.3 Particle Identi�cation

The particles in the forward hemisphere are identi�ed via their momentum and velocity in-
formation. Figure 3.4 shows the particle momentum versus the velocity for positive (a) and
negative charged particles (b). From these pictures a clear separation of protons and pions can
be seen. The black lines follow the relativistic momentum function for the nominal particle
masses (see Equation 3.2):

p = m0βγc. (3.2)

The particles are selected by two dimensional cuts on those spectra - indicated by the red
lines. Since the particles of interest for this analysis are protons and negative pions the cut
for positive pions is not plotted.

(a) (b)

Figure 3.4: Momentum versus velocity particle �ight through the forward hemisphere (Silvio,
Helitron, PLAWA). Figure (a) show particles with positive charge and (b) with negative
charge. The black lines follow the relativistic momentum function p = m0βγc for the nominal
particle masses. The cuts selection cuts for proton and negative pions are indicated by red
lines.
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3.2 Particle Identi�cation in the Backward Hemisphere

The second track reconstruction system of FOPI is the system of the Central Drift Chamber
CDC (2.4), the plastic barrel (2.8), and the resistive plate chambers (2.9). These three detec-
tors cover the so called backward hemisphere of FOPI.

3.2.1 Energy-loss Identi�cation

The main part of the track reconstruction is done by the CDC (2.4.1). The tracking procedure
of the CDC also allows the reconstruction of the particle momentum (2.4.2) and the energy
loss (2.4.3). According to the Bethe-Bloch formula (Equation 3.3) the combined measurement
of momentum and energy-loss of a particle allows its identi�cation. Due to its complexity one
cannot obtain a analytical formula for the mass. For this reason the particle identi�cation
can only be done by a two dimensional selection function applied to the energy-loss versus
momentum spectrum.

dE

dx
= − 4πnz2

mec2β2
·
(

e2

4πε0

)2

·
[
ln

(
2mec

2β2

I · (1− β2)

)
− β2

]
. (3.3)

To allow a separation of positive and negative particles in Figure 3.5 the energy-loss versus
momentum times charge spectra are shown for positive (a) and for negative particles (b),
respectively.

(a) (b)

Figure 3.5: CDC energy loss versus momentum

In this spectrum the nominal particle lines according to the Bethe-Bloch distributions are
shown by the blue curves. The regions in which the particles are selected are shown by the
red lines.
Like in the previous section the selection cut for positive pions is not shown.
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3.2.2 Time of Flight Identi�cation

For the exclusive reconstruction of the reaction pp → pK+Λ a K+ has to be identi�ed. Since
this is not possible for the energy-loss versus momentum spectra due to insu�cient resolution,
in addition the �ight time of the particle, measured by the RPC barrel detector, is required.
The reconstructed CDC track - described in Section 2.9 - is extrapolated to the geometrical
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Figure 3.6: Di�erential CDC - RPC Matching ε versus the polar angle (a) the azimuthal angle
(b) and the particle momentum (c).

position of the RPC-Barrel. If a reconstructed particle-hit in the RPC-Barrel is within a
geometrical overlap region of this extrapolated track, this combination is stored. Due to de-
tector ine�ciencies not all particles are measured in both detectors. The di�erential matching
e�ciency ε is plotted in Figure 3.6 versus the polar angle (a), the azimuthal angle (b) and
the particle momentum (c). The averaged matching e�ciency is 62± 0.5%.
From the time of �ight information of the RPC-Barrel the particle velocity is deduced. The
resulting momentum versus velocity plot is shown in Figure 3.7. The black lines show the
distribution for the nominal particle masses. The chosen cuts [Her12] allow for a good K+ -π+

separation up to 0.7 GeV/c and 25 cm/ns. From this selection a two dimensional cut region -
indicated by the red line - is obtained for the K+ selection. To allow a su�cient background
determination the selection band for the K+ can be broadened.

3.3 Reconstruction of Elastic Proton Proton Collisions

The study of elastic reactions is a very frequently used tool, to study detectors response.
Due to the two body scattering process, which follows discrete kinematics it is possible to
selected a pure event sample, with a negligible amount of misidenti�ed or fake tracks. The
reconstructed elastic pairs are used for an e�ciency correction of the simulation package (see
Section 4.3.3).

3.3.1 Elastic Kinematics

The kinematics of two body collisions is �xed in the center of mass frame. Due to momentum
conservation the scattered protons are emitted back to back in the center of mass frame

40



CHAPTER III. THE DATA ANALYSIS

Figure 3.7: Momentum versus velocity of CDC-RPC tracks. Black lines show the distribution
for the nominal particle masses. Pink lines show the border of clear K+ -π+ separation. The
selection of K+ is done by a two dimensional cut band. [Mue13].

(Figure 3.8 (a)).
Since we are studying such reaction in a �xed target experiment, the center of mass kinematics
have to be transformed into the laboratory frame (Figure 3.8 (b)). This transformation leads
to the following correlation of the polar angles:

|θ1,Lab · θ2,Lab| =
1

γ2CMS

= 0.299 , (3.4)

with the Lorentz factor γCMS calculated from the kinetic beam energy (Ekin=3.10 GeV) and
the proton mass (mp=0.938 GeV/c2):

γCMS =
Ekin + 2 ·mp√

2 ·m2
p + 2 ·EKinmp

= 1.83 . (3.5)

Since the center of mass is moving along the z-axis the azimuthal angle of the particles are
not a�ected by the Lorentz transformation which leads to the following correlation:

|φ1,Lab − φ2,Lab| = 180◦. (3.6)

3.3.2 Identi�cation of Elastics Events

In the �rst step events, which contain exactly two reconstructed and identi�ed protons, are
selected. Since this selection still contains background events, due to misidenti�cation and
e�ciency losses, further cuts are necessary to select elastic events. Based on the strict kine-
matic constraints of the elastic reaction, described in the previous paragraph, the following
cut parameters are applied.
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(a) (b)

Figure 3.8: Reaction Kinematics in elastics proton proton reaction in the center of mass frame
(a) and in the laboratory frame (b) [Ple12].

Azimuthal Di�erence - ∆φ: The di�erence of the azimuthal angle of the two protons
∆φ has the nominal value - according to Equation 3.6 of 180◦. Figure 3.9 (a) shows the
distribution of ∆φ with a clear peak around 180◦. The red shaded area indicates the selected
region ( 176◦≤ ∆φ ≤ 186◦).

Polar Di�erence - ∆θ: Based on the Lorentz corrected correlation of the protons (see
Equation 3.4) the di�erence of the polar angles can be deduced - shown on Equation 3.7:

∆θ = θp2 − atan

(
1

γ2tanθ1

)
(3.7)

The distribution of Figure 3.9 (b) shows a clear peak around the nominal value of 0◦. The
red shaded area indicates the selected region (−8◦ ≤ ∆θ ≤ 5◦).

Total invariant mass - M(p1,p2) In case of elastics scattering the total energy is carried
by the two protons, which leads to a nominal value for the invariant mass of 3.06 GeV/c2.
Events between 2.550 GeV/c2 and 3.50 GeV/c2 were selected.

Con�dence Level - pvalue The kinematical re�t procedure (see Appendix C) - mainly
developed for the exclusive particle analysis - was modi�ed to be applied to elastic reactions
[Ple12]. This allows to use the con�dence level extracted from the re�t (see Appendix C.b.ii.)
as an additional cut for the background reduction. The constraints for the elastic reaction
were energy- and momentum conservation.
The con�dence level distribution is shown in Figure 3.9 (c). Remaining background events
are located - by de�nition - in the peak around zero. A cut on a p-value higher than 0.05
allow to reject remaining background events.
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(a) (b) (c)

Figure 3.9: ∆φ (a) and ∆θ (b) distribution of the two protons and the con�dence level
(c) [Ple12].

3.4 Inclusive Λ Reconstruction

To determine the enhancement of Λ particles due to SiΛViO, their inclusive production has
to be analyzed. The underlying production process is shown in reaction 3.8. The Λ particles
are identi�ed via the decay in a pair of p and π− :

p+ p
3.1GeV−−−−→ Λ+... (3.8)

p+ π− 63.9%

n+ π0 35.8%.

3.4.1 Event Selection

In the �rst step events, which contain at least one negative pion and one proton, have to be
selected. The identi�cation of the di�erent particles is done by the selection cuts described in
Paragraph 3.2.1 and Paragraph 3.1.3. From the measured particle momenta the four momenta
of the p and π− is calculated. Since the mass determination of the particle depends on the
momentum measurement, the nominal particle masses [B+12] are taken to avoid an additional
error.
In Figure 3.10 the invariant mass distribution of proton-pion pairs is shown.

3.4.2 Primary Vertex Reconstruction

For the background reduction (3.4.4) the position of the primary vertex is required. In the �rst
case the primary vertex is calculated using all reconstructed particle tracks. In the �rst step
the intersection point of track pairs is calculated. In the second step the vertex is determined
by the center of mass of all intersection points. Since the Λ particle does not decay at the
primary vertex, if the secondary particles - stemming from the Λ decay - are used in the
calculation, the resulting primary vertex position is not correct (see Figure 3.13).
To improve the determination of the primary vertex an advanced procedure is applied to
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Figure 3.10: Invariant mass of the p-π− pairs from experimental data.

recalculate its coordinates under the assumption, that the proton and pion are stemming
from a Λ hyperon, which originates at the vertex position. The momentum vector of the Λ is
calculated from the momenta of the daughter particles, which de�nes the direction of the Λ
particle. This particle track is used to recalculate the vertex position in the previous described
method with the other primary particles.
In the case the proton and pion are the only reconstructed particles, the primary vertex is
determined by the point of closest approach of the Λ vector to the beam axis. Figure 3.11
shows the reconstructed vertex position before (black crosses) and after the recalculation (red
crosses). The resolution values are listed in Table 3.1. From those values it can be seen, that
the vertex resolution can be improved by about an factor 10.

Before Re�t [cm] After Re�t [cm]
σx 3.84 0.09
σy 2.98 0.04
σz 5.50 0.31

Table 3.1: Primary vertex resolution before and after the recalculation.The black dots show
the position before (black dots) and after the recalculation (red dots). The solid curve repre-
sent the according �tting function, which is the sum of two Gaussian function. The width is
obtained from the small Gaussian function.

3.4.3 Background Determination

The signal and the amount of background in the Λ spectrum is extracted by �tting the
signal distribution by a Gaussian and the background distribution by an polynomial function.
In heavy ion reactions the background distribution is usually determined by mixed-event
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Figure 3.11: Primary vertex reconstruction in inclusive Λ analysis.

technique3 [Mer04]. This method can be applied to such kind of reactions, since the number
of produced particles is quite high. Thus, the main background contribution beneath the Λ
signal is created by uncorrelated proton-pion pairs, which can be described by the event-mixing
method. For proton-proton reactions the assumption of uncorrelated proton-pion pairs is not
ful�lled, since the number of produced particles is low, which leads to a �nal state interaction,
which cannot be described by the event mixing technique.
The best description of the total distribution of signal and background is obtained in two
steps: in a �rst step, a polynomial function is �tted to the mass distribution without the
mass region around the Λ mass. An example of this �tting is shown in Figure 3.12 (a). This
�tting allows to obtain correct starting value for the combined �t, which is been done in a
second step. In this step the whole mass distribution is �tted by the sum of the polynomial
function extracted in the �rst step and the Gaussian function, with a peak position in the
region of the Λ mass.

3Event mixing: The mixed event background is created by building proton-pion pairs of particles from
di�erent events
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The result is shown in Figure 3.12 (b). The red curve corresponds to the sum function
of the polynomial and the Gaussian function. The green curve is the resulting polynomial
function describing the background. The data points in the lower part of Figure 3.12 (b)
shows the resulting function after subtracting the background distribution from the total
mass distribution.
This method is used for the background determination of all proton-pion invariant mass
spectra.

(a) (b)

Figure 3.12: Background determination for Λ spectrum. In the �rst step the spectrum -
except the Λ region - is �tted by an polynomial function (a). In the second step the whole
spectrum is �tted by and polynomial plus an Gaussian function (red curve). The polynomial
contribution is plotted in red.

3.4.4 Background Reduction

To reduce the amount of pairs, which are not originating from a Λ particle, additional cuts
on the decay vertex have to be applied. The existence of SiΛViO allows to calculate a vertex
position in case a particle is �ying through the Helitron, which is not possible without the
additional track point, due to the vertex assumption of the tracking procedure (3.1.2). Since
the Λ hyperon has a decay length of around 7.86 cm on average the vertex of its decay position
can be separated from the primary vertex. Other uncorrelated proton-pion pairs are stemming
from the primary vertex.
To reduce the amount of background geometrical cuts on the track topology have to be
investigated. Figure 3.13 shows the event kinematic of inclusive produced Λ particles. The
Λ particle decays into a p (red) and a π− (green). The thick lines are the actual particle
tracks. The thin lines are the extrapolated particle tracks, which are needed to calculate the
distance of closest approach of the tracks to the primary vertex. The Λ tracks (magenta) is
reconstructed from the momenta of the two daughter particles.
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Figure 3.13: Event topology of a Λ particle produced in the vertex. The particle travels
until it decay into a p (red) and a π− (green). The thick lines are the actual particle tracks.
The thin lines are the extrapolated particle tracks. The Λ tracks (magenta) is reconstructed
from the momenta of the two daughter particles. The dashed lines are the minimal distances
of the particles to the vertex. The di�erent parameters for the events selection are plotted
(explanation see text).

The following geometrical cut parameters are extracted:

~Vprim : Recalculated primary position

d0 : Minimal distance pf π− and p track

d00 : Distance of closest approach of extrapolated Λ track to the primary vertex.

d0π− : Distance of closest approach of the π− track to the primary vertex.

d0p : Distance of closest approach of the proton track to the primary vertex.

dV : Distance of the secondary and primary vertex in three spacial dimensions.

dr : Distance of the secondary vertex from the beam axis.

dz : Distance of the secondary vertex from target x-y plane.

The best set of parameters is determined by a systematical scan of di�erent parameters
settings. For each parameter set the Λ signal and the signal to background value are obtained
by the method described in Section 3.4.4. The set is chosen by maximizing the observable
Signal× Signal

Background . The best set is listed in Table 3.2. The dimension of the primary vertex
correspond to the actual target size in the x and y direction. In the z direction the target had
a length of 2 cm.
The corresponding Λ spectrum is shown in Figure 3.14.
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Figure 3.14: Invariant mass of the p-π− pairs from experimental data. The red line in the
upper panel shows the polynomial �t to the combinatorial background. The lower panel
shows the background subtracted spectrum. The black line corresponds to a Gaussian �t to
the signal.

value minimal value [cm] maximal value [cm]
primvertexx -1.0 1.0
primvertexy -1.0 1.0
primvertexz -2.0 2.0

dr 3.0 ∞

Table 3.2: Cut value used for the extraction of the Λ signal shown in Figure 3.14.

The upper panel shows the invariant mass of all p-π− pairs after applying the vertex cuts
mentioned above.

3.5 Exclusive pK+Λ Event Reconstruction

The main goal of the experiment was to identify the �nal state p K+ and Λ. The full reaction
is shown in reaction 3.9. The selection of an exclusive event is done in several di�erent steps,
which are explained in the following section.
In the �rst step events with a correct amount of tracks are selected (3.5.1), followed by the
selection of K+ in the RPC region. In the analysis two di�erent types of K+ cuts are used in
the following steps.
The reconstruction of Λ particles is described in Section 3.5.3. The important step of the
background reduction is explained in Section 3.5.4, which makes use of the kinematical re�t.
The remaining background after the re�t is further reduced by a momentum dependent cut
on the Kaon mass spectrum (3.5.5). Exploiting the method of sideband analysis, explained
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in Section 3.5.6, a very good description of misidenti�cation background is obtained.

p+ p
3.1GeV−−−−→ Λ + p + K+ (3.9)

p + π−

n + π0

3.1GeV−−−−→ Σ0 + p + K+ (3.10)

Λ + γ

p + π−

n + π0

(3.11)

Due to the very similar reaction mechanism of the Σ0 (Reaction 3.10), which di�ers just in
the production of an additions γ, a certain amount of this channel is still existing after all
previous cuts. The amount of this contribution is described in Paragraph 3.5.7.
The resulting pK+Λ sample is presented in Section 3.5.8 .

3.5.1 Event selection

In the �rst step of the exclusive analysis events are selected, which only contain four recon-
structed tracks. The reaction, that we want to reconstruct consists of four charge particles in
the �nal state (Reaction 3.9). To maximize the statistics �rst just a rough particle selection
is applied, which means, that events are accepted, with three particles of positive and one
particle of negative charge.

3.5.2 Kaon Selection

From the data set containing four particles, those have to be extracted, which contain a K+.
The identi�cation of those particles and the separation of such particles from the signal of
protons and positive pions is rather challenging, due to resolution issue. In the case of FOPI
the identi�cation of K+ is only possible, if this particle is detected in the region of the CDC
and the RPC detectors, since only such detector combination allows a measurement of the
momentum and the velocity with a su�cient resolution. As shown in Section 3.2.2 with
certain cuts, kaons can be separated quite e�ciently from protons and positive pions.
Based on this particle identi�cation, particle cuts can be obtained, which can be used for
the kaon selection. Like in the case of the event selection, the selection cuts are kept to a
minimum to obtain a maximal signal.
Additional to the kaon selection region extracted in Section 3.2.2 a broader cut region were
analysed separately. This cut also includes a part of the proton and pion signal, that allows
a better determination of the remaining background signal of the selected kaon candidates.
The two di�erent selected regions, which will be referred to in the following as narrow and
wide cut, are shown in Figure 3.15 in left and right panels respectively.
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Figure 3.15: Selected Kaon in the Momentum versus velocity frame. Left Narrow cut. Right
wide cut

3.5.3 Λ Identi�cation

After a sample with K+ candidates is chosen, those event have to selected, which contain a
Λ candidate. These are selected by their decay into proton-pion pairs (see reaction 3.9).
In Figure 3.16 the invariant mass distribution of all proton-pion pairs is shown for narrow
kaon selection (a) and the wide kaon selection (b), respectively.
It can be seen that in both cases the resolution is quite broad (σNarrow = 13.9, σwide = 14.8
MeV/c2). For this reason a precise determination of the background is not possible.
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Figure 3.16: Invariant mass π− and proton after the primary kaon selection for the narrow
kaon selection (left) and the wide selection (right).
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3.5.4 Kinematical Re�t

For the selection of the exclusive events, the kinematical re�t - described in Appendix C -is
applied.
In this case the kinematical re�t is applied to the four selected charged particle candidates:
kaon, pion and two protons. For the Λ identi�cation the two protons are clearly identi�ed as
the primary and secondary proton.
The following constraints are required for the re�t with four particles in the �nal state:

Selection constraint: For the selection of the exclusive reaction events, the constraints of
energy- and momentum conservation have to be ful�lled.

Analysis constraint: After the selection of the exclusive event an additional constraint
can be applied to the kinematical re�t, which requires, that the invariant mass of the
secondary proton and the pion is equal to the nominal mass of the Λ .

To crosscheck the re�t the invariant mass distribution of protons and pions is used. For
that reason the analysis constraint cannot be applied, since this constraint would force that
invariant mass to be exactly the nominal Λ mass. This constraint will be used after the
selection procedure for the analysis of the �nal state pK+Λ . The application of this constraint
allow to improve the resolution, since the width of the Λ mass can be neglected.

Error Determination

To ensure that the kinematical re�t is working properly the error determination plays an
important role. To optimize the selection capability of the kinematical re�t for exclusive events
the systematical and the statistical errors of the di�erent parameters have to determined. For
this procedure the pull values of the kinematical re�t are used (see Appendix C.b.i.).
While the statistical error can be set directly in the re�t procedure the systematical error has
been corrected by a systematical shift of the corresponding parameter.
Due to the fact that certain dependencies exist between the errors of the di�erent parameters
the full set of error parameters has to be determined by a scanning routine, which determines
the best possible combination of error values. This routine is explained in Appendix D.
After the best set of errors is determined, the pull distributions do not fully follow the shapes,
which they should have in the ideal case. The reason for this are further more complex
systematical errors, which cannot be corrected by a systematical shift.

Cut Determination

After the determination of the optimal error parameters the kinematical re�t is used to sup-
press the background from not exclusive reactions. This is done by cutting on the pvalue
of the kinematical re�t. As explained in Appendix C.b.i. for signal events this value is dis-
tributed between 0 and 1. The pvalues for background events are very small. To determine
the optimal cut position of the pvalue a scanning procedure was applied. For each pvalue cut
position the Λ signal was extracted. The �nal cut was set such to maximize the Λ signal.
Since particles are measured in di�erent detectors di�erent cuts have to be applied. For this
reason the FOPI spectrometer was separated in three di�erent detector regions:

Helitron and SiΛViO : The particle is reconstructed in the Helitron and in SiΛViO
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Figure 3.17: Pvalue Distribution for the topology (0-00).

Helitron only: The particle is reconstructed only in the Helitron.

CDC: The particle is reconstructed in the CDC. A matching with RPC is not required.

Since the primary proton, the secondary proton and the pion can be detected in all three
di�erent regions, 27 selections have to be carried out. The list of all di�erent topologies are
shown in Table 3.3 with the corresponding minimal cut value of the pvalue.
In Figure 3.17 an example for the pvalue distribution of the topology 0-00 is shown. The
spike at the �rst bin is created by background events. After the cut on the pvalue is applied,
the background contribution below the Λ signal in the invariant mass spectrum - plotted in
Figure 3.18 - has reduced signi�cantly.
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Figure 3.18: Invariant mass π− and proton after re�t selection for the narrow K+ selection
(left) and the wide selection (right)
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Topology prim. proton sec. proton pion min. pvalue cut
0-00 Hel. and SiΛViO Hel. and SiΛViO Hel. and SiΛViO 0.0069
0-01 Hel. and SiΛViO Hel. and SiΛViO Hel. only 0.04
0-02 Hel. and SiΛViO Hel. and SiΛViO CDC 0.008
0-10 Hel. and SiΛViO Hel. only Hel. and SiΛViO 0.04
0-11 Hel. and SiΛViO Hel. only Hel. only 0.4
0-12 Hel. and SiΛViO Hel. only CDC 0.4
0-20 Hel. and SiΛViO CDC Hel. and SiΛViO 1.0
0-21 Hel. and SiΛViO CDC Hel. only 1.0
0-22 Hel. and SiΛViO CDC CDC 0.664
1-00 Hel. only Hel. and SiΛViO Hel. and SiΛViO 0.59
1-01 Hel. only Hel. and SiΛViO Hel. only 0.24
1-02 Hel. only Hel. and SiΛViO CDC 0.0000001
1-10 Hel. only Hel. only Hel. and SiΛViO 0.4
1-11 Hel. only Hel. only Hel. only 0.4
1-12 Hel. only Hel. only CDC 0.4
1-20 Hel. only CDC Hel. and SiΛViO 0.176
1-21 Hel. only CDC Hel. only 1.0
1-22 Hel. only CDC CDC 1.0
2-00 CDC Hel. and SiΛViO Hel. and SiΛViO 1.0
2-01 CDC Hel. and SiΛViO Hel. only 1.0
2-02 CDC Hel. and SiΛViO CDC 1.0
2-10 CDC Hel. only Hel. and SiΛViO 0.4
2-11 CDC Hel. only Hel. only 0.0001
2-12 CDC Hel. only CDC 1.0
2-20 CDC CDC Hel. and SiΛViO 1.0
2-21 CDC CDC Hel. only 1.0
2-22 CDC CDC CDC 1.0

Table 3.3: Minimal cuts on the pvalue for the di�erent topologies

3.5.5 Second kaon selection

After the selection of events that have passed the kinematical re�t selection, background
events are still present, which can be seen from the kaon mass distribution. Figure 3.19 shows
the mass distribution for the narrow (a) and the wide (b) kaon pre-selection. From spectrum
of the wide selection it is clear, that a contribution of misidenti�ed protons as well as π+s is
still visible in the kaon spectrum. Although the kaon spectrum for the narrow selection seems
to have no remaining background contribution, the presence of a background contribution
is visible in the lower plot of Figure 3.19(a). The assumed signal of K+ is not Gaussian
shaped and can just be �tted by the sum of two Gaussian function, which are indicated by
the green and the blue curves. The stated value for µ and σ are the mean values of both
gaussian functions. The background subtracted spectrum for the wide kaon selection cut (
Figure 3.19(b) lower panel) can be described quite nicely by a Gaussian distribution. For that
reason it is necessary to proceed with the event sample of the wide kaon selection, since in
this case, a su�cient background description is possible.
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While the contribution of protons can be excluded, the contribution from the π+ strongly
overlaps with the K+ signal. The remaining background distribution can be subtracted from
the data using a sideband technique - described in Section 3.5.6.
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Figure 3.19: Kaon mass distribution after re�t and Λ selection. Left Narrow cut. Right wide
cut

To obtain a better background description, the data are analysed in di�erent bins of the
kaon momentum, since the resolution of the momentum and the velocity depends on the
particle momentum. Figure 3.20 shows the the kaon mass spectrum for di�erent momentum
slices. (a) is for a momentum between 0 GeV/c and 0.5 GeV/c. (b) is from 0.5 GeV/c to
0.7 GeV/c and (c) is for momenta above 0.7 GeV/c.
The distributions were �tted between a mass of 0.3 GeV/c2 to 1 GeV/c2. The total distri-
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Figure 3.20: Kaon mass spectra for di�erent bins of kaon momentum. (a) 0.0 - 0.5 GeV/c,
(b) 0.5 - 0.6 GeV/c, (c) > 0.6 GeV/c.

bution is �tted by a sum of Gaussian functions, where the particles - the pion the kaon and
the proton - are described by two Gaussian functions each. The green curve in Figure 3.20
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shows the total �t function. The reduced χ2 values of the di�erent �t functions are ranging
from 0.8 to 1.9, which indicates a quite good description of the experimental distributions by
the �tted function. The resulting background contribution from protons and pions is plotted
by the red crosses in the same plots.
The lower plots in Figure 3.20 show the background subtracted kaon mass spectrum.
The achieved resolution, the K+ signal and the signal to background values are listed in Ta-
ble 3.4. The K+ candidates are selected in a range of mK−µK,p < 3σK,p in the corresponding

Momentum Region Signal (103) S/B µK+ (MeV/c2) σK+ (MeV/c2)
0.0 - 0.5 GeV/c 0.33 (0.02) 0.98 (0.09) 494.52 (0.02) 28.1 (0.3)
0.5 - 0.6 GeV/c 0.33 (0.02) 0.72 (0.05) 492.01 (0.04) 43.0 (0.6)
0.6 - GeV/c 1.52 (0.05) 0.63 (0.02) 499.78 (0.01) 67.4 (0.8)

Table 3.4: Results form Kaon spectra at di�erent momenta regions. The listed value are the
Signal of Kaons the Signal to Background ration (S/B) as well as the Kaon mass position
(µK+ and the width of the signal (σK+). The errors extracted from the �tting procedure are
given in brackets.

momentum bin.

3.5.6 Sideband Technique

As shown in the previous paragraph after the selection of the K+ a non negligible amount
of background still remains. For the further steps of this analysis a better description of the
background is needed.
Since this background is created by misidenti�cation of protons and pions, we can model it
by selecting an experimental sample, which consists of such kind of particles. This sample is
selected in a region in which the amount of kaons can be neglected, i.e mK > |6σK |.
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Figure 3.21: Momentum Distribution of the particles in the signal region (black crosses) and
the of Momentum Comparison of Signal and Sideband.
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Due to the di�erent selected mass regions the momentum distribution is di�erent - as
shown in Figure 3.21 - for the signal region (back crosses) and the region in which the side-
band sample is selected (red crosses). This e�ect has to be corrected by a weighting of the
events in the sideband sample, such that the momentum in both regions are the same. Ac-
cording to Figure 3.21, sideband events with a particle momentum of 0.6 GeV/c have to be
scaled by a factor lower than 1, while events with a particle momentum around 1 GeV/c are
scaled by a factor bigger than 1.
By this method, we can describe the misidenti�ed kaons in the signal region, by a sample of
pure misidenti�ed kaon in the sideband region.
After the correction of the momentum distribution the number of sideband events they is
normalized to the amount of background events in the signal region. This number can be
extracted from the signal and signal to background ratio, which was determined in the pre-
vious paragraph for the three di�erent momentum slices. Thus three di�erent background
contributions are modeled, which can be summed to a total background distribution.
The correct functionality of this technique is tested by looking at the invariant mass distri-
bution of proton-pions pairs - shown in Figure 3.22. The background distribution in this
spectrum (red band) is extracted from the sideband sample. One can see that especially the
distribution on the right side, which deviates from a Gaussian shape, can be described quite
reasonably by the sideband background.
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Figure 3.22: Invariant mass (p,π−) spectrum (black crosses) with the sideband background
(red band) (upper panel). The lower panel show the background subtracted signal �tted by
an Gaussian function.

The lower plot in Figure 3.22 shows the background subtracted signal. It can be seen,
that the signal quality has improved, with a signal width of 9.51 MeV/c2 compared to the
previous value of 12. MeV/c2 (Figure 3.18(b))
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3.5.7 Λ and Σ0 Separation

After the extraction of the exclusive events and the background description method with the
sideband sample, a further background contribution has to be studied.
Since the main decay channel of Σ goes into Λ and γ (see reaction 3.9) the Σ0 signal creates
a background contribution that can not be suppressed by the K+ and the Λ identi�cation,
since it di�ers just by an additional produced γ particle, which cannot be measured by the
FOPI spectrometer.
The only selection method which suppresses this background is the kinematical re�t, since
the assumption of energy and momentum conservation of the reaction p+p → pK+ p π− is
not ful�lled.
For the further analysis the amount of remaining background has to be checked.
The only channel in which the di�erence of the signal and the background from the Σ channel
appears is the missing mass proton kaon channel, that is shown in Figure 3.23(a). The black
crosses represent signal points. The red band shows the contribution of the background, which
is the sum of the sideband background contribution in the three di�erent momentum slices
shown in the green, blue and yellow band.
Due to the available phase space, the missing mass values below 0.9 GeV/c2 are not allowed
physically. From Figure 3.23(a) it can be seen, that this region is reproduced quite well by
the sideband background. The background subtracted signal is shown in Figure 3.23(b). Due
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Figure 3.23: Missing mass (p,K+) with the contribution of the sideband background (a). The
green, blue and pink lines show the distribution of the sideband background for the three
di�erent momentum slices. The red curve is the sum curve of all the three curves. In panel
(b) the background subtracted spectrum is shown. The signal is �tted by an sum of three
di�erent Gaussian functions and a polynomial functions (s.text). The �t results are listed in
Table 3.5

to the resolution, the Λ signal appears to be a quite broad peak, which also overlaps into
the mass region of the Σ (mΣ = 1192 MeV/c2). The contribution of the background can
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be determined by �tting this spectrum by the sum of three di�erent Gaussian functions and
a polynomial function. The peak positions of the two Gaussian functions are �xed within
a band of 5 MeV/c2 around the nominal particle masses. The result of the �t can be seen
in the same spectrum. The black curve shows the total �t function. The di�erent coloured
lines correspond to di�erent partial functions of the �t. The negligible contribution of the
polynomial function (yellow curve) shows a negligible amount of further background. The
red curve corresponds to the contribution of Λ and the green curve to the Σ. The blue curve
represents a contribution, which might come from higher resonances, like Λ(1405) or Σ∗(1385).
A more detailed identi�cation is not possible due to resolution issues. The resulting �tting
values are listed in Table 3.5.

Particle Mass Fit µ Fit σ Fit Amplitude
Λ 1115.8 1.1171 0.07 136.35
Σ0 1192.1 1.185 0.06 11.277

higher Resonance contribution 1.32 0.05 28.8

Table 3.5: Fit results of background subtracted Missing Mass (p,K+) spectrum.

From this method the remaining background contribution is extracted to be around 1/14.8.
This shows, that the remaining background plays a minor role and will be neglected in the
further analysis.

3.5.8 Final pK+Λ Sample

With the presented selection method the exclusive sample of pK+Λ can be extracted quite
well. The method of the sideband technique allows a su�cient description of the background.
In Figure 3.24 the missing mass distributions of the proton (a), the Λ (b) and the K+ are
shown. The black crosses are the signal points. The turquoise band shows the total con-
tribution of the background extracted from the sideband sample. The total amount of the
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Figure 3.24: Missing mass distribution of the proton (a), the Λ (b) and the Kaon (c). The
black crosses show are the signal points. The colored show the distribution of the sideband
background for the momentum range 0-0.5 GeV/c(green), 0.5-0.6 GeV/c(blue) and ≥0.6 (vi-
olet). The red band is the sum of all background distributions.
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reconstructed pK+Λ and the background is listed in Table 3.6 for each momentum slices.

Momentum Region Signal Events Background Events
0.0 - 0.5 GeV/c 177 146
0.5 - 0.6 GeV/c 150 136
0.6 - GeV/c 577 577

Total 903 859

Table 3.6: Results for signal and background for the pK+Λ �nal state in di�erent momentum
bins.

For the further analysis steps and the comparison of the data with di�erent simulations, it
is necessary to subtract the background. The resulting mass spectra are shown in Figure 3.25.
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Figure 3.25: Missing mass distribution of the proton (a), the Λ (b) and the Kaon (c). The
black crosses show the experimental data points after the background is subtracted.
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Chapter IV

Simulation

4.1 Introduction

Simulations play a very important role in hadron physics. On the one hand they serve as a
cross check for the detector response. With the help of simulations di�erent particle reactions
can be modelled, which allow to extract information about the acceptance of the detector for
certain physic processes. In the present work simulations were used to study the acceptance
of the Λ trigger SiΛViO for reactions, in which a Λ particle is produced and for background
reactions (see Paragraph 2.11.4). Furthermore simulations are used as cross-check for perfor-
mance of the Λ trigger, which is described in Section 5.2.
On the other hand simulations are necessary tools for the understanding of the physics pro-
cesses. The particles, which are produced in reactions are emitted in the full phase-space
region. Since the FOPI spectrometer does not cover the full solid angle with the same de-
tection e�ciency, the extracted signal does not describe the full reaction, which complicates
the extraction of physical information from the experimental spectrum. For a su�cient com-
parison of the simulation with di�erent theoretical model predictions, the modelled reaction
processes have to be �ltered by the acceptance and e�ciency of the whole FOPI detector
using the simulation framework. After the reaction process is �ltered, the same analysis as
for the experimental data is applied to the simulated data to select the exclusive �nal state.
In the following chapter the di�erent parts of the simulation framework will be explained, be-
ginning with the used event generators - Section 4.2 - by which di�erent physical processes can
be modeled; followed by the FOPI GEANT framework, which allows to model the behavior
of the di�erent detector systems, used in the FOPI spectrometer. This framework has to be
adjusted to allow a good reproduction of the experimental data. The tuning and adjustment
of the simulation package is shown in Section 4.3

4.2 Event Generators

The �rst step of the simulation is the modelling of physical processes. For the simulation
in this work two di�erent packages were used. The event generator PLUTO, which is able
to simulate di�erent user-de�ned exclusive reactions separately. By the Ultra relativistic
Quantum Molecular Dynamics (UrQMD) transport model the full reaction of proton proton
reaction is simulated based on transport theory.
Both simulations are generating an event-based list of produced particles with their physical

61



CHAPTER IV. SIMULATION

properties.

Pluto - Event generator

The PLUTO event generator - developed for the HADES experiment [FCG+07,FGH+10] - is
a generator phase space reaction of speci�c exclusive reaction channels. In our case di�erent
channels, which may contribute to the pK+Λ �nal state were simulated. The advantage of
the PLUTO event generator is that input parameters like branching ratios are adjustable,
which allows to simulate only user-de�ned channels.
The following reactions were simulated:

p+ p → p+K+ + Λ Dalitz Production of p+K+ + Λ,

p+ p → p+N+∗(→ K+ + Λ) Production via an in intermediate N∗,+ resonance,

p+ p → p+K+ +Σ0 Background Channel,

p+ p → K+ + ppK−(→ Λ + p) Production of ppK− .

The used N∗ resonances with their properties are listed in Table 4.1 as well as the properties
of the simulated ppK− [YA07]. The values for the N∗ resonances are not exactly known. For
that reason average values for [B+12] were taken.

Resonance Mass (GeV/c2) Width (GeV/c2)
N∗ (1650) 1.655 0.165
N∗ (1700) 1.700 0.200
N∗ (1900) 1.900 0.340
N∗ (2190) 2.190 0.400
ppK− 2.322 0.060

Table 4.1: List of resonance. For the N∗ resonance average value for [B+12] were taken. The
value for ppK− are taken from [YA07].

Angular Distributions

The events generated by PLUTO are isotropically distributed in phase-space, e.g. no angular
correlation between the particles is included. According to experimental �ndings [Epp14,
AB+10] this model is not realistic, since the particles are not emitted isotropically, due to
e�ects like �nal state interaction.
To account for such angular distributions the PLUTO simulations have to be weighted with
the angular distribution. These are taken from measured data of the COSY-TOF and the
HADES experiment [Epp14, AB+10]. The weighting factor for the reaction p+p→pK+Λ
was taken from the results of the COSY-TOF experiment. The weighting for the reaction
p+ p → N+,∗ + p → K+ + Λ+ p for di�erent N∗,+ resonances were taken from the HADES
results. It has to be taken into account, that these results are for di�erent energies of the
protons. In spite of the fact that COSY-TOF results stated a rather weak energy dependence,
it might become more dominant at our energies or the energies of the HADES experiment.
Due to the lack of a suitable model for the energy dependence, we apply the same angular
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(a) (b)

Figure 4.1: Angular distribution of proton in the Center of Mass System, for the direct pK+Λ
production [AB+10] and the production via N∗ resonances of di�erent mass (b) [Epp14].

Channel a0 a2 a4
pK+Λ 953.098 +757.042 +126.776

N∗(1650) 62000 8340 -38000
N∗(1700) 210000 223000 77100
N∗(1900) 360000 165000 19900

Table 4.2: Legendre Coe�cients for θCMS,p used in simulation. Value for pK+Λ taken from
[AB+10] and for N∗ resonances [Epp14].

dependence for our energy. Figure 4.1 shows the polar angle of protons for di�erent reaction
in the center of mass frame. The spectra are �tted by a sum of Legendre polynomials:

F (x) = a0 ∗ 1+a2

{
1

2

(
3x2 − 1

)}
+a4

{
1

8

(
35x4 − 30x2 + 3

)}
x = cos(θp,cms). (4.1)

The resulting parameters for a0, a2, a4 are listed in Table 4.2. This parametrisation of the
angular distribution is also used for the weighting of the PLUTO simulations.

UrQMD- Event generator

The Ultra relativistic Quantum Molecular Dynamics model is a microscopic model which
is mostly used to simulate (ultra)relativistic heavy ion collisions. The goal of UrQMD is
the description of hadrons in nuclear matter [Gro13b]. Nevertheless, it may provide also an
adequate tool to describe elementary reactions.
Transport models in general describe the full reaction of a collision of two nuclei on the base of
nucleon-nucleon reactions. These are determined on small time intervals taking into account
scattering cross sections, particle productions and various potentials. These are taken on
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the one hand from experimental results and on the other hand - if they are not known from
experiments - are deduced from certain model assumptions.
Transport calculation based on Quantum Molecular Dynamics (QMD) model [Aic91,HPA+98]
are n-body calculations, which allow an event by event simulation. Each participating nucleon
is described by the following wave-function:

φi(~xi, t) =

(
2

Lπ

) 3
4

exp
{
−(~xi − ~ri(t))

2/L
}
· exp {i~xi~pi(t)} , (4.2)

with six time-dependent parameters ~ri and ~pi and a �xed parameter L describing the extension
of the wave packet in phase space. The total n-body wave function is the direct product of
the single nucleon wave functions:

Φ(~xi, t) =
∏
i

φ(~xi, ~ri, ~pi, t). (4.3)

The aim of this approach is to describe all particle correlations. However, quantum correla-
tions, originating from the anti symmetrization of the wave function Φ(~xi, t), are not taken
into account. The UrQMD model [WBB+96] describes ultra-relativistic heavy-ion collisions.
About 50 di�erent baryon species like nucleons, deltas, hyperons and their resonances (with
masses up to 2.11 GeV/c2) and 25 meson species are taken into account in the model [Mer04].
Due to this microscopic decay model used in the UrQMD transport model, the production
of the �nal state pK+Λ is realized via the production of intermediate resonances which are
produced in two body reactions [SGH+98,BZS+99].

4.3 The FOPI GEANT Framework

The output of di�erent physical reactions is modelled by the event generator in the full phase
space. Since this reaction is measured by the spectrometer in the acceptance of the sub
detector with a certain e�ciency and resolution, these e�ects have to be modelled in the
simulation. This is done by the FOPI Simulation framework - based on GEANT3 [CER95].
In this environment the whole spectrometer is implemented in a way, which describes the
real detector behavior in best possible way. The �rst step is a proper implementation of the
geometry of all sub detectors, their volumes and their materials in GEANT, as well as the full
target system. As a second step, the detector response has to be implemented in GEANT. In
this step the resolution and the e�ciency has to be implemented and adjusted to experimental
data [Ben07].
For most of the detectors these steps have already been done for previous experiments. For the
proton proton experiment a set of parameters have to be adjusted to optimize the description
of the data. In Paragraph 4.3.1 the adjustment of the particle selection is shown. To provide
a quite realistic track reconstruction in the Helitron, the track resolution had to be adjusted
(4.3.2) accordingly.
Finally the di�erent reconstruction e�ciency of the Helitron and the CDC has to be corrected
in the simulation, as well as the matching e�ciency of CDC-RPC system (4.3.3).
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4.3.1 Cut Tuning

Due to the di�erent resolution in Data and Simulation the particle cuts of the proton and
pions have to be adjusted in the simulation.
Starting from the cuts for the experimental data, these are modi�ed in two steps. In the
�rst step the e�ect of no perfect tracking is compensated. Due to this e�ect the distributions
of the reconstructed particles - momentum versus velocity or energy loss versus momentum
- are shifted against the nominal mass line in the momentum-velocity or the energy loss-
momentum frame. Since the experimental and simulated distributions are shifted with respect
to each other, correction factors have to be determined. For this procedure the simulation
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Figure 4.2: Selection cuts for negative pions in the forward hemisphere (a) by the momentum
versus velocity spectrum and the backward hemisphere (b) by the energy-loss versus momen-
tum frame - The black curve shows the borders for the selection of the experimental data.
The red curve mark the adjusted cut borders for the simulated data.

and experimental data are divided into di�erent bins of particle momenta. For each particle
momentum the peak position and the width of the protons and the pions is determined.
From this extracted value a correction factor for the selection boarder of the simulation can
be obtained, which allows the selection of the same amount of particles in data and simulation.
In Figure 4.2 and Figure 4.3 the two dimensional spectra for the particle identi�cation are
shown for pions and protons, respectively. The spectra show simulation data. The black
lines indicate the selection boarder for the experimental data. The red lines are the modi�ed
boarders for the selection of simulation data.

4.3.2 Helitron Track Resolution

For the proton-proton experiment the Helitron plays an important role in the analysis. For the
reliability on the momentum reconstruction in the simulation the resolution of the hit point
detection has to be adjusted. Since the Helitron was not used for momentum reconstruction
in previous experiments, the simulation was not optimized for that purpose, e.g. the track
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Figure 4.3: Selection cuts for protons in the forward hemisphere (a) by the momentum versus
velocity spectrum and the backward hemisphere (b) by the energy-loss versus momentum
frame - The black curve shows the borders for the selection of the experimental data. The
red curve mark the adjusted borders for the simulated data.

resolution in the simulation package was around a factor 10 better than in the experiment.
The position along the sense wire in the Helitron is measured by the charge division (Equa-
tion 2.16) and the distance from the sense wire by the drift time (Equation 2.13). The
resolution of the two coordinates can be changed by modifying the measured drift time tdrift
of the Helitron according to Equation 4.4 and the measured charge value (qi,qo)1 according to
Equation 4.5. The factor rgaussian is a random number weighted by a gaussian function with
a mean position of µ = 0 and a width σ = 1. This random value is scaled by an adjustable
parameter σdrift time, σcharge.

t′drift[ns] = tdrift[ns] + rgaussian ·σdrift time[ns], (4.4)

q′i,o[C] = qi,o[C] + rgaussian ·
√

qi[C] + qo[C]σcharge. (4.5)

The resolution of the hit points in the Helitron is determined by a �tting procedure (see
Section B). After the track has been reconstructed, the track-point residuals are determined
by Equation 4.6 [Ple99]

σa =

√∑N
i=1(afit − ameasured)

2
i

NHits
a = (xDZ or yLT ), (4.6)

with the measured position of the hit ameasured and the position of the hit-point according to
the �t results afit. The residuum is calculated for the distance to the wire xDZ and for the po-
sition along the wire yLT . The distribution of σHit is shown in Figure 4.4 for the two di�erent

1The sense wire of the Helitron are read out from both sides. From the two di�erent charge measurement
qi,qo the hit position on the wire is determined (2.5.1)
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coordinates (xDZ (a) / yLT (b)). The black curve shows the distribution of the data. The dis-
tribution for simulation (red curve) was obtained by setting the scaling factor of the random
gaussian function to the the following values: σdrift time = 50ns, σcharge = 1.2

√
C. By these

random gaussian smearing the peak position of the distributions were set to the same position.
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Figure 4.4: Helitron track-point residua in the direction perpendicular to the sense wire (a)
and along the sense wire (b) according to Equation 4.6. The black curve corresponds to
experimental data and the read curve to simulation data after the tuning.

4.3.3 E�ciency Scaling

After the adjustment of the selection cut and the hit resolution, the most important step is
the adjustment of the reconstruction e�ciency of the di�erent subsystems.
Due to numerous di�erent e�ect, for example boarder e�ects, aging, etc. , the reconstruction
e�ciency of the di�erent detectors inside FOPI is not homogeneous in the whole acceptance
region and for di�erent particle momenta. These di�erent e�ects have to be included properly
in the simulation.
For the comparison of the experimental and simulation data a sub sample has to be selected,
for which a proper normalization can be applied. This can be done for the elastic proton proton
events,explained in Section 3.3, since this sample has a negligible amount of background. Due
to this reason the simulation and experimental data can be both normalized to the number
of LVL1 Trigger events and the total e�ciency can be determined.
In Figure 4.5 the polar angle distributions for particles detected in Helitron and SiΛViO (a),
in Helitron only (b) and the CDC (c) are shown. The simulation data (red crosses) are scaled
by the factor

N =
NLVL1 Trigger event experimental data

NLVL1 Trigger events simulation data
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(a) (b) (c)

Figure 4.5: Polar angle Distribution for experimental data (black crosses) and simulation
data (red crosses). The picture show the distribution for elastics scattered protons, which are
measured by SiΛViO and Helitron (a), Helitron only (b) or the CDC (c). The green crosses
show the simulation data after the e�ciency correction was applied.

to the experimental data (black crosses). The spectra for all parameter (θ, φ,momentum) are
shown in Appendix E.
From these pictures the di�erence in the reconstruction e�ciency for experimental and

simulation data can be extracted. Since the e�ciency is higher in simulation package, this
e�ect has to be included.
By dividing the experimental spectra by the simulated distribution, one can obtain a correction
factor (CF) as a function of the kinematic variables θ, φ and p: CF(θ),CF(φ),CF(p). While
the distribution of CF(φ) is nearly constant, the correction factor has a strong dependence
upon θ and the momentum. For this reason a total correction function depending on θ and p
was obtained: see Equation 4.7

CFtotal(θ, p) =
√

CFθ(θ) ·CFp(p) (4.7)

Due to statistical reasons, the correction factor cannot be determined double di�erentially in
both coordinates. For that reason the total correction factor is a convolution of the correction
factor in θ and p.
This e�ciency correction was implemented on the track level in the simulation. After the
tracks are reconstructed in the sub detector, the e�ciency correction is applied. For each
track the CFtotal factor is determined according to its polar angle and momentum. The track
is discarded under the condition, that the e�ciency factor is lower than the value rand0,1

2.
After this selection a new sub sample of elastic scattered protons can be created for the simu-
lation data. The resulting corrected distributions are shown in the corresponding histograms
(Figure 4.6) by the green crosses.
In a second step the matching e�ciency of the RPC has also to be adjusted. This is done
by the same methods like in the case of the tracking e�ciency. In Figure 4.6 the matching
e�ciency of the RPC is plotted versus the particle momentum (c) and the polar angle (a)
for experimental data (black crosses) and simulation data (red crosses). The green crosses
represent the matching e�ciency for the e�ciency corrected sub sample.

2rand0,1: Random distributed value between 0 and 1 with equal probability, generated for each track.
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(a) (b)

Figure 4.6: Matching e�ciency of the RPC with CDC versus the polar angle (a) and the
particle momentum (b). The value for the experimental data are shown by the black crosses,
the values for the simulation data are represented by the red crosses.The green crosses show
the simulation data after the e�ciency correction was applied.

From all these spectra a good overlap of the data and simulation is visible, which is su�cient
for our data analysis. Also the comparison of the matching e�ciency (Figure 4.6) shows an
su�cient overlap of data an simulation.

4.3.4 Data - Simulation Comparison

The quality of the corrections can be veri�ed by comparing the resulting invariant mass
spectrum of proton and pion - explained in Section 3.4 - of experimental and simulation data.
The spectra are shown in Figure 4.7. In that �gure the simulation data are shown in (a) and
the experimental data on (b).
The extracted results for the Λ peak are listed in Table 4.3. The peak position and the

mass resolution of the Λ particle are comparable in simulation and experimental data. Both
spectra just di�er in the amount of background beneath the Λ signal. The reason for this
discrepancy originates from the fact, that in the experimental data more background events
are present than in simulation. Those background events have di�erent origins, e.g. o� vertex
events.

Peak Position [GeV/c2] Width [MeV/c2] S/B
Simulation data 1.113 5.6 0.88

Experimental data 1.114 5.3 0.24

Table 4.3: Results of Fit of Λ Spectrum.

For the comparison of the experimental and the simulated data for the exclusive reaction
pp → pK+Λ this di�erence in the background can be neglected since the the exclusive signal
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(a) (b)

Figure 4.7: Invariant mass of the p− π− (π− measured in CDC, p in Helitron) pairs from
UrQMD simulation (a) and from data (b). Reconstruction is explained in Section 3.4

can be extracted, without background (see Section 3.5).
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SiΛViO Performance

The trigger system SiΛViO was built for the proton-proton run at 3.1 GeV at FOPI. Beside
the improvement of the tracking, which is described in Paragraph 3.1.2, the trigger was built
to suppress background events. Such kind of events could originate from two di�erent sources:

O� target Events: Background events induced by particles, which are not coming from
the target. The origin of such events and the suppression by SiΛViO is discussed in
Section 5.1

Background p-p Events: Background events, which originate from proton-proton reac-
tions inside of the target volume without strangeness production. The suppression
is discussed in Section 5.1

The basic idea about the trigger concept of SiΛViO is explained in Section 2.10.

5.1 Target Enhancement

The proton beam from the accelerator is guided inside a vacuum pipe to the FOPI spec-
trometer. Due to the fact, that beam particles are bended out from the original trajectory,
surrounding material can be hit.
In the case that happens near to the FOPI spectrometer those particles could also �y through
some sub detector and create a su�cient signal, that a readout signal is triggered.
The FOPI spectrometer was built to investigate heavy ion reactions. In such kind of reactions
the amount of charge particles in a collision is quite high. For the selection of events of inter-
est, the required multiplicity of detected particles in the trigger detectors must be su�ciently
high. This trigger selection also leads to a suppression of o�-vertex reactions.
In the case of proton-proton reactions the particle multiplicity per event is quite low on av-
erage. Thus, the requested multiplicity has to be lower (see Section 2.11), which reduced the
capability of o�-vertex suppression signi�cantly. The ratio of o�-vertex reactions was deter-
mined comparing the trigger ratio of the experiment with the target and without the target.
In Table 5.1 the trigger ratio normalized to the total amount of beam particles is listed. From
these data one can see, that the number of o�-vertex reactions is quite high (80.9± 1.3%) for
the �rst-level trigger condition.
A su�cient suppression of such reactions could be achieved by the inclusion of the Λ -trigger
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to the trigger selection. By this the amount of recorded o�-vertex reactions was reduced to
10.4± 1.1%.

Trigger per Beam particle LVL1 LVL2
Target (3.1± 0.1) · 10−3 (3.8± 0.1) · 10−4

No target (2.6± 0.1) · 10−3 (3.9± 0.1) · 10−5

Ratio (80.9± 1.3)% (10.4± 1.1) %

Table 5.1: Amount of trigger per beam particles for the LVL1 and LVL2 triggers, respectively.
The last row shows the ratio of target and no-target rates.

5.2 Λ Enhancement

To determine the experimental enhancement of the Λ signal reached with the LVL2 settings,
the reconstructed Λ signal per event for the LVL2 and the LVL1 trigger conditions was
extracted and compared. For this purpose, Λ -hyperons were reconstructed in both data
samples. Due to a low amount of statistics of LVL1 events a wider selection cut 1 was used
to enhance the signal.

Signal per Event ( · 10−4) LVL1 LVL2
Data 0.17± 0.09(stat)+0.02

−0.06 2.36± 0.05(stat)+0.23
−0.31

pp Simulation 0.52± 0.09(stat)+0.04
−0.01 1.68± 0.36(stat)+0.39

−0.06

Table 5.2: Number of reconstructed Λ per event for the LVL1 and LVL2 event samples. The
values are corrected for the �no target� events (see Table 5.1 and text for details).

Figure 5.1 shows the resulting invariant mass plot obtained for the LVL1 (left panel)
and LVL2 (right panel) samples, respectively. Due to the less stringent cut conditions, the
width of the signal increased slightly with respect to the results discussed in Section 3.4 from
5.3 MeV/c2 to 6.0 MeV/c2, while the signal to background ratio stays quite stable at a value
of 0.24. The signal yield was extracted by integrating the distribution in a 3σ interval around
the �tted mean value µ. One can see that the Λ signal is barely visible for the LVL1 events,
even if Figure 5.1 corresponds to the total collected statistics; indeed the signal to back-
ground for the reconstructed Λ goes down to 0.13. For this reason only a lower limit of the Λ
-enhancement factor can be calculated. In Table 5.2 the number of reconstructed Λ candidates
per event for the LVL1 and LVL2 samples are shown. The systematical errors were obtained
by varying the reconstruction cuts within ±10%. One can see that the number of the recon-
structed Λ in the experimental and in the simulations data is in agreement within the error.
Possible di�erences might arise from the uncertainty of the total production cross-section in
the simulations, hence one should focus more on the comparison of the ratios. From these
resulting values the enhancement is �nally obtained by dividing the signal per event of LVL2
and LVL1 triggers. The LVL2 to LVL1 enhancement obtained from the experimental data
is 14.1 ± 7.9(stat)+4.3

−0.6, where the statistical error is originating from the scarce statistics of
reconstructed Λ for the LVL1 trigger. The LVL2 to LVL1 enhancement factor obtained from

1The selection cuts shown in Table 3.2 were used. The selection cut of dr was modi�ed to dr > 1.0 cm
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(a) (b)

Figure 5.1: Invariant mass of proton and pion for pK+Λ LVL1 (a) and LVL2 (b) trigger
condition. The black crosses in the upper picture show the signal and the red line shows the
�tted polynomial background. The lower pictures show the background subtracted signal.

UrQMD simulation is 3.40±0.59(stat)+0.34
−0.19 which is in good agreement with the enhancement

of the pure geometrical acceptance (see Paragraph 2.11.4).
The discrepancy between the enhancement value in experimental and simulation data origi-
nates from the fact the in the experimental data the amount of o�-vertex events is di�erent in
the LVL1 and LVL2 data - as shown in the previous section. This e�ect requires a correction
of the result extracted from simulation data. After the correction the enhancement value of
Λ in simulation is 15.9 ± 2.8(stat)+5.4

−0.5, which is in good agreement with the experimental
data [MBF+14].
This way the performances of the LVL2 trigger have been proven and quantitatively veri�ed.
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Physics Analysis

In the following chapter the method to achieve a quantitative description of the experimental
data is presented.
The goal of this work is to extract information about the existences of kaon bound states
ppK−. In the in reaction p+p→ K+ + ppK− (→ Λ + p) a signature should be visible in the
spectrum of the invariant mass of p and Λ - shown in Figure 6.1- where the region, in which
a signal is expected is marked by the red shaded area.
Although the spectrum does not show a clear peak structure the existences of the ppK−

Figure 6.1: Invariant Mass of Λ and Proton. The red shad ed area is the mass region of the
expected ppK− signal.

can not be simply ruled out. From theoretical predictions it is not clear, which width one
would expect for the ppK− [DHW09, SGM07, IS09,Gal11]. Since the extracted statistics of
pK+Λ events is not very high, a ppK− with a broad width would not be clearly visible in this
spectrum. From this point of view the experimental can used to determine an upper limit for
the production of the ppK− bound state.
Before we can evaluate this upper limit determine the di�erent sources contributing to the
pK+Λ �nal state have to be determined. As it was shown in Section 1.5 the �nal state of
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pK+Λ can be populated via di�erent production mechanisms. In order to model the di�erent
sources as good as possible several kinematical observables are introduced (Section 6.1), which
allows a complete description of the reaction kinematics.
In the following, the comparison of the experimental results with di�erent simulations is
shown. In Section 6.2 the comparison with the phase space simulation of di�erent channels is
presented, followed by the comparison with UrQMD transport model simulation (Section 6.3).
A further attempt is presented in Section 6.4. In this the experimental data are described
by the results of an Partial Wave Analysis. Based on this description the upper limit for the
ppK− is extracted in Section 6.5.

6.1 Observables

In order to allow a comparison of the experimental and the simulated data, a set of observables
is needed, which describes the kinematics of the reaction process. In the following section the
di�erent observables and their distributions for di�erent production mechanism is discussed.
All channels are simulated both isotropically and an - as far as known - angular distribution
(see 4.2).

6.1.1 Invariant and Missing Mass

In the invariant and missing mass spectra intermediate resonances are visible. Since the reac-
tion events ful�ll the energy and momentum conservation, it is redundant to plot the invariant
and missing mass spectra at the same time.
In Figure 6.2 (a)-(c) the invariant mass distributions for the three di�erent particle combi-
nation are shown. These distributions originate from phase space simulations, created with
the Pluto package, before the �ltering through the detector acceptance and e�ciency. These
spectra represent the distributions for particle emitted in the full phase space.
The di�erent colors are corresponding in all the panels to the di�erent simulated channels.
While the distribution of the phase space production of pK+Λ (pink line) does not show an
evident structure in the three di�erent spectra, the di�erent N∗ channels have a quite sig-
ni�cant structure. The peak position in the invariant mass Λ -K+ spectrum corresponds to
the mass of the according N∗ resonance. The same e�ect can be seen for the ppK− channel
(turquoise line) in the invariant mass spectrum of Λ and p.
Beside this e�ect the distributions in the other two invariant mass spectra also show partially
peaked structures, di�erently then expected for the phase space production of pK+Λ. These
structures - usually called mirror peaks - can be explained by the fact, that in these reactions
two separate two body reactions take place. Since the involved particles in two body reactions
are clearly correlated, all three particles are also strongly correlated.
While the invariant mass spectra are sensitive to the di�erent production channels, they are
not in�uenced by the angular distribution (see 4.2) as one can seen in panels (d)-(f) Figure 6.2
(d)-(f).
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Figure 6.2: Invariant Mass Distributions: N∗1650 (black); N∗1700(red); N∗1900(green);
N∗2160(violet); pK+Λ (pink); ppK− (turquoise). Panel (a)-(c) show the spectra for isotropic
production, panel (d)-(f) show the production with an angular distribution.

6.1.2 Angular Distributions

As shown in the previous paragraph the invariant mass distribution are completely indepen-
dent from the angular distribution. As shown in other experiments, those correlations are
playing a signi�cant role in the description of the total reaction.
For a full description of the reaction additional observables are needed, which are the center-
of-mass angle, the Gottfried-Jackson angle and the Helicity angle.

Center of Mass Angle

The center of mass angle spectrum shows the distribution of the polar angle of one of the
three particle in the center of mass reference frame of the two initial protons, which equals
the center of mass system of the whole reaction. The center of mass angle is visualized
schematically in Figure 6.3.In the case of an isotropic production it is independent from the
di�erent production mechanisms. This re�ects in the �at distributions shown in Figure 6.4(a)-
(c).
An anisotropic distribution can be explained in the picture of the one boson exchange model.
In Figure 1.14 the primary proton interacts in vertex A and produces a virtual meson. Since
the mass of this meson is rather low, the transferred transverse momentum is rather low.
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Figure 6.3: Center of Mass Angle: Angle be-
tween primary proton the �nal state particle
in the rest frame of the initial protons.

Due to this e�ect, the de�ection of the pro-
duced particle is small, which results in an
anisotropic angular distribution. In this pic-
ture the angular distribution depends on the
momentum of the exchange meson. This vir-
tual meson interacts then further at the ver-
tex B with the other initial proton. In case of
the production of an N∗ (Figure 1.14 (c)) the
probability for the production of resonances
depends on the meson momentum. The pro-
duction of the N∗(1900) and N∗(2190) reso-
nances requires a meson with a higher momen-
tum than for the case of the N∗(1650). Thus
a higher momentum transfer in vertex A is re-
quired, which leads to a less anisotropic angular distribution. For that reason the distributions
for the low mass resonances has a stronger forward backward asymmetry than the resonances
with a higher mass.
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Figure 6.4: Center of Mass Angle Distributions of the N∗(1650) (black), N∗(1700) (red),
N∗(1900) (green), N∗(2160) (violet), pK+Λ (pink), ppK (turquoise) channel. Panel (a)-(c)
show the spectra for isotropic production, panel (d)-(f) show the production with an angular
distribution.
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Helicity Angle

Figure 6.5: Helicity angle ΘRFAB
A−C between

particle A and B in the reference system of
particles A and B.

In reactions with three particles in the �nal
state the Helicity angle θRFBC

AB is de�ned as
the angle between the particles A and B in
the Helicity frame of the particles B and C.
This frame is de�ned as the Lorentz frame in
which the center of mass of the particles B
and C is at rest [AB+10]. A schematic view
is plotted in Figure 6.5. Since the Helicity an-
gle is de�ned by the three �nal state particles,
it is in fact a special projection of the Dalitz
plot. For the same reason the distributions
do not show any di�erence between isotropic
and anisotropic simulation. The spectra for
the three di�erent Helicity angles are plotted
in Figure 6.6.

In this representation the direct production channel of pK+Λ shows a completely �at be-
haviour in all three distributions. On the contrary, the production channel via intermediate
resonances show clear asymmetric structures. The resonances only show a �at behaviour in
the distribution in the reference system of its decay particles. This is based on the assumption
of an isotropic decay of those resonances.
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Figure 6.6: Helicity angle distributions of the N∗(1650) (black), N∗(1700)(red),
N∗(1900)(green), N∗(2160)(violet), pK+Λ (pink), ppK(turquoise) channel. The panels show
the distribution of the isotropic and the simulation with applied angular distribution, which
are identically.

Gottfried-Jackson Angle

The Gottfried-Jackson angle θRFAB
A,Be is de�ned as the angle between the particle A and

the incoming proton in the Jackson frame of the particles A and B, which is the same
like the Helicity frame of the particles A and B. This angle connects the exit and en-
trance channel and carries information, which are not accessible by a Dalitz plot analysis.
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Figure 6.7: Gottfried Jackson angle ΘRFAB
A−p

between particle A and the initial proton in
the Reference System of particles A and B.

The utility of the Jackson angle lays in the
fact, that this angle - according to the OBE
- reduces the three particle production process
to a '2→2' production mechanism happening
in the Vertex B in the Feynman diagrams in
Figure 1.14. Thus the angular distribution can
give information about the relative angular mo-
mentum involved [AB+10]. In Figure 6.8 the
Gottfried-Jackson angles for phase space sim-
ulation are shown for the isotropic case (a)-(c)
and anisotropic (see 4.2) case (d)-(f). One can
see that an angular correlation also has in�u-
ence on the Gottfried-Jackson angles. In these
spectra no further angular correlations of the

'2→2' sub reaction are included, since such e�ects are not known for the di�erent channels.
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Figure 6.8: Gottfried-Jackson Distributions of the N∗(1650) (black), N∗(1700)(red),
N∗(1900)(green), N∗(2160)(violet), pK+Λ (pink), ppK(turquoise) channel. In the spectra
(a)-(c) the results for isotropic production is plotted. The spectra (d)-(f) show the produc-
tion with an angular correlation.
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6.2 Comparison with Phase-Space Simulation

At �rst a comparison of the experimental data with a pure phase space simulation was done.
For this comparison PLUTO simulations were used with the applied angular correlation (see
4.2). These simulations were �ltered through the FOPI GEANT framework and the same
analysis chain like for the experimental data was applied.
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Figure 6.9: Comparison of experimental data (black crosses) with the pK+Λ phase space
production (red band). The complete set of kinematical observables is plotted. (a)-(c) are
the invariant mass distributions. (d)-(f) show the center of mass angle, (g)-(i) show the three
Gottfried Jackson angle and (k)-(m) show the distribution of the Helicity angle.

In Figure 6.9 the full set of observables is plotted. The black crosses show the experi-
mental data after the subtraction of the sideband background. The red band represents the
distribution for the direct production channel of pK+Λ . The simulation is normalized to the
integrated yield of the Minv(ΛK

+) spectrum.
By looking at the di�erent invariant mass distribution one can see that the invariant mass
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is very well explained by this model. Also from di�erent angular distributions ((f) and (h))
this conclusion could be draw. But if one looks to the full set of observables the agreement
between the experimental and simulation data is rather poor.
Looking at the discrepancy of the angular distribution of the particles, the question arises,
whether the used angular distribution is correct. On the one hand an angular distributions
could be created, which provides a better description of the angle spectra. One the other hand
this would not provide a solution for the discrepancy of the invariant mass spectra, which are
not a�ected by an angular distribution, which was shown in the previous section.
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Figure 6.10: Comparison of experimental data (black dots) with N∗(1650) phase space sim-
ulation (red band). The complete set of kinematical observables is plotted. (a)-(c) are the
invariant mass distributions. (d)-(f) show the center of mass angle, (g)-(i) show the three
Gottfried Jackson angle and (k)-(m) show the distribution of the Helicity angle.

Thus, the description of experimental data by pure phase space production of pK+Λ can
be ruled out. This result was expected, since it was already shown by the COSY-TOF col-
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laboration [AB+10], that N∗ resonances play an important role in the production mechanism
of the �nal state of pK+Λ .
For the comparison of the experimental data, N∗ resonances with the mass of 1650 GeV/c2 ,
1700 GeV/c2 ,1900 GeV/c2 and 2190 GeV/c2 were simulated in the same way like the pK+Λ
direct production channel (see Section 4.2).
The resulting spectra for the N∗(1650) simulation are shown in Figure 6.10. The spectra for

Channel chi2/ndf

pK+Λ 2.24
N∗(1650) 5.52
N∗(1700) 4.27
N∗(1900) 3.00
N∗(2190) 3.76

Table 6.1: χ2 value for the comparison of experimental and simulation data calculated with
Equation 6.1. The results are listed for the comparison with the pK+Λ phase space simulation
and the N∗ resonance channels of di�erent mass.

the further simulated N∗ resonances are plotted Appendix F.
To quantify the agreement between di�erent simulation models and the experimental data, a
χ2 can be de�ned by Equation 6.1.

χ2 =
∑

Observables

∑
Bins

(countssim − countsexp)
2(

σ2
sim + σ2

exp

) . (6.1)

countssim and countsexp are the entries of one bin of the histogram of the simulation data
and experimental data, respectively. The error value of simulation and experimental data are
given by σsim and σexp. The sum runs over all bins of the nine histograms of the observables.
The χ2 values for the comparison of the di�erent N∗ resonances are listed in Table 6.1.

6.2.1 Incoherent Cocktail

From the so-far achieved results one can concluded, that experimental data can not be re-
produced neither by pK+Λ direct production nor employing N∗ resonances. This result was
expected, since it was already shown in [AES+10], that the production of the �nal state pK+Λ
is not realized via one single channel. From the poor value of the χ2 for the comparison of
the di�erent channel (Table 6.1) this results is veri�ed.
For that reason, we have tried to �nd a description of the experimental data by combining
the di�erent channels.
To extract the correct contribution of the di�erent channels a �tting procedure was applied.
In this �tting procedure the distributions of each production channel is scaled by a separate
factor. The distributions were added and and the sum was compared to the experimental
data quantitatively by calculation of the χ2 (Equation 6.1). The �tting routine then varies
the di�erent scaling factors, in order to obtain an minimal value for the χ2 value.
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Figure 6.11: Comparison of experimental data (black crosses) with the incoherent sum of
phase space simulations (red band). The contributions of N∗(1650) (blue band), N∗(1700)
(pink band), N∗(1900) (turquoise band), N∗(2190) (dark green band) and pK+Λ (green band)
are plotted separately. The complete set of kinematical observable is plotted. (a)-(c) are the
invariant mass distributions. (d)-(f) show the center of mass angle, (g)-(i) show the three
Gottfried Jackson angle and (k)-(m) show the distribution of the Helicity angle.

The �nal distribution for the sum of the scaled channels is shown in Figure 6.11. By
the visual comparison the discrepancy of experimental and simulation data is already clearly
visible in some kinematic variables. Also the χ2 value of the comparison of 2.68 indicates an
insu�cient agreement.
The reason for that can be manifold. One reason - as already mentioned - is the question
about angular correlation applied to the di�erent channels. The angular distribution for
the simulations were taken from results of the COSY-TOF and the HADES experiment (see
Paragraph 4.2), which have taken data at di�erent beam energies. Since the dependency of
these correlations upon the energy is not clear, it is complicated to extrapolate to our energy.
Further the knowledge about the di�erent N∗-resonances, like the cross section, the width
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and the branching ratio to K+ Λ is quite poor, which increases the degree of freedom.
The third reason for the huge discrepancy between experimental and simulation data might
be, that the di�erent production channel were added just incoherently, which does not take
into account interference e�ects between the di�erent states.

6.3 Comparison with UrQMD

As it was stated in the previous section, the experimental data cannot be explained by pure
phase space simulations. Therefore in a second attempt it was tried to reproduce the experi-
mental data by the UrQMD transport model.
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Figure 6.12: Comparison of the experimental data (black crosses) and the simulated UrQMD
data (red band). The complete set of kinematical observable is plotted. (a)-(c) are the
invariant mass distributions. (d)-(f) show the center of mass angles, (g)-(i) show the three
Gottfried Jackson angles and (k)-(m) show the distribution of the Helicity angles.

In this model - described in Paragraph 4.2 - the trajectories of all participating particles
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are simulated in the reaction process, which gives a better handle on the �nal state interac-
tion between the di�erent particles. This might lead to a better description of the angular
distributions.
The results for the UrQMD transport model were �lter through the detector acceptance via
the FOPI GEANT framework and analyzed like the experimental data. In contrast to the
PLUTO simulations, the output of the UrQMD transport model contains all possible �nal
states, which are produced by proton proton reactions. The background channels are rejected
by the analysis procedure - like for the experimental data. The remaining amount of back-
ground events in the �nal state sample is comparable to the one in the experimental results.
The resulting distribution for the di�erent kinematical observables are shown in Figure 6.12.
The black crosses are the experimental data. The red bands are the results from the UrQMD
simulated data.
By the comparison of these spectra it can be seen, that also the transport model can not
reproduce all kinematical observables. The χ2 for this simulation model is 3.71. Like for the
phase space simulations one can see, that only the invariant mass spectrum of p and Λ as
well as the center of mass angle distribution of the K+ can be reproduced nicely. This shows,
that the behaviour of the K+ can explained su�ciently by the UrQMD transport model.
Looking to the further spectra, one can already identify a signi�cant discrepancy in the in-
variant mass spectra of K+ and Λ . Since these two particles are the decay products of the
N∗ , the contribution of these resonances with di�erent masses can be roughly estimated from
this spectrum. The simulation spectrum is signi�cantly shifted to higher masses compared
to the experimental data, which can be explained by a production of the pK+Λ state via N∗

resonances of higher masses then in the experimental data. In conclusion it can be stated,
that the UrQMD transport model does not match with the experimental results. Actually the
discrepancy is even worse then for the incoherent cocktail, which shows that the N∗ content
in UrQMD transport model is most probably incorrect.

6.4 Comparison with PWA

In the previous section it was shown that the experimental data cannot be reproduced by
phase space simulations or UrQMD transport calculations. From the comparison with the
UrQMD simulation we can rule out, that the cocktail of production channels included in
this transport model might be able to describe the data correctly. A still open question is
the angular distribution between the di�erent particles and the question about interference
between di�erent channels.
In quantum mechanics each transition from an initial wave with the quantum numbers (S,L,J)
to a �nal state with quantum numbers (S′,L′,J) consists of a complex amplitude, which can
be separated in a real amplitude and a phase.The wave functions of di�erent transitions with
the same quantum numbers can mix, which leads to interference. Those interferences can
play a signi�cant role in the description of �nal state spectra - as it was shown in [SF13].
In the reaction p+p→ pK+Λ many di�erent possible transitions could contribute. Since the
amplitudes and phase parameters of these transitions are not know, they have to be �tted by
a Partial Wave Analysis.
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6.4.1 The Bonn Gatchina Partial Wave Analysis Framework

Partial Wave Analysis is a wide spread tool, used in the analysis of πN and γN reaction
data [SNA+05,ABSW06,AKN+11,RDH+13,A+12]. Those methods are able to decompose
the full set of possible waves, which are contributing to a certain �nal state. From those,
several short living baryon resonances have been identi�ed in the mass region between 1.2
GeV/c2and 2.7 GeV/c2 [B+12] [CI86].
Most of the available frameworks for Partial Wave Analysis are just available for the �tting of
πN and γN, since the proton-proton system is more complicated, due to the additional quark
in the initial system.
One partial wave framework, which is available for the analysis of proton-proton data, is the
Bonn-Gatchina Model (BG-PWA) [SNA+05,CDE+13].

Amplitude Parametrisation

In the BG-PWA the production cross section of three particles, with the four-momenta q1,2,3,
is parametrized by Equation 6.2 [AS06b]

dσ =
(2π)4|A|2

4|~k|
√
s

dΦ3 (P, q1, q2, q3) . (6.2)

~k is the combined 3-momentum of the initial particles.
√
s is the center of mass energy of the

reaction. dΦ3 is the available phase-space for the three �nal particles.
The total reaction amplitude A is given by a sum over all transition waves α [EMN+11]:

A =
∑
α

Aα
tr(s)Q

in
µ1..µj

(S,L, J)A2b (i, S2, L2, J2)Q
�n
µ1..µj

(i, S2, L2, J2, S
′, L′, J). (6.3)

The factors Qin
µ1..µj

(S,L, J) are the operators for the initial system of the reaction, described
by the spin (S), orbit momentum (L) and total angular momentum (J) quantum numbers

[AS06b]. The initial system of the two protons
(
JP = 1

2

−
)
can appear in di�erent states (see

Table 6.2).

JP Stot = 0 Stot = 1

L=0 0+ 1+

L=1 1− 0−, 1−, 2−

L=2 2+ 1+, 2+, 3+

L=3 3− 2−, 3−, 4−

Table 6.2: Possible combinations of the initial system of two proton. The grey shaded com-
bination are forbidden.

Since the two initial protons are indistinguishable fermions the total wave function of both
particles has to be antisymmetric, which requires the following condition

(−1)L+S+1 = −1. (6.4)

For this reason, the grey shaded states in Table 6.2 are forbidden.
Each wave in the �nal state is treated as a two particle system with the quantum numbers
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S′, L′, J . In the case of direct production of pK+Λ one is the kaon and the other one is a
sub-system build from the proton and the Λ . This subsystem is described by the quantum
numbers S2, L2, J2. The re-scattering of the Λ and the proton is described by the factor
A2b (i, S2, L2, J2) [Sar13]:

Aβ
2b =

√
si

1− 1
2r

βq2aβpΛ + iqaβpΛq
2L/F (q, rβ , L)

(6.5)

where q is the relative momentum between the baryons in the two particle subsystem and
multi index β denotes possible combinations of channels i and quantum numbers S2, L2 and
J2. aβpΛ is the pΛ-scattering length and rβ is the e�ective range of the Λ-p system. F(q,r,L)
is the Blatt-Weisskopf factor, which is used for normalization1 [BNSSW13].
In case of a production of N∗ resonance the �nal state is build of the N∗ resonance and the
p with the quantum numbers S′, L′, J . In this case the factor A2b is replaced by a relativistic
Bret-Wigner formula [EMN+11,Sar13].

Aβ
2b =

1

(M2 − s− iΓM)
, (6.6)

with pole mass M and the width Γ of the corresponding resonance.
For all transition waves the amplitude Aα

tr(s) of is given by Equation 6.7:

Aα
tr(s) =

(
aα1 + aα3

√
s
)
exp (iaα2 ) . (6.7)

This amplitude consists of a constant amplitude aα1 , an energy dependent amplitude aα3 and
a phase aα2 .
These parameters are �tted on an event-by-event base to the experimental data.
For each �tting step the total sum of all participating waves is built. Due to the phase factor
in the amplitude parametrisation, interference between di�erent transitions of same quantum
numbers (JP ) can occur.
This total sum is then compared to the experimental data. The total �tting quality for each
step is expressed by a negative likelihood value, which is minimized by the �tting routine.

PWA Input

Data samples The experimental data have to be provided in a dedicated list format to the
routine (Appendix G..i.). Since the experimental data contain an amount of background, an
additional list of background events has to be provided to the PWA, taken from the sideband
sample (Paragraph 3.5.6). These events are assigned with a negative weighting factor, which
is extracted from the signal to background values in the K+ spectrum (see Paragraph 3.5.6).
Additionally, a set of phase-space simulation data - �ltered for acceptance and e�ciency - of
the channel p+p→pK+Λ has to be provided.
Thus, in total three di�erent event samples - experimental signal (dat.), experimental back-
ground (bkg.) and simulation data (sim) - were fed to the PWA �tting routine.
These three data samples have to be further subdivided according to the corresponding de-
tector hemisphere combination - according to the topologies described in Paragraph 3.5.4.

1The Blatt-Weisskopf factor is 1 for L=0 and the explicit form for other partial waves can be found
in [AS06b]
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Topology Exp. Data Simu. Data
0-00 433 8423
0-01 167 14078
0-02 316 17800
0-10 124 2525
0-11 25 3502
0-12 33 4518
0-22 19 1256
1-00 54 2393

Topology Exp. Data Simu. Data
1-01 23 3922
1-02 35 2640
1-10 15 783
1-11 5 581
1-12 2 782
1-20 8 162
2-10 28 933
2-11 13 1090

Table 6.3: pK+Λ Statistics in di�erent detector topologies. Only combinations with exper-
imental statistics are listed. The simulation data are from pK+Λ simulation without an
angular distribution.

This separate treatment in PWA is necessary, since di�erent cut values were applied to the
sub-samples. In Table 6.3 the total amount of events for the di�erent detector topologies are
listed. Since the �tting routine of the PWA is done in parallel for all sub samples, the low
amount of event in some bins does not reduce the �tting capability of the PWA.
Beside these input data sets an additional data set of simulated data (4π-set) is used in the
PWA �tting routine. This data set consists of isotropic phase space simulation of the free
pK+Λ production in the full phase space. This sample allows the extrapolation of the PWA
solution to the full phase space (Paragraph 6.4.1). Since this sample is included without a
corresponding experimental data sample, it has no in�uence on the �tting result.

Resonance JP Mass (GeV/c2) Width (GeV/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 0.250

Table 6.4: N∗ resonances included in the Partial Wave Analysis written in the spectroscopic
notation with their the mass and the width, taken form [B+12]. The same N∗ resonances like
for the HADES experiment were used [Epp14].

Mass and Parameter De�nitions The information about the set of transition waves,
which should be �tted by the PWA framework, have to be provided together with the start-
ing value for the transition amplitude parameters aα1,2,3. The input format is shown in Ap-
pendix G..ii.. The initial values for the transition waves were taken from the results obtained
by the HADES collaboration [Epp14].The parameters could be used as starting parameters
although these data of the reaction p+p→pK+Λ were taken at a higher beam energy of
3.5 GeV. The starting parameter set contains all N∗ resonances listed in Table 6.4 together
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with the waves of the free pK+Λ production. Also the full set of initial states of the proton-
proton system was used (Table 6.2). This parameter set is named full set. Since only data
of one beam energies were �tted, just the parameters aα1 and αα

2 are varied. The energy
dependent parameter for each wave aα3 was �xed to 0.
Additionally to the transition wave parameter �le, the masses and the width of the resonances
has to be provided to the BG-PWA. For the analysis these values were �xed to the nominal
value, listed in Table 6.4 [B+12].

PWA Output
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Figure 6.13: Comparison of the experimental data (black crosses) and the results of the
BG-PWA (red band) using the full parameter set.

Weighted Data Sample The main output of the BG-PWA is a list of simulated events,
which have been used for the simulation input of the PWA. Each event is assigned with a
weighting factor, which gives the contribution - �tted by the BG-PWA - of this event to the
total yield.
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From these output events, the spectra for the observables - shown in Figure 6.13 - are �lled
event by event scaled by the weighting factor. From these spectra one can see the good
agreement between the PWA result and the experimental data, which is re�ected also in the
χ2 value of 1.152.
Since this parameter set is obtained within the acceptance of the FOPI spectrometer the
outcome does not show the full phase-space distribution. This information can be extracted
from the 4π data set. Although the simulated events in this data set are not used for �tting,
they are also assigned with a weighting factor according to the �tting result. Thus the 4π
data set serves as an extrapolation of the �tting result to the full phase space. These results
for the di�erent observables are shown in Figure 6.14.
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Figure 6.14: Distribution for the full phase of the reaction p+p → pK+Λ obtained from the
PWA analysis with full parameter set. The spectra are normalized to 1.

Output Results Beside the weighted data also a list of all included transition waves is
written out with its corresponding relative production contribution. From these value the
production cross section can be calculated by a multiplication with the total production cross
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section of the �nal state pK+Λ .
The production cross section for each transition wave must not be confused with the �nal
observed cross section in the �nal state (�nal cross section). In partial wave analysis the ex-
tracted contribution corresponds to the strength of a certain wave at production stage. Since
these di�erent waves can interfere, the production cross section is not necessarily equal to the
�nal cross section of a certain state. Furthermore, due to interference of di�erent states the
contributions in the �nal state cannot be assigned unambiguously to a certain wave. For that
reason, in the further analysis the contributions and cross sections of di�erent states always
refer to the production state of the wave.
It has also take into account, the in the BG-PWA branching ratios for intermediate reso-
nance are not included. Thus the extracted cross section includes the branching ratio of the
resonance, which ends of in the �nal state pK+Λ .

Output Parameter Set The PWA provides a parameter list �le in the same format like
the input parameter �le, which consists of the resulting �tting values for the parameter aα1,2,3.

6.4.2 Scan of Parameter Sets

Based on the full parameters set which reproduces the experimental data quite good, a system-
atical scan was performed to determine the stability of the �t results. For this scan di�erent
N∗-resonances as well as di�erent initial waves of the proton-proton system were disabled2.
The nomenclature of the parameter set is shown in 6.8. The waves for N∗(1650), N∗(1710)
and N∗ (1720) are included in all parameter sets.

parameter set = ABCDEF (6.8)

A = N∗ (1875) waves enabled (1) / disabled (0)

B = N∗ (1880) waves enabled (1) / disabled (0)

C = N∗ (1895) waves enabled (1) / disabled (0)

D = N∗ (1900) waves enabled (1) / disabled (0)

E = pK+Λ non resonant waves enabled (1) / disabled (0)

F = 5 Initial proton states:1S0,
1D2,

3 P0,
3 P1,

3 P2,
3 F3

= 4 Initial proton states:1S0,
1D2,

3 P0,
3 P1,

3 P2

= 3 Initial proton states:1S0,
1D2,

3 P0,
3 P1

= 2 Initial proton states:1S0,
1D2,

3 P0

= 1 Initial proton states:1S0,
1D2

= 0 Initial proton states:1S0

For each parameter set the PWA routine was executed. In the �rst step the parameter sets,
which do not produce a converging solution are discarded. In the second step for the remain-
ing results the χ2 value from the comparison with the experimental data (Equation 6.1) was

2If a resonance/initial state is disabled, is it not listed in the input parameter �le
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determined. For further analysis steps the �ve parameter sets with the lowest χ2 values were
used, which are listed in Table 6.5 with the corresponding value of χ2.
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Figure 6.15: χ2 value for the PWA of di�erent parameter sets versus the value F of the
parameter set is plotted. In each spectrum four di�erent combinations of D and E are plotted.
In spectrum (a) the parameter sets=000***, in (b) the parameter sets 010***, in (c) the
parameter sets 011*** and in (d) the parameter sets 110*** are shown. Results are just
plotted for solutions, which did converge.

Parameter χ2 free pK+Λ N∗ (%)
set (%) 1650 1710 1720 1875 1880 1895 1900

110103 1.09 0.0 11.3 52.4 11.8 6.3 10.9 0. 7,3
010110 1.09 16.6 9.4 42.3 14.1 0. 9.7 0. 7.9
011103 1.10 0.0 11.1 49.5 7.5 0. 14.1 9.3 8.5
110112 1.12 13.9 6.8 43.8 11.9 5.3 9.4 0. 8.9
000113 1.15 21.1 8.6 41.9 17.6 0. 0. 0. 10.8

Table 6.5: Results of the �ve best parameters set. Listed are the χ2 values of the PWA
output compared with the experimental data and the relative contribution of the di�erent N∗

resonance and the free production of pK+Λ - given in %.
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In Figure 6.15 the χ2 value for the parameter sets with a converging solution are plotted
versus the index F. Each spectrum shows the results for di�erent combinations of D and E of
the parameter set number. The di�erent panels show di�erent combinations of the parameters
A,B,C. In this �gure just those four spectra are shown, which include at least on of the �ve
best parameter sets with the lowest χ2 values. All spectra are plotted in Appendix H.
The relative contributions (given in %) of the di�erent N∗ resonances and the free pK+Λ
production are listed in Table 6.5. The resulting parameter distributions of the �ve best
solutions are plotted in Figure 6.16 (color code explained in the caption) together with the
experimental distributions (black crosses).

Minv(ΛK+)
(GeVc-2)

Co
un

ts-
no

rm
ali

ze
d

0

10

20

30

40

50

1.6 1.8 2 2.2

Minv(pK+)
(GeVc-2)

Co
un

ts-
no

rm
ali

ze
d

0

10

20

30

40

50

60

1.4 1.6 1.8 2 2.2

Minv(Λp)
(GeVc-2)

Co
un

ts-
no

rm
ali

ze
d

0
10
20
30
40
50
60
70
80

2.2 2.4 2.6

(a) (b) (c)

cos(θCMS)(Λ)

Co
un

ts-
no

rm
ali

ze
d

0
5

10
15
20
25
30
35

-1 -0.5 0 0.5 1

cos(θCMS)(p)

Co
un

ts-
no

rm
ali

ze
d

0
5

10
15
20
25
30
35
40
45

-1 -0.5 0 0.5 1

cos(θCMS)(K
+)

Co
un

ts-
no

rm
ali

ze
d

0

20

40

60

80

100

-1 -0.5 0 0.5 1

(d) (e) (f)

cos(θRF(pK)Λ,Be)

Co
un

ts-
no

rm
ali

ze
d

0

10

20

30

40

50

60

-1 -0.5 0 0.5 1

cos(θRF(KΛ)Λ,Be)

Co
un

ts-
no

rm
ali

ze
d

0

10

20

30

40

50

60

-1 -0.5 0 0.5 1

cos(θRF(pΛ)p,Be)

Co
un

ts-
no

rm
ali

ze
d

0
5

10
15
20
25
30
35

-1 -0.5 0 0.5 1

(g) (h) (i)

cos(θRF(pΛ)Kp)

Co
un

ts-
no

rm
ali

ze
d

0
5

10
15
20
25
30
35
40

-1 -0.5 0 0.5 1

cos(θRF(pK)KΛ)

Co
un

ts-
no

rm
ali

ze
d

0
5

10
15
20
25
30
35
40

-1 -0.5 0 0.5 1

cos(θRF(KΛ)pΛ)

Co
un

ts-
no

rm
ali

ze
d

0
5

10
15
20
25
30
35
40

-1 -0.5 0 0.5 1

(j) (k) (l)

Figure 6.16: Comparison of experimental data (black crosses) with the �ve best results of the
Partial Wave Analysis. Parameter set 000113 (turquoise), set 010110 (red), solution 011103
(pink), solution 110103 (dark blue), solution 110112 (light green)

From the spectra one can see, that the di�erent results from the PWA �tting cannot be
separated, since the distributions - as well as the χ2 value - are very similar. For example the
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content of the free pK+Λ production varies between 0 and 22%.
On the other hand the results show also some clear trend. First, a clear dominant production
via N∗ resonance seems to be favoured by all solutions, with a very strong component of
the N∗(1710) and a small contribution of N∗(1650). This result is expected from the results
of [AES+10], which has shown, that the contribution of N∗(1710) / N∗ (1720) increases with
increasing energies, while the contribution of N∗(1650) decreases. In their energy range the
N∗(1650) was more dominant. At our energy the N∗(1710) seems to become the dominant
part.
Further the resonances N∗(1875) and N∗(1895) play a minor role, while a certain contribution
from 6% to 13% of the N∗(1900) seems to be favoured by all results.
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Figure 6.17: Distribution for the full phase of the reaction p+p → pK+Λ obtained from the
�ve best PWA parameter sets. Parameter set 000113 (turquoise), set 010110 (red), solution
011103 (pink), solution 110103 (dark blue), solution 110112 (light green).

A more detailed separation of the di�erent solutions is not possible due to limited statistics

95



CHAPTER VI. PHYSICS ANALYSIS

in the experiment. A further improvement of the results could be obtained for the investigation
of spin observables. The small di�erence between the di�erent results can be seen in the full
phase space spectra of the �ve solutions - shown in Figure 6.17. These distributions have
a quite similar behaviour in most of the spectra. A more detailed separation would require
more statistics.
On the other hand all of the spectra show a very anisotropic distribution in the center of mass
angle of the proton and the Λ. The dominant production via N∗ channels is also visible in the
non �at behaviour of the Helicity angle distribution in panel (j) and (k), which is expected
for a resonance dominated production.
From these results we can conclude, that the experimental data can be reproduced by a
coherent cocktail of di�erent N∗-resonances and the free pK+Λ production quite su�ciently
within the experimental errors. The most interesting result is, that interference e�ect seems
to play a major role in this production mechanism, since the experimental data cannot be
explained at all by an incoherent sum of di�erent production channels.

6.5 Contribution of the ppK−

The major goal of this work was to extract information about the production of the ppK−

state in the pK+Λ �nal state. From the previous section two di�erent conclusions on the
ppK− can be drawn. On the one hand it was shown, that experimental data can be described
reasonably well by the BG-PWA �tting method including only known N∗ resonances. This
conclusion seems to exclude a strong contribution of the ppK− in the production channel
of p+p→pK+Λ, which was predicted by [Y+08]. On the other hand it was shown, that in-
terference e�ects are playing a signi�cant role in the underling production mechanism. This
interference could lead to a less evident signature of the ppK− in the �nal state, while a non
negligible contribution in the production state is present. Furthermore, the width and the
binding energy, which is directly connected to the peak position, of the ppK− is not settled
(see Section 1.4). In case of a large width, a signal of the ppK− could hardly be seen, due to
the statistical errors.
With the BG-PWA framework we have a very useful tool, which allows to analyse the experi-
mental data including the wave of the ppK− to determine the upper limit for the production
of the ppK− with di�erent values of the width and mass.

6.5.1 Implementation of the ppK−

The ppK− is a state with a total momentum of J=0 and a negative parity [Nog63]. In the
BG-PWA, this state is implemented similarly as the N∗ resonances with a spectral function
of a relativistic Breit-Wigner distribution (see Equation 6.6). The parity of the total �nal
system depends on the angular momentum between the ppK− and the K+ (JP = 0−) and
is given by PppK− -K+ = (−1)L. Since both particles have J=0, the total spin of the system
can only be Stot = 0.
The �nal states can only be populated by a reaction of a two protons system, with the same
quantum number as the �nal system. Thus the ppK− can be produced from the initial wave
0+,1− and 2+. Thus three di�erent transition for the production of ppK− may occur.
In the following analysis the upper limit for the three waves will be determined separately.
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6.5.2 Determination of an Upper limit

Amplitude Scan

The determination of an upper limit is achieved via a scanning procedure. As a starting point,
the parameter sets of the �ve best solutions are used separately, with �xed parameters.
To this parameters sets, one of the three waves of the ppK− is added and the amplitude

parameter appK
−

1 is increased stepwise.
As it was already mentioned the interferences might play a big role. A signi�cant contribution
of the ppK− could vanish due to destructive interference and the resulting spectrum would
still be comparable with the experimental results. For that reason the phase space factor

of the ppK− wave a
ppK−

2 (Equation 6.7) was not �xed to allow for the maximal possible
destructive interference with other transition waves in the BG-PWA �tting.
It was already shown, that the predicted values for the mass and the width vary between
di�erent theoretical calculations. For that reason the scanning procedure was done for di�erent
values of the mass and the width. As background assumptions the �ve sets with the best
results for the �tting without a ppK− wave are taken. These assumption are named according
to the nomenclature given in Equation 6.8. The full list of values, for which the scanning was
applied, is shown in Table 6.6.

MppK− (GeV/c2) ΓppK− (MeV/c2) ppK− Waves Background Assumption
2.205 20 0+ 000113
2.215 35 1− 010110
2.225 50 2+ 011103
2.235 60 110103
2.245 80 110112
2.255
2.265
2.275
2.285
2.295
2.305

Table 6.6: List of value for which the upper limit of ppK− production was determined. As
background assumptions the �ve sets with the best results for the �tting without a ppK− wave
are taken. These assumption are named according to the nomenclature given in Equation 6.8.

An example for the change of the invariant mass spectrum of the solution of the PWA with
di�erent ppK− amplitudes is shown in Figure 6.18. The black crosses are the experimental
data. The red line corresponds to the result of the BG-PWA for background solution 000113,
a ppK− mass of 2.305 GeV/c2 and a ppK− width of 20 MeV/c2 for the production wave 0+.
The di�erent panels show the results for an increasing amplitude of the ppK− corresponding
to a relative contribution of 0% (a), 0.63 % (b) , 3.18 % (c) and 10.89 % (d). In this example
the contribution of ppK− like in panel (d) can be clearly excluded. To extract the upper limit
for certain solution, the con�dence level method is used.
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Figure 6.18: PWA Results with di�erent relative contribution of ppK− ( 0% (a), 0.63 % (b) ,
3.18 % (c) and 10.89 % (d)). The background solution 000113 is used. The ppK− is produce
width a mass of 2.305 GeV/c2 and a width of 20 MeV/c2 in the production wave 0+.

Con�dence Level

In particle physics the application of the con�dence level method is well suited, to express
the signi�cance of a model including a signal based on the experimental data. Especially for
the extraction of a small signal in a spectrum with a dominant background contribution the
con�dence level is a good quantity. A con�dence level, normally expressed in CL=1-α, can
be interpreted in that way, that if the same experiment would be repeated, in CL percent of
these an agreement between model and data as good, or better then then observed one in this
case is expected. Furthermore this method does not only allow to include particle signals, it
can also be used to exclude particle yields of certain levels.
The signi�cance of the hypothesis µ is quanti�ed by the so called p value pµ. A hypothesis is
accepted, if the condition

pµ > α = 1− CL, (6.9)

is ful�lled and rejected otherwise.
The central point in this method is, which discrepancy variable is used for the calculation of
the pµ. In literature [BCKK11] di�erent variable are discussed.
In our analysis we decided to use the method based on the Pearson χ2 distribution, which is
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calculated by the Equation 6.10:

χ2
signal =

∑
bins

(xexp. − xPWA)
2

σ2
Exp + σ2

PWA

(6.10)

with the values xexp. and xPWA and the errors σExp and σPWA corresponding to the experi-
ment data and PWA result, respectively. In contrast to the χ2 value, which is used to compare
the experimental results with the di�erent outcome of the simulation (see Equation 6.1), the
χ2
signal is calculated just in the signal region (2.2 GeV/c2<InvΛ,p<2.4 GeV/c2) of the invariant

mass spectrum of Λ and p. Since an additional signal of ppK− will appear as a peak in this
mass spectrum (see Figure 6.18)3, a χ2 value determined in this region will be more sensitive
to a discrepancy between experimental data and the PWA results.
From this χ2 value the pµ is calculated by the integration over the χ2-probability density
function (fν) from the derived value of χ2

signal to ∞:

pµ =

∞∫
χ2
signal

fν(χ
2)dχ2 =

∞∫
χ2
signal

1

2
ν
2Γ
(
ν
2

) (χ2
) ν

2
−1

exp

(
−1

2
χ2

)
dχ2. (6.11)

In the calculation the probability density function fν(χ
2) of a standard χ2 distribution is

used, with the degree of freedom ν. This assumption is valid for a su�cient statistic in the
bin (>5) [Bae14].
Since our signal hypothesis consists mainly of background the standard CL method has to
be modi�ed for our proposes. In this case the con�dence level for the background has to be
taken into account - according to Equation 6.12 [Jun99] [B+12].

CLs =
CLS+B

CLB
, (6.12)

with the con�dence level for the signal CLs, the background CLB and Signal plus Background
CLS+B. The resulting modi�ed acceptance criteria is shown in Equation 6.13:

pµ > α (1− p0) , (6.13)

with p0 being the p value for the background only case. This method allows to take also the
quality of the �ve background description, into account, even the di�erences are very small.

Upper Limit

Using the Con�dence Level method we have an adequate tool to determine the exclusion limit
for the ppK−. This allows the determination of an upper limit.
For each result of the BG-PWA using the di�erent parameter set, described in Paragraph 6.5.2,
the value pµ

1−p0
can be calculated.

3In Figure 6.5 one can see, that also the distribution of the Helicity angle ΘRFKΛ pΛ shows a clear peak
structure for the ppK− channel. Since this distribution is in�uenced by a possible anisotropic decay of the
ppK− it is not used.
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Figure 6.19: Upper Limit for the relative contribution of the ppK− (given in %) versus the
its mass. The black crosses correspond to width of 20 MeV/c2,the red crosses for 35 MeV/c2

and the black crosses for 50 MeV/c2. In panel (a) the upper limit is given for the 0+, in (b)
for the 1− and in (c) for the 2+ transition wave.

The upper limit is determined by the maximal amplitude of the ppK− for which this value
is above 5% (for a con�dence level of 95%).
In Figure 6.19 an example for the upper limits for the relative contribution of the ppK− at
a con�dence level (CL) of 95% is plotted against its mass, which is used in the BG-PWA.
In this �gure the upper limits for the background assumption 000113 are shown. The black
crosses correspond to the width of the ppK− of 20 MeV/c2, the red crosses for 35 MeV/c2 and
the black crosses for 50 MeV/c2. The full set of spectra is shown in Appendix I.a.
The error shown in this spectrum results from the stepwise increase of the amplitude.

[%] Mass(GeV/c2)
JP 2.205 2.215 2.225 2.235 2.245 2.255
0+ 2.05+2.1 3.21+2.6 4.77+4.2 3.25+0.1 2.41+0.5 3.72+0.1

2+ 10.08+8.6 18.88+18.7 28.66+26.2 12.98+5.5 10.52+6.8 10.7+5.4

1− 1.74+2.3 2.84+3.2 3.32+3.1 3.24+2.9 2.8+2.5 3.34+3.1

[%] Mass(GeV/c2)
JP 2.265 2.275 2.285 2.295 2.305
0+ 2.76+0.6 4.19+0 3.12+0 4.57+0 4.81+1.4

2+ 10.58+2.6 14.34+10.9 12.9+7.1 13.4+8.4 15.19+10

1− 3.43+3.3 4.55+4.3 4.73+4.4 4.72+4.4 4.88+4.5

Table 6.7: Upper limit value for relative contribution of ppK− - given in % - for a width
Γ=20 MeV/c2. The table shows the values for di�erent initial proton-proton waves, di�erent
background approximations and ppK− masses.

For the lower value of the width the experimental data are more sensitive to the a signal.
Here the upper limit is lower with values between 10% and 20%. The higher value of 28.66%
for the wave 2+ at width 20 GeV/c2 and Mass 2.225 GeV/c2 originates from the step-like struc-
ture, which is visible in the invariant mass of p, Λ in the experimental data (see Figure 6.18).
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From these spectra one can see, that the upper limit in the 2+ production channel is much
higher than for the other two production waves, which indicates, that this production wave
allows more destructive interference with other channels. Since the di�erent waves behave
di�erently the upper limit values for each wave is shown separately in Table 6.7-Table 6.11
for the di�erent widths.
The same results can be seen also for the broader width of 35 MeV/c2 and 50 MeV/c2. For
the case of the width 60 MeV/c2 and 80 MeV/c2 the di�erence between the di�erent possible
production waves for the ppK− reduces. This indicates, that for these width the di�erent
suppression due to interference plays a minor role and the sensitivity of the experimental data
for a signal from a ppK− reduces, which translates in rather high values for the upper limit
of about 30% to 40%.

[%] Mass(GeV/c2)
JP 2.205 2.215 2.225 2.235 2.245 2.255
0+ 4.13+2.7 4.9+4.3 5.21+3.3 5.02+0 5.31+2.1 5.63+2.3

2+ 16.1+11 16.33+3.9 16.48+1.6 16.03+3.4 14+1.5 16.09+2.1

1− 6.02+5.6 8.4+7.5 8.72+7.7 4.57+2.6 4.67+2.6 4.77+2.7

[%] Mass(GeV/c2)
JP 2.265 2.275 2.285 2.295 2.305
0+ 5.93+2.5 6.29+2.7 6.42+2.8 6.76+1.2 7.15+1

2+ 15.99+2 17.86+2 19.56+2 20.99+2.3 20.22+1.9

1− 4.86+2.7 6.45+5.1 6.43+3.4 6.76+4.7 7.77+5.2

Table 6.8: Upper limit value for relative contribution of ppK− - given in % - for a width
Γ=35 MeV/c2. The table shows the values for di�erent initial proton-proton waves, di�erent
background approximations and ppK− masses.

[%] Mass(GeV/c2)
JP 2.205 2.215 2.225 2.235 2.245 2.255
0+ 3.25+1.5 4.84+2.7 7.17+4.9 7.59+2.4 5.68+1.1 6+1.2

2+ 14.09+11.1 16.02+11.3 18.99+1.7 19.82+13.7 19.85+13.7 20.07+12

1− 9.9+9 10.38+9.4 12.73+12.1 6.19+4.1 6.34+4.2 7.12+4.6

[%] Mass(GeV/c2)
JP 2.265 2.275 2.285 2.295 2.305
0+ 6.31+1.1 9.13+2.8 9.4+2.8 9.61+2.8 9.24+2.3

2+ 21.44+10.2 24.91+1.8 25.92+2 26.9+1.6 25.97+1.9

1− 7.36+4.9 7.45+5 8.91+5.4 8.88+3.6 10.01+4.9

Table 6.9: Upper limit value for relative contribution of ppK− - given in % - for a width
Γ=50 MeV/c2. The table shows the values for di�erent initial proton-proton waves, di�erent
background approximations and ppK− masses.
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[%] Mass(GeV/c2)
JP 2.205 2.215 2.225 2.235 2.245 2.255
0+ 6.14+5.8 5.6+3.4 11.4+8.8 16.62+15.5 19.08+17.3 20.07+18.2

2+ 15.2+1.1 17.9+1.6 19.7+1.6 23.66+0.5 23.86+0.7 23.86+0.8

1− 10.13+8.2 10.61+8.7 11.05+9.3 22.02+21.1 17.25+16.3 23.01+22.1

[%] Mass(GeV/c2)
JP 2.265 2.275 2.285 2.295 2.305
0+ 26.85+24.3 32.96+32.3 33.81+32.9 31.23+28.9 31.29+28.6

2+ 31.55+5.4 27.75+1.1 30.84+7.9 14.16+14.7 13.72+14.3

1− 23.34+21.5 18.1+16.1 21.47+19.7 36.27+34.5 29.63+27.5

Table 6.10: Upper limit value for relative contribution of ppK− - given in % - for a width
Γ=60 MeV/c2. The table shows the values for di�erent initial proton-proton waves, di�erent
background approximations and ppK− masses.

[%] Mass(GeV/c2)
JP 2.205 2.215 2.225 2.235 2.245 2.255
0+ 12.06+9.1 12.86+9.2 13.62+10.3 26.56+23.5 34.35+32.8 35.75+33.1

2+ 21.11+9.4 22.8+11 24.21+5.7 29.54+10.4 41.62+13.7 40.57+10

1− 10.73+9.4 9.94+8.5 10.32+9 17.5+15.8 17.9+16.2 18.22+16

[%] Mass(GeV/c2)
JP 2.265 2.275 2.285 2.295 2.305
0+ 37.15+34.6 45.18+42.6 39.19+35.4 39.75+35.3 32.97+29.2

2+ 40.01+14.6 35.4+1.2 40.9+11.5 35.92+1.1 36.68+0

1− 22.28+18.4 24.6+14.9 41.92+28.7 38.57+24.3 39.29+26.1

Table 6.11: Upper limit value for relative contribution of ppK− - given in % - for a width
Γ=80 MeV/c2. The table shows the values for di�erent initial proton-proton waves, di�erent
background approximations and ppK− masses.

Upper limit of ppK− Cross Section

Finally from the obtained upper limits for the relative contribution of the ppK− the upper
limit for the cross section can be calculated. This can be done using as a reference the total
pK+Λ cross section, which can be extracted from literature. In Figure 6.20 the measured
values for the cross section (black crosses) are plotted versus the excess energy ε [AS+06a,
AES+10,AB+10,AESBB+13,FS85].
Since no measurement for the excess energy of the present experiment of ε=508 MeV exist,
this value has to extracted by an extrapolation. This is done with the phase space function
�tting to the data points [SCLR98]:

σ(ε) = a

(
1− s0

(
√
s0 + ε)2

)b( s0
(
√
s0 + ε)2

)c

, (6.14)

with the threshold energy for the reaction p+p→pK+Λ of s0=2.314GeV and the free parame-
ters a,b,c. The �tted function is represented by the black curve in Figure 6.20. The blue lines
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Figure 6.20: Total production cross section of the pK+Λ �nal state versus the excess energy
ε. The black lines show the phase space �t of the literature values [AS+06a,AES+10,AB+10,
AESBB+13,FS85] according to Equation 6.14. The blue line indicates the extrapolated cross
section for our experiment.

indicate the value for our experiment, for which are cross section of σpK+Λ = 41.0± 12.8µb
was extracted.
This value can be used to calculate upper limits for the cross section of the ppK−, which are
listed in Table 6.12. For the lower width of 20 MeV/c2 and 30 MeV/c2 nearly for all mass
values a cross section higher than 10µb can be excluded by our analysis. Especially the low
value of the upper limit for a width 20 MeV/c2 could provide constraints on the production
of deeply bound states, which are predicted with small widths.
For broader ppK− the upper limit exceed the value of 15µb which would be very strong
contribution of the ppK−. Thus the widths of 60 MeV/c2 and 80 MeV/c2 can not provide a
strong constraint for theoretical predictions.
Nevertheless the results are able to provide some constraints for further theoretical calcula-
tions.
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µb Mass(GeV/c2)
Γ(MeV/c2) 2.205 2.215 2.225 2.235

20 4.1±1.2+3.5 7.7±2.4+7.6 11.7±3.6+10.7 5.3±1.6+2.2

35 6.6±2+4.5 6.6±2+1.5 6.7±2.1+0.6 6.5±2+1.3

50 5.7±1.8+4.5 6.5±2+4.6 7.7±2.4+0.6 8.1±2.5+5.6

60 6.2±1.9+5 7.3±2.2+5.9 8±2.5+6.7 9.7±3+8.4

80 8.6±2.7+3.8 9.3±2.9+4.5 9.9±3+2.3 12.1±3.7+4.2

µb Mass(GeV/c2)
Γ(MeV/c2) 2.245 2.255 2.265 2.275

20 4.3±1.3+2.7 4.3±1.3+2.2 4.3±1.3+1 5.8±1.8+4.4

35 5.7±1.7+0.6 6.5±2+0.8 6.5±2+0.8 7.3±2.2+0.8

50 8.1±2.5+5.6 8.2±2.5+4.9 8.7±2.7+4.1 10.2±3.1+0.7

60 9.7±3+8.4 9.7±3+7.9 12.9±4+10.3 13.5±4.2+13.2

80 17±5.3+5.6 16.6±5.1+4.1 16.4±5.1+5.9 18.5±5.7+17.4

µb Mass(GeV/c2)
Γ(MeV/c2) 2.285 2.295 2.305

20 5.2±1.6+2.9 5.4±1.7+3.4 6.2±1.9+4.1

35 8±2.5+0.8 8.6±2.6+0.9 8.2±2.5+0.7

50 10.6±3.3+0.8 11±3.4+0.6 10.6±3.3+0.7

60 13.8±4.3+13.4 15.3±4.7+1.7 16.9±5.2+16.9

80 17.1±5.3+11.7 16.2±5+14.4 16.1±5+10.7

Table 6.12: Upper limit for the production cross section of the ppK− for di�erent value of
the mass and the width. The cross section is given in µb. The �rst error value are origination
from the extrapolation of the total cross section. The second error originates in the step
procedure of the amplitude scan.
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Chapter VII

Conclusion and Outlook

7.1 Summary

7.1.1 Λ Trigger Performance

The present work is dedicated to the data analysis of the proton proton experiment, which
has taken place in the year 2009 at the FOPI spectrometer at GSI in Darmstadt. In this
experiment a new detector named SiΛViO was installed for the experiment, which was used
for triggering and tracking.
The hit points of this detector could be combined with the tracks in the forward hemisphere
with a matching e�ciency of 91.2± 0.6 %.
Due to the hit point provided by the SiΛViO detector the momentum resolution of tracks
emitted to the forward hemisphere could be improved by 5 % for protons and 4 % for pions.
The ability to improve the vertex resolution for Λ particles by a factor of 10 - exploiting the
SiΛViO hit information - allows to reconstruct Λ particles inclusively with a mass resolution
of 5.3MeV/c2. This value extracted for the experimental data sample is comparable with a
full-scale simulation.
The trigger capabilities of SiΛViO were determined by the analysis of the di�erence in the
event signature for the �rst level (LVL1) and second level trigger (LVL2), which includes the
SiΛViO trigger information. In this work is was shown, that the SiΛViO trigger conditions
allows to suppress o�-vertex events by 90%.
Furthermore the enhancement of events containing a Λ particle was determined analysing
the inclusive reconstructed Λ particles. Due to the limited statistics of the LVL1 sample,
a systematic error must be considered for the experimental ratio. This ratio was found to
be 14.1 ± 7.9(stat)+4.3

−0.5. By including the hyperon reconstruction and the contribution of
the empty-target events in the simulation framework, a �nal value of 15.9± 2.8(stat)+5.4

−0.5 was
obtained for proton-proton simulations, which is in very good agreement with the experimental
�ndings. These experimental �ndings were published in [MBF+14].

7.1.2 Exclusive Analysis

The main part of the analysis is dedicated to the extraction of the signal from the exclusive
reaction p+p→ pK+Λ .
The interesting events were selected by di�erent analysis steps, beginning with a pre selection
of events containing four charged particles. The further selection of the exclusive events was
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performed by a selection of K+ candidates. These were selected from tracks, which have
been measured in the Central Drift Chamber matched with a hit point in the Resistive Plate
Chamber of FOPI (Matching e�ciency: 62 ± 0.5%). Furthermore the exclusive events were
selected by a cut on Λ candidates and the selection of a kinematical re�t.
For the description of the remaining background a sideband technique was used. This method
provides an excellent description of the miss identi�cation background, which could be sub-
tracted in the �nal spectra of the experimental data.
Finally a sample of 903 pK+Λ event could be extracted. The background from the production
of pK+ Σ0 was determined to be 1/14.8.

7.1.3 pK+Λ Comparison with Models

The experimental results were compared with di�erent simulation models. The simulation
framework was adjusted to the experimental conditions exploiting elastic proton proton scat-
tering reactions.
The comparison with the phase space simulation of the free pK+Λ and channel with an in-
termediate N∗ resonance leads to the result, that the data cannot be reproduced. On the one
hand it was shown, that the angular distribution diverges signi�cantly, although the phase
space simulation was done with an angular distribution, which has been obtained from previ-
ous experiments. On the other hand it was shown, that the discrepancy cannot be explained
just by a wrong angular distribution.
The comparison of the experimental data with UrQMD transport model leads to the conclu-
sion that only the kinematics of the K+ , like missing mass of K+ and its center of mass angle,
can be reproduced su�ciently. The kinematical distribution of the proton and the Λ cannot
be reproduced. Furthermore, the conclusion could be drawn, that the relative contribution
of N∗ resonances is shifted to higher mass states than in the experimental data, which is
indicated from the invariant mass spectrum of K+ and Λ. This results shows, that the N∗

production channels are not correctly included in the transport model.
With the Bonn Gatchina Partial Wave Analysis (BG-PWA) framework a nice description of
the experimental data could be achieved. With the BG-PWA tool, the contribution of dif-
ferent transition waves could be �tted to the experimental data. For a systematical analysis
the BG-PWA �tting was applied with inclusion of di�erent N∗ resonances and initial proton-
proton states. On the one hand the conclusion could be drawn, that the model does not
favour one single solution, which originates in the limited statistics of the experimental data
and the lack of spin observable like a polarized target or beam. On the other hand it was
shown, that BG-PWA can provide reasonable results, even with a low amount of statistics.
The results of the BG-PWA delivers a clear trend, with an dominant production of N∗ res-
onances, which �ts to the experimental �nding of the COSY-TOF Collaboration. Especially
the ratio of N∗(1650) and N∗(1710) shows a behaviour, which was indicated by those results.
Another important result, which can be drawn from the results is the importance of interfer-
ence between di�erent transition waves. This e�ect seems to have a major in�uence on the
experimental data, since the incoherent sum of di�erent channels could not provide reasonable
results.
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7.1.4 Upper Limit ppK−

Based on the successful description of the experimental data with known sources by the BG-
PWA framework an upper limit for the ppK− channel in the reaction p+p→pK+Λ could be
determined. For this analysis three possible transition waves of the ppK− were included in
the BG-PWA. The amplitude of this state was increased stepwise, while the phase parameter
was let free, to allow maximal destructive interference.
A systematical scanning procedure was performed for eleven values of the mass between
2.205 and 2.305 GeV/c2 and �ve di�erent values of the width (20, 35, 50, 60, 80 MeV/c2). For
the three lowest widths a signi�cant di�erence between the results of the di�erent transition
wave of the ppK− was seen. This shows, that the analysis is sensitive for interference e�ects,
which are di�erent for di�erent transition waves. For the highest two widths this could not
be observed, which indicates, that due to the statistical error the experimental results are not
sensitive anymore for this e�ect. Also a quite high value for the upper limit was deduced, which
indicates the reduced sensitivity of the data. From the relative contribution obtained from
the BG-PWA the upper limit of the ppK− cross sections in the reaction p+p→pK+Λ could
be deduced. The total cross section of the reaction p+p→pK+Λ of σpK+Λ = 41.0 ± 12.8µb
was extracted from a phase space �t of previous experimental results.
The resulting values for the cross section of the ppK− range between 4.1±1.2+3.5µb and
11.7±3.6+10.7µb for a width of 20 MeV/c2, between 5.7±1.7+0.6µb and 8.6±2.6+0.9µb for a
width of 35 MeV/c2, between 5.7±1.8+4.5µb and 11.0±3.4+0.6µb for a width of 50 MeV/c2,
between 6.2±1.9+5.0µb and 16.9±5.2+16.9µb for a width of 60 MeV/c2, between 8.6±2.7+3.8µb
and 18.5±5.7+17.4µb for a width of 80 MeV/c2.
Comparing these results to the outcome of the LEPS experiment (see Section 1.4), we can
see, that the upper limits are signi�cantly higher than in their results. Besides the di�erence
in the statistical error, the di�erence in the upper limit might also have further reasons. On
the one hand the production mechanism in the LEPS experiment and this present experiment
are di�erent. On the other hand in this analysis also interference e�ects have been included.
Due to this a contribution of the ppK− could be washed out, which reduces the strength in
the �nal spectrum. With this results it was shown, that even if no peak structure is visible
in the �nal spectrum a production of the ppK− must not be ruled out.

7.2 Outlook

Since it was shown in this analysis that already with a small amount of statistics a conclusion
about the production can be drawn from an analysis with the BG-PWA. A bigger amount of
statistics could provide a more detailed analysis of the reaction p+p→pK+Λ . As a logical
consequence an analysis initiative was established to proceed with this analysis.
A huge set of statistics, obtained by the COSY-TOF, the DISTO and the HADES collabora-
tion, has been taken in the last years. In Table 7.1 the results from the di�erent experiments
are listed, together with the amount of obtained statistics of the reaction p+p→pK+Λ . Fur-
thermore, this set of experiments does not only provide very good statistic, they also cover
a broad range of center-of-mass energies

√
s. In Table 7.1 also the excess energy εpK+Λ for

the production of pK+Λ and for the production of ppK− (εppK− ) are listed. On the one
hand only four experiments - including the one presented in this work - have taken data with
an energy high enough to produce a ppK−. On the other hand the experiment with lower
energy is necessary, to improve the description of the underlying background process, like the
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production of di�erent N∗ resonances. Furthermore some of the data sets were taken with
polarized beams or targets, which provides further constraint for the analysis.

experiment
√
s (GeV) εpK+Λ εppK− statistics polar.

COSY-TOF [AS+06a] 2.63 84.87 -231.40 791 N
COSY-TOF [AS+06a] 2.66 114.91 -201.35 1037 N
COSY-TOF [Rit13] 2.67 121.56 -194.71 160000 ?
COSY-TOF [AS+06a] 2.72 171.05 -145.22 4323 N
DISTO [M+10,Mag01] 2.75 200.44 -115.83 121000 Y
COSY-TOF [M.R11] 2.75 203.69 -112.58 43662 Y
COSY-TOF [AES+10] 2.75 203.69 -112.58 7228 N
COSY-TOF [AES+10] 2.75 203.69 -112.58 15372 N
COSY-TOF [AB+10] 2.79 238.95 -77.32 89684 N

COSY-TOF [AESBB+13] 2.79 245.70 -70.57 30000 N
COSY-TOF [AB+10] 2.83 284.06 -32.21 3322 N
COSY-TOF [AES+10] 2.83 284.06 -32.21 5791 N
COSY-TOF [AES+10] 2.87 318.86 2.60 6263 N
DISTO [M+10,Mag01] 2.87 318.86 2.60 304000 Y

DISTO [M+10,Mag01,B+99] 2.98 430.48 114.21 424000 Y
FOPI (this work) 3.06 508.97 192.70 903 N
HADES [Epp14] 3.18 629.33 313.06 20000 N

Table 7.1: List of available statistics of the reaction p+p→pK+Λ obtained by the COSY-
TOF, the DISTO and the HADES collaboration in context with the results from this work.
In the list the center-of-mass energy

√
s (given in GeV), excess energy εpK+Λ for the pK+Λ

production, the excess energy for the production of ppK− εppK− (both excess energies given
in MeV) and the amount of statistics are shown. The data samples, for which a polarized
beam respectively target was used, are marked (polar.).

The BG-PWA framework provides the opportunity to analysis several di�erent data set in
parallel. The parametrisation of the transition amplitude - presented in the Paragraph 6.4.1
- allows to include, beside the constant and the phase term, an energy dependent term. Ex-
ploiting this parameter a combined �t of di�erent data sets can be performed, which improves
the reliability of the results.
To perform this combined analysis already a partnership with the di�erent detector collabo-
ration was established. From these groups the experimental data will be provided as well as
pK+Λ phase space simulations, which require no further detector speci�c analysis.
In the �rst step a separate analysis of the di�erent data set is planned to be performed, to
check the reliability of the di�erent data samples. In a second step the di�erent data samples
will be merged to provide a combined result.

Besides our planed analysis project, further experiments are planned, which will continue
in the search for the ppK−.
One future experiment is the AMADEUS project at the DAΦNE accelerator at Finuda. In
this project a modi�cation of the already existing KLOE-spectrometer [AAA+02] is planned.
This spectrometer, consisting of an excellent geometrical acceptance for charged and neutral

108



CHAPTER VII. CONCLUSION AND OUTLOOK

particles, shall be upgraded with a helium target surrounding the beam pipe. This should
allow to measure the exclusive reaction K−+3He→ppK−+n [Zme07,Kie08].
Another experiment is planned at the J-PARC accelerator facility in Japan. In a dedicated
experiment - named E15 - the same reaction as in AMADEUS shell be investigated. At the
J-Parc accelerator secondary K− can be produced. In the E15 experiment a liquid 3He target
is constructed, surrounded by a magnetic spectrometer with a nearly 4π acceptance for charge
particle. For the detection of neutrons a dedicated detector wall will be used. [A+13]
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Appendix B

Momentum calculation in the Helitron

In the following section the momentum reconstruction of tracks, which are measured with the
Helitron drift chamber is explained.
Due to the presence of a magnetic �eld, particles with the charge q and the velocity ~v are
bended due to the Lorentz force ~FL:

~FL = q~v × ~B. (B.1)

For the special case ~B= (0,0,Bz) the particle follows Equation B.2; vt is the transverse com-
ponent of the particle velocity, m is the particle mass and the r is the radius of the circle.

mv2t
r

= qvtBZ . (B.2)

In the case of homogeneous magnetic �eld the particle momentum can be calculated from this
formula. In the case of the Helitron the magnetic �eld is starting to be inhomogeneous, what
is visualised in Figure B.1. In this graph the longitudinal and the radial component of the
magnetic �eld is shown versus the z position along the beam axis is shown. The nominal target
position of the FOPI Spectrometer is located a z=0. The di�erent colour lines correspond to
di�erent radial distances from the beam axis. In the region of the Helitron (marked in the
pictures) the �eld is becoming inhomogeneous.
Due to this, a tracking routine based on the method developed in [Win78] was implemented
for the Helitron. This routine determines the particle momentum by normalised cubic B
Splines. This procedure allows the reconstruction - in contrast to Runge-Kutta-Integration
- without the assumption of a track model. For this method the particle track has to be
parametrised by ~X = (x(z), y(z), z)T . Additional the �rst and second derivative d ~X

dz ,
d2 ~X
dz2

has
to be known [Moh96].
From the equation of motion inside the magnetic �eld the following equation can be derived

p
d2x(z)

dz2
=

√
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dx(z)

dz

2

+
dy(z)2

dz
·

(
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(B.3)

p
d2y(z)

dz2
=
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(B.4)

The right sides of these equations are parametrised by splines and are integrated two times.
By the comparison with the left side, the values for the particle momentum can be determined.
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Figure B.1: Longitudinal and radial component of the magnetic �eld inside FOPI along the
z-Axis (beam axis) (given in cm).The center of the magnet is locate as z=0. The di�er-
ent colour correspond to di�erent radial positions (r=0cm(black dashed), 20cm(turquoise),
40cm(orange), 60cm(violet), 80cm(green), 100cm(pink)). The Helitron is locate between
z=100 and z=150 (marked region) [Ple99].

Additionally from the procedure a new parametrisation of x(z), y(z) is obtained, which �ts the
actual track in more accurate way. With the new parametrisation the procedure is repeated.
The limit of this iterative procedure equals the actual particle momentum. The momentum
resolution of this procedure - ignoring detector resolution e�ects - is in region of 0.5% [Moh96,
Ple99].
This procedure allows also the extrapolation of the particle track in both direction of the
Helitron, which allow the matching with other detectors like the PLAWA and SiΛViO (see
Paragraph 3.1.1).
The crucial part of this procedure is the determination of the initial track parametrisation.
This is done by a �t of the hit points by a cubic function in the x versus z and y versus z
plane. Additional to Helitron hit point the target point has to be used for this �t, to ensure
the procedure to converge. Because of this requirement, this tracking procedure has limited
capability for secondary vertex reconstruction.
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Appendix C

Kinematical Re�t

The kinematical re�t is a mathematical procedure, which allows to combine physical laws, like
conservation rules, with the measured track information of particles. In this method the track
observable of the reconstructed particle, which are the momentum and the �ight direction of
the particles are forced to ful�l certain kinematical constraints of the exclusive reaction which
is investigated [Ple12]. Due to �nite resolution of detector the measured four momenta of the
particles and their track parameters are a�icted by a statistical error. Such errors always
lead to a broadening of the measured mass of particles which are reconstructed, such as �nal
measured particles like protons, kaons and pions or intermediate particle like Λ-hyperon.
Since such particles have to be selected by mass or track cuts, hence such a broadening leads
to a increase of particles, that are wrongly selected by such cuts, which increase the amount
of background.

C.a General Principles

The mathematical background of the kinematical re�t is based on the minimization of the
Lagrange equation show in Equation C.1 with respect to ~α and ~λ:

L(~α,~λ) = (~α− ~α0)
T V −1

~α0
(~α− ~α0) + 2~λT ~H((~α). (C.1)

V −1
~α0

is the inverse of the measurement covariance matrix, ~α contains the 6n re�tted and ~α0

the 6n unconstrained parameters of the n tracks [Ple12]. The covariance matrix contain the
uncertainties of the measured unconstrained parameter α0.

V −1
~α0

=


1

σ2
α1

a2 . . . 0

0 1
σ2
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. . . 0
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. . .
...

0 0 . . . 1
σ2
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yi
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 (C.2)

The constraints for the kinematic re�t are parametrized in the vector ~H(~α) with the vector
of the Lagrange multiplier ~λ.
By the minimization of the Equation C.1 a new set of parameters α is created. The sector
term forces the new set of parameters to ful�ll the constraint of ~H(~α). The �rst term in Equa-
tion C.1 ensure, that the new set stays as close as possible to the unconstrained parameters
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set α0. Coincidentally, the parameters are shifted only within the measurement uncertainties
σ2
αi
, which are contained in the covariance matrix V ~α0

. For the correct functionality of the
kinematic re�t, it is advantageous, that the errors are gaussian distributed [Ple12].

C.b Quality Criteria

For a su�cient functionality of the kinematical re�t the correct input of the uncertainties
to the covariance matrix V ~α0

is crucial. In the case of certain tracking procedures, these
parameters can be extracted from the tracking method quite precisely. In the case of the
FOPI tracking these values have to be determined. For the validation of this error, it is
necessary to have a set of criteria which are a measure for the quality of the �t and that
indicates the presence of misidenti�ed events and whether the error input is correct.

C.b.i. Pull Distributions

The pull distribution are a good handle for the quality of each uncertainties of each parameters
separately. These values are de�ned by Equation C.3, with the original track parameter α0,i,
the re�tted track parameter αi, the measurement uncertainties of the original track parameter
σα0,i and σαi the measurement uncertainties of the re�tted track parameter σαi .

P (αi) =
α0,i − αi√
σ2
α0,i

− σ2
αi

. (C.3)

The value - calculated for each parameter separately - is a measure, how far the re�tted
parameter α di�ers from the unconstrained parameter α0. The denominator normalises the
di�erence to the reduced error di�erence. If the covariance matrix Vα0 is estimated correctly,
the pull distributions for the single parameters are gaussian distributed around 0 with a
standard deviation of σ = 1. The e�ect of wrongly estimated uncertainties or systematic
errors can directly be read out of the shape of the pull distributions. Hence, they are a
very important and highly sensitive quality criterion for the kinematic re�t. Indeed, if the
covariance matrix is only roughly known in advance, the pull distributions can be used to
tune the errors to the correct values afterwards (see Paragraph D) [Ple12].

C.b.ii. χ2 and pvalue

χ2 = (~α− ~α0)
TV −1

~α0
(~α− ~α0) =

6n∑
l

(αl − α0,l)
2)

σ2
αl

(C.4)

The χ2 value of the re�t - calculated by Equation C.4 - is a global quality criteria of the
re�t. According to its de�nition in the case of a perfect working kinematical re�t, the χ2

values should be distributed according the probability density function (Equation C.6), with
the mean value of ν. The value ν equals the degree of freedom of the kinematical re�t.
Figure C.1 show the probability density function for the χ2 distribution for di�erent degrees
of freedom (ndf).

fν
(
χ2
)
=

1

2
ν
2Γ
(
ν
2

) (χ2
) ν

2
−1

exp

(
−1

2
χ2

)
(C.5)
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Figure C.1: Probability density of the χ2 distributions for di�erent values of the ndf. The
functions are shifted towards higher χ2 values for an increasing ndf, since the �t has to move
the parameters ~α0 within a larger distance if more constraints are applied. In the limit of
ν → infinity, the χ2 distribution approaches a normal distribution. This follows from the
central limit theorem [Sie10].

A more convenient representation of the �t quality is given by the pvalue. For a χ2 value
value resulting for a re�t χ2

fit the pvalue is calculated by Equation C.6

pvalue =

∞∫
χ2
fit

fν(χ
2)dχ2. (C.6)

Instead of looking at the χ2 distribution, it is more descriptive to map the χ2 to a �at distri-
bution [Bau00]. If the error input is correct, the p-value is indeed evenly distributed between 0
and 1. Since high χ2 values correspond to low p-values, misidenti�ed events are located at low
p-values. Cutting on the p-value therefore enables the reduction of the background [Ple12].
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Determination of Error Values for

Exclusive Analysis

The error value for the kinematical re�t have to be optimized in a dedicated procedure.
By executing a kinematical re�t the track parameters, i.e. the momentum and the direction,
are altered. The size of this change is characterized by the so called pull distribution (C.b.i.),
which should have - in the ideal case - a gaussian shape, with an peak position of 0 and stan-
dard deviation of 1. For the exclusive analysis there are 15 statistical error values that need
to be optimized - 3 parameter for four particles in the CDC and 3 particle in the Helitron.
They should in�uence the width of the gaussian �t.
To correct for systematical errors - which are visible in a shifted mean position of the distri-
bution - a systematical shift correction of the parameter α0 can be applied to the parameters
according to Equation D.1.

α0 = α0 · εshiftcorrection (D.1)

Thus additional 15 parameters have to be tuned.
At �rst all the errors and the shifts for the inverted momentum, the polar angles θ and the
azimuthal angle φ are set at a speci�c value according to sophisticated assumptions based
on the detector's resolution. Thereafter they are adjusted manually, in order to improve the
gaussian �t. This is described in D.a
To obtain a more complete results, a scan of a huge set of di�erent parameter combination
- a so called iteration approach - was done. This procedure - described in Appendix D.b -
should create an optimal set.

D.a Manual Adaption of Error Parameters

In a �rst attempt, the variables are changed manually. After each new set of errors and shifts
the track parameters are re�tted. If the variables were linearly related to the gaussian �t,
as one might assume, a good match could be found easily. After several di�erent variable
combinations an slightly su�cient set of parameters could be determined. The values for
the statistical errors are shown in Table D.1 and for the systematical shifts correction factor
εshiftcorrection in Table D.2.
The pull distribution obtained by the manual adaption of the errors are shown in Figure D.1-
D.7. The �t value are listed in Table D.3 Especially, the plots of the particles from HELITRON
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1/p θ φ

proton 0.099 0.014 0.052
kaon 0.78 0.035 0.042
pion 0.049 0.007 0.011

1/p θ φ

proton 0.0.105 0.032 0.013
pion 0.045 0.01 0.012

Table D.1: Extracted values for the statistical errors in CDC (left) and Helitron (right) by
the manual adaption.

1/p θ φ

prim. proton 0.92 1.00 1.00
sec. proton 1.02 1.00 1.00
kaon 10.6 1.00 1.00
pion 0.95 1.09 1.00

1/p θ φ

prim. proton 0.97 1.05 1.00
sec. proton 1.00 0.95 1.00
pion 1.00 0.85 1.00

Table D.2: Extracted value for the systematical shift correction factor εshiftcorrection in CDC
(left) and Helitron (right) by manual adaption

seem to �t well to the optimal shape. On the other side the pull distributions of the secondary
proton in CDC di�er strongly due to the low amount of signals. In general one can imply,
that the data distributions are already gaussian shaped with an acceptable mean value but a
too high width σ. [Kai13]

(a) (b) (c)

Figure D.1: Pull Distribution of Primary Proton in CDC with manual adaption. Inverted
momentum (a), polar angle θ (b) and azimuthal angle φ (c).

(a) (b) (c)

Figure D.2: Pull Distribution of Kaon in CDC with manual adaption. Inverted momentum
(a), polar angle θ (b) and azimuthal angle φ (c).
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(a) (b) (c)

Figure D.3: Pull Distribution of Secondary Proton in CDC with manual adaption. Inverted
momentum (a), polar angle θ (b) and azimuthal angle φ (c).

(a) (b) (c)

Figure D.4: Pull Distribution of Pion in CDC with manual adaption. Inverted momentum
(a), polar angle θ (b) and azimuthal angle φ (c).

(a) (b) (c)

Figure D.5: Pull Distribution of Primary Proton in Helitron with manual adaption. Inverted
momentum (a), polar angle θ (b) and azimuthal angle φ (c).
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(a) (b) (c)

Figure D.6: Pull Distribution of Secondary Proton in Helitron with manual adaption. Inverted
momentum (a), polar angle θ (b) and azimuthal angle φ (c).

(a) (b) (c)

Figure D.7: Pull Distribution of Pion in Helitron with manual adaption. Inverted momentum
(a), polar angle θ (b) and azimuthal angle φ (c).

D.b Iterative Approach of Error Parameter Adaption

From the attempt of an manual adaption of the �t errors, it was found out, that the pull
distribution and the error parameters are correlated also for di�erent parameter and particle
combinations.
Thus an more sophisticated method must be used. A possible procedure, that leads to a
satisfying result, is the Iteration of possible combination of the error and shift parameters.
Since it is not possible, to iterated over all possible combination the shift parameters and
statistical (D.b.i.) error parameters are iterated separately (D.b.ii.).

D.b.i. Iteration over Shift Values

In the �rst iteration step the shifts in the CDC and one in the HELITRON, as shown in
Table D.4, are varied.
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Chamber Particle Parameter χ2/ndf Mean Sigma
CDC Primary Proton p 1.03 -0.225 1.442
CDC Primary Proton θ 0.89 0.569 2.679
CDC Primary Proton φ 0.98 -0.002 1.543
CDC Kaon p 2.00 0.161 1.484
CDC Kaon θ 2.11 -0.092 1.460
CDC Kaon φ 2.61 0.117 1.924
CDC Secondary Proton p 0.78 -0.710 2.241
CDC Secondary Proton θ 0.35 1.977 2.778
CDC Secondary Proton φ 0.89 0.509 1.871
CDC Pion p 1.20 -0.740 2.172
CDC Pion θ 1.05 1.019 1.902
CDC Pion φ 0.79 -0.069 1.727
HEL Primary Proton p 3.26 0.179 1.251
HEL Primary Proton θ 2.02 -0.100 1.188
HEL Primary Proton φ 2.03 -0.030 1.429
HEL Secondary Proton p 3.34 -0.224 1.177
HEL Secondary Proton θ 2.23 -0.044 1.316
HEL Secondary Proton φ 1.83 -0.007 1.554
HEL Pion p 2.22 -0.584 1.780
HEL Pion θ 2.68 0.659 1.569
HEL Pion φ 2.05 -0.016 1.434

Table D.3: Pull Value results with manual adaption [Kai13].

�rst iter second iter third iter

shift type value range iter step value range iter step value range iter step
prim pr mom [0.8;1.05] ∆ 0.05 [0.95;1.05] ∆ 0.02 [0.98;1.02] ∆ 0.01
prim pr θ [0.8;1.05] ∆ 0.05 [0.9;0.97] ∆ 0.01 [0.915;0.925] ∆ 0.005
sec pr mom [0.9; 1.15] ∆ 0.05 [1.15; 1.25] ∆ 0.02 [1.0; 1.2] ∆ 0.05
sec pr θ [0.8; 1.05] ∆ 0.05 [0.8; 1.05] ∆ 0.05 [0.8; 1.05] ∆ 0.05
Kaon mom [0.9; 1.05] ∆ 0.05 [1.0; 1.1] ∆ 0.02 [1.02; 1.06] ∆ 0.01
Kaon θ [0.9; 1.15] ∆0.07 [0.95; 1.05] ∆0.02 [0.98; 1.02] ∆0.01

prim pr θ Hel [0.95; 1.05] ∆ 0.02 [0.98; 1.13] ∆ 0.03 [0.98; 1.13] ∆ 0.03

Table D.4: Range and step width for di�erent iteration (iter). Listed are the value for θ and
momentum values for Protons and the Kaon in CDC and for the primary proton in Helitron
(prim=primary; pr=proton; mom=momentum; sec=secondary; Hel=in HELITRON)

After conducting the kinematical re�t with every combination, each mean value of the
pull distribution is plotted against the iterated shift values excluding at once the insigni�cant
histograms. The resulting correlation of the mean position of the pull distribution of di�erent
parameters versus the iterate shift of the kaon momentum are shown in the histograms in
Figure D.8

135



APPENDIX D. DETERMINATION OF ERROR VALUES FOR EXCLUSIVE ANALYSIS

�

����

����

����

����

����

����

����

	�
�

	�
�

	�
�

�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�� �
� �
�� � �
�� �
� �
�� �
�


���� ��
 ������

(a) (b) (c)

(d) (e) (f)30

Figure D.8: Mean position of the Pull Distribution of di�erent parameters versus the iterated
shift value of the momentum of the Kaon in the CDC (sicpkp):
a)the mean of the momentum of the secondary proton in HELITRON (mhspp) b)the mean of
θ of the secondary proton in HELITRON (mhspt) c)the mean of θ of the primary proton in
HELITRON (mhppt) d)the mean of the momentum of the pion in HELITRON (mhpip) e)the
mean of the momentum of the kaon (mcpkp) f)the mean of θ of the kaon (mcpkt) [Kai13].

As one can see, an increase in the shift value of the momentum of the kaon arouses an
increase only for the mean of the θ angle of the kaon (panel (f)). The remaining histograms
all show a decrease, which is the strongest for the mean of the θ angle of the secondary proton
in HELITRON and the weakest for the momentum of the secondary proton. Most of these
values meet the zero-point around the shift value 1. Afterwards one must extract the area
in the histograms, where most of the plots of the kinematical re�t have the smallest distance
from the favored value, i.e. the width σ or the mean. This method is repeated with a more
speci�ed parameters iteration range until a satisfying result is obtained.

D.b.ii. Iteration over Statistical Errors

After the shift parameters are �xed, the statistical error parameters are �xed with the same
method like the systematical shift parameters. The initial iterations steps are listed in Ta-
ble D.5

136



APPENDIX D. DETERMINATION OF ERROR VALUES FOR EXCLUSIVE ANALYSIS

in CDC

error type value range iteration step

proton momentum [0.1; 0.3] ∆0.04

kaon momentum [0.05; 0.25] ∆0.04

pion momentum [0.05; 0.25] ∆0.04

θ of proton [0.1; 0.3] ∆0.04

in HELITRON

proton momentum [0.07; 0.27] ∆0.04

pion momentum [0.04; 0.24] ∆0.04

θ of proton [0.07; 0.27] ∆0.04

Table D.5: Iteration values of the systematical shift parameter εshiftcorrection in CDC and
HELITRON

Also for this error parameters the iteration are repeated with a more speci�ed range until
a satisfying result is obtained.

D.c Final Outcome

After the iteration an optimal set for the systematical and statistical error parameters is
extracted, which is shown in Table D.6 and Table D.7.

momentum theta phi
prim. proton 0.099 0.014 0.052
sec. proton 0.099 0.014 0.052
kaon 0.079 0.035 0.042
pion 0.099 0.014 0.052

momentum theta phi
prim. proton 0.105 0.032 0.012
sec. proton 0.045 0.010 0.011
pion 0.099 0.014 0.052

Table D.6: Extracted value for the statistical errors in CDC (left) and Helitron (right) after
scan adaption

momentum theta phi
prim. proton 0.90 1.00 1.00
sec. proton 1.08 1.00 1.00
kaon 1.01 1.00 1.00
pion 0.96 1.00 1.00

momentum theta phi
prim. proton 0.97 1.05 1.00
sec. proton 1.00 0.95 1.00
pion 1.00 0.85 1.00

Table D.7: Extracted value for the systematical shift correction εshiftcorrection in CDC (left)
and Helitron (right) after scan adaption

Applying this �nal set to the kinematical re�t, the pull distributions show an improved
shape - shown in Figure D.9-D.15 and Table D.8.
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Figure D.9: Pull Distribution of Primary Proton in CDC with �nal adaption. Inverted mo-
mentum (a), polar angle θ (b) and azimuthal angle φ (c).
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Figure D.10: Pull Distribution of Kaon in CDC with �nal adaption. Inverted momentum (a),
polar angle θ (b) and azimuthal angle φ (c).
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Figure D.11: Pull Distribution of Secondary Proton in CDC with �nal adaption. Inverted
momentum (a), polar angle θ (b) and azimuthal angle φ (c).
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Figure D.12: Pull Distribution of Pion in CDC with �nal adaption. Inverted momentum (a),
polar angle θ (b) and azimuthal angle φ (c).
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Figure D.13: Pull Distribution of Primary Proton in Helitron with �nal adaption. Inverted
momentum (a), polar angle θ (b) and azimuthal angle φ (c).
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Figure D.14: Pull Distribution of Secondary Proton in Helitron with �nal adaption. Inverted
momentum (a), polar angle θ (b) and azimuthal angle φ (c).
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Figure D.15: Pull Distribution of Pion in Helitron with �nal adaption. Inverted momentum
(a), polar angle θ (b) and azimuthal angle φ (c).

Chamber Particle Parameter χ2/ndf Mean Sigma
CDC Primary Proton p 1.75 0.634 0.824
CDC Primary Proton θ 5.05 1.007 0.839
CDC Primary Proton φ 1.04 -0.036 1.062
CDC Kaon p 2.00 -0.227 1.247
CDC Kaon θ 3.44 0.583 1.377
CDC Kaon φ 28.7 0.070 0.994
CDC Secondary Proton p 0.66 0.254 0.537
CDC Secondary Proton θ 2.41 0.768 0.543
CDC Secondary Proton φ 2.69 -0.014 0.704
CDC Pion p 1.22 -0.175 1.202
CDC Pion θ 2.23 0.517 1.268
CDC Pion φ 3.82 -0.030 1.081
HEL Primary Proton p 4.08 0.490 1.283
HEL Primary Proton θ 48.3 0.517 0.712
HEL Primary Proton φ 8.45 -0.002 1.046
HEL Secondary Proton p 2.16 0.407 1.231
HEL Secondary Proton θ 77.9 0.248 0.672
HEL Secondary Proton φ 13.6 -0.017 1.084
HEL Pion p 1.61 -0.156 1.276
HEL Pion θ 7.78 0.163 1.111
HEL Pion φ 11.4 -0.011 1.003

Table D.8: Pull Value Results (manual Adaption).
Pull Value results with manual adaption [Kai13].

D.d Pvalue Distribution for Exclusive Analysis

The pvalue of the re�t is used to suppress the amount of background in the experimental
data. Since the three particle are detected in the di�erent detector regions (the Kaon is
measured only by the CDC and RPC), the pvalue distribution is plotted for the di�erent
particle-detector combinations separately. The cut on the pvalue distribution is also applied

140



APPENDIX D. DETERMINATION OF ERROR VALUES FOR EXCLUSIVE ANALYSIS

separately.
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Figure D.16: Con�dence level distribution for following combination: secondary proton de-
tected in SiΛViO and Helitron and π− detected in SiΛViO and Helitron. The primary proton
is reconstructed in SiΛViO and Helitron (a), in Helitron only (b) and CDC (c).
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Figure D.17: Con�dence level distribution for following combination: secondary proton de-
tected in SiΛViO and Helitron and π− detected in Helitron only. The primary proton is
reconstructed in SiΛViO and Helitron (a), in Helitron only (b) and CDC (c).
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Figure D.18: Con�dence level distribution for following combination: secondary proton de-
tected in SiΛViO and Helitron and π− detected in CDC. The primary proton is reconstructed
in SiΛViO and Helitron (a), in Helitron only (b) and CDC (c).
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Figure D.19: Con�dence level distribution for following combination: secondary proton de-
tected in Helitron only and π− detected in SiΛViO and Helitron. The primary proton is
reconstructed in SiΛViO and Helitron (a), in Helitron only (b) and CDC (c).
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Figure D.20: Con�dence level distribution for following combination: secondary proton de-
tected in Helitron only and π− detected in Helitron only. The primary proton is reconstructed
in SiΛViO and Helitron (a), in Helitron only (b) and CDC (c).
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Figure D.21: Con�dence level distribution for following combination: secondary proton de-
tected in Helitron only and π− detected in CDC. The primary proton is reconstructed in
SiΛViO and Helitron (a), in Helitron only (b) and CDC (c).

142



APPENDIX D. DETERMINATION OF ERROR VALUES FOR EXCLUSIVE ANALYSIS

pval

C
o

u
n

ts

10 2

10 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

pval

C
o

u
n

ts

10

10 2

10 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

pval

C
o

u
n

ts

1

10

10 2

10 3

10 4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(a) (b) (c)

Figure D.22: Con�dence level distribution for following combination: secondary proton de-
tected in CDC and π− detected in SiΛViO and Helitron. The primary proton is reconstructed
in SiΛViO and Helitron (a), in Helitron only (b) and CDC (c).

pval

C
o

u
n

ts

10

10 2

10 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

pval

C
o

u
n

ts

1

10

10 2

10 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

pval
C

o
u

n
ts

1

10

10 2

10 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(a) (b) (c)

Figure D.23: Con�dence level distribution for following combination: secondary proton de-
tected in CDC and π− detected in Helitron only. The primary proton is reconstructed in
SiΛViO and Helitron (a), in Helitron only (b) and CDC (c).
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Figure D.24: Con�dence level distribution for following combination: secondary proton de-
tected in CDC and π− detected in CDC. The primary proton is reconstructed in SiΛViO and
Helitron (a), in Helitron only (b) and CDC (c).
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Appendix E

E�ciency Comparison

Data-Simulation

In the following the particle spectra of elastic scattered protons for the full set of parameters
(p,θ,φ) for the di�erent detector hemisphere, which are used for e�ciency correction if the
simulation, are shown.

(a) (b) (c)

Figure E.1: Parameters distributions for tracks measured in the Helitron and SiΛViO . Ex-
perimental data(black), Simulation data before scaling (red dots) and after e�ciency scaling
(green dots).
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(a) (b) (c)

Figure E.2: Parameters distributions for tracks measured in the Helitron. Experimental
data(black), Simulation data before scaling (red dots) and after e�ciency scaling (green dots).

(a) (b) (c)

Figure E.3: Parameters distributions for tracks measured in the CDC. Experimental
data(black), Simulation data before scaling (red dots) and after e�ciency scaling (green dots).

(a) (b) (c)

Figure E.4: CDC-RPC matching e�ciency given in %. Experimental data(black), Simulation
data before scaling (red dots) and after e�ciency scaling (green dots).
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Appendix F

Comparison Spectra of N∗

Resonances
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Figure F.1: Comparison of experimental data (black dots) with N∗(1650) phase space sim-
ulation (red band). The complete set of kinematical observables is plotted. (a)-(c) are the
invariant mass distributions. (d)-(f) show the center of mass angle, (g)-(i) show the three
Gottfried Jackson angle and (k)-(m) show the distribution of the Helicity angle.
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Figure F.2: Comparison of experimental data (black dots) with N∗(1700) phase space sim-
ulation (red band). The complete set of kinematical observables is plotted. (a)-(c) are the
invariant mass distributions. (d)-(f) show the center of mass angle, (g)-(i) show the three
Gottfried Jackson angle and (k)-(m) show the distribution of the Helicity angle.

149



APPENDIX F. COMPARISON SPECTRA OF N∗ RESONANCES

Minv(ΛK+)
(GeVc-2)

Co
un

ts
-n

or
m

al
ize

d

0

20

40

60

80

100

1.6 1.8 2 2.2

Minv(pK+)
(GeVc-2)

Co
un

ts
-n

or
m

al
ize

d

0

20

40

60

80

100

1.4 1.6 1.8 2 2.2

Minv(Λp)
(GeVc-2)

Co
un

ts
-n

or
m

al
ize

d

0

20

40

60

80

100

2.2 2.4 2.6

(a) (b) (c)

cos(θCMS)(Λ)

Co
un

ts
-n

or
m

al
ize

d

0
10
20
30
40
50
60
70

-1 -0.5 0 0.5 1

cos(θCMS)(p)

Co
un

ts
-n

or
m

al
ize

d

0

10

20

30

40

50

60

-1 -0.5 0 0.5 1

cos(θCMS)(K
+)

Co
un

ts
-n

or
m

al
ize

d

0

20

40

60

80

100

-1 -0.5 0 0.5 1

(d) (e) (f)

cos(θRF(pK)Λ,Be)

Co
un

ts
-n

or
m

al
ize

d

0
10
20
30
40
50
60
70
80
90

-1 -0.5 0 0.5 1

cos(θRF(KΛ)Λ,Be)

Co
un

ts
-n

or
m

al
ize

d

0

10

20

30

40

50

60

70

-1 -0.5 0 0.5 1

cos(θRF(pΛ)p,Be)

Co
un

ts
-n

or
m

al
ize

d

0

10

20

30

40

50

60

-1 -0.5 0 0.5 1

(g) (h) (i)

cos(θRF(pΛ)Kp)

Co
un

ts
-n

or
m

al
ize

d

0

10

20

30

40

50

60

-1 -0.5 0 0.5 1

cos(θRF(pK)KΛ)

Co
un

ts
-n

or
m

al
ize

d

0
10
20
30
40
50
60
70

-1 -0.5 0 0.5 1

cos(θRF(KΛ)pΛ)

Co
un

ts
-n

or
m

al
ize

d

0

10

20

30

40

50

-1 -0.5 0 0.5 1

(j) (k) (l)

Figure F.3: Comparison of experimental data (black dots) with N∗(1900) phase space sim-
ulation (red band). The complete set of kinematical observables is plotted. (a)-(c) are the
invariant mass distributions. (d)-(f) show the center of mass angle, (g)-(i) show the three
Gottfried Jackson angle and (k)-(m) show the distribution of the Helicity angle.
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Figure F.4: Comparison of experimental data (black dots) with N∗(2190) phase space sim-
ulation (red band). The complete set of kinematical observables is plotted. (a)-(c) are the
invariant mass distributions. (d)-(f) show the center of mass angle, (g)-(i) show the three
Gottfried Jackson angle and (k)-(m) show the distribution of the Helicity angle.
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Appendix G

The BG-PWA Framework

G..i. Input Data Format

The experimental, the background and the simulation data have to provided to the BG-PWA
as text in a dedicated list format.
Each event has to be provided in the following way:

Event Number Spare Weighting Factor Spare
px(K

+) py(K
+) pz(K

+) E(K+)
px(p) py(p) pz(p) E(p)
px(λ) py(λ) pz(λ) E(λ)

The weighting factor is just used for the background sample of the experimental value.
The spare value are not used in the proton-proton partial wave analysis.

G..ii. Parameter File Format

In the wave transition parameter �le the full set of transitions waves are arranged in groups,
of the corresponding quantum numbers of the initial proton-proton state, which is written in
the following way:

Isospin Nmultiplets L J Nfin.stat

After each initial state notation the parameter of the �nal state are listed in the following
format:

I aα1 (init.) aα1 (step.) aα1 (min.) aα1 (max.) Final State Notation
I aα2 (init.) aα2 (step.) aα2 (min.) aα2 (max.)
I aα3 (init.) aα3 (step.) aα3 (min.) aα3 (max.)

I is the parameter, which is incremented in each line. For the parameter the starting value
(init.), the step width for the �t (step.), the minimal value (min.) and the maximal value
(max.) have to provided. The Final State Notation consists of the state con�guration, the
state multiplet and the angular momentum (e.g 'S11(1650)-p' 3 'P')
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APPENDIX H. PWA SOLUTION SCAN

H.a Parameters Scan
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Figure H.1: χ2 value for the PWA of di�erent parameter sets versus the value F of the
parameter set is plot. In spectrum (a) the parameter sets=000***, in (b) the parameter sets
001***, in (c) the parameter sets 010*** and in (d) the parameter sets 011*** are shown.
Results are just plotted for solution, which did converges.
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Figure H.2: χ2 value for the PWA of di�erent parameter sets versus the value F of the
parameter set is plot. In spectrum (a) the parameter sets=100***, in (b) the parameter sets
101***, in (c) the parameter sets 110*** and in (d) the parameter sets 111*** are shown.
Results are just plotted for solution, which did converges.

H.b Legendre Parameters

In the following tables the parameters of a Legendre �ts - according to Equation H.1 - of the
angular spectra in the full phase space are listed, obtained from the �ve best parameters set
of the BG-PWA.

F (x) = a1 ∗x+a2

{
1

2

(
3x2 − 1

)}
+a3

(
1

2

(
5x3 − 3x

))
+a4

{
1

8

(
35x4 − 30x2 + 3

)}
(H.1)
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a1 a2 a3 a4
θCMS(λ) 0.01±0.01 1.03±0.01 0.03±0.02 0.4±0.02
θCMS(p) -0.03±0.01 1.49±0.01 -0.04±0.01 0.42±0.02

θCMS(K
+) 0.01±0.01 -0.03±0.01 0.02±0.01 0.28±0.02

θRFpK
λ,Be 0.04±0.01 0.47±0.01 -0.11±0.01 0.1±0.02

θRFKλ
λ,Be -0.05±0.01 0.17±0.01 0.05±0.01 0.01±0.02
θRFpλ
p,Be -0.07±0.01 1.43±0.01 -0.08±0.01 0.41±0.02
θRFpλ
K,p -0.43±0.01 -0.13±0.01 0.07±0.01 -0.03±0.02

θRFpK
λ,K 0.59±0.01 -0.05±0.01 -0.4±0.01 -0.15±0.02

θRFKλ
λ,p 0.02±0.01 0.13±0.01 0.11±0.01 0.06±0.02

Table H.1: Legendre Parameters for Parameter Set 0100110

a1 a2 a3 a4
θCMS(λ) 0.02±0.01 1.05±0.01 0.03±0.01 0.42±0.02
θCMS(p) -0.03±0.01 1.48±0.01 -0.04±0.01 0.47±0.02

θCMS(K
+) 0.01±0.01 0.06±0.01 0.02±0.01 0.1±0.02

θRFpK
λ,Be 0.05±0.01 0.51±0.01 -0.19±0.01 0.05±0.02

θRFKλ
λ,Be -0.06±0.01 0.26±0.01 -0.03±0.01 -0.07±0.02
θRFpλ
p,Be -0.08±0.01 1.43±0.01 -0.11±0.01 0.4±0.02
θRFpλ
K,p -0.47±0.01 -0.11±0.01 0.07±0.01 -0.02±0.02

θRFpK
λ,K 0.59±0.01 -0.1±0.01 -0.4±0.01 -0.07±0.02

θRFKλ
λ,p 0.08±0.01 0.15±0.01 0.11±0.01 0.07±0.02

Table H.2: Legendre Parameters for Parameter Set 110112

a1 a2 a3 a4
θCMS(λ) 0.01±0.01 1.14±0.01 0.03±0.01 0.46±0.02
θCMS(p) -0.03±0.01 1.65±0.01 -0.04±0.01 0.45±0.02

θCMS(K
+) 0.01±0.01 -0.09±0.01 0.02±0.01 0.13±0.02

θRFpK
λ,Be 0.07±0.01 0.49±0.01 -0.2±0.01 0±0.02

θRFKλ
λ,Be -0.05±0.01 0.16±0.01 0±0.01 -0.07±0.02
θRFpλ
p,Be -0.08±0.01 1.57±0.01 -0.12±0.01 0.41±0.02
θRFpλ
K,p -0.5±0.01 -0.25±0.01 0.15±0.01 -0.07±0.01

θRFpK
λ,K 0.79±0.01 -0.3±0.01 -0.46±0.01 -0.2±0.01

θRFKλ
λ,p -0.08±0.01 -0.04±0.01 0.07±0.01 0.04±0.02

Table H.3: Legendre Parameters for Parameter Set 110103
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a1 a2 a3 a4
θCMS(λ) 0.01±0.01 1.05±0.01 0.03±0.01 0.41±0.02
θCMS(p) -0.03±0.01 1.59±0.01 -0.04±0.01 0.45±0.02

θCMS(K
+) 0.01±0.01 -0.02±0.01 0.02±0.01 0.13±0.02

θRFpK
λ,Be 0.07±0.01 0.51±0.01 -0.15±0.01 0.04±0.02

θRFKλ
λ,Be -0.04±0.01 0.17±0.01 0.01±0.01 -0.06±0.02
θRFpλ
p,Be -0.08±0.01 1.5±0.01 -0.09±0.01 0.38±0.02
θRFpλ
K,p -0.47±0.01 -0.22±0.01 0.12±0.01 -0.06±0.01

θRFpK
λ,K 0.74±0.01 -0.22±0.01 -0.4±0.01 -0.2±0.01

θRFKλ
λ,p -0.06±0.01 0.04±0.01 0.03±0.01 0.03±0.02

Table H.4: Legendre Parameters for Parameter Set 011103

a1 a2 a3 a4
θCMS(λ) 0.02±0.01 0.97±0.02 0.04±0.02 0.42±0.02
θCMS(p) -0.02±0.01 1.18±0.02 -0.04±0.02 0.23±0.02

θCMS(K
+) 0±0.01 0±0.01 0.02±0.02 0.42±0.02

θRFpK
λ,Be 0.08±0.01 0.34±0.01 -0.03±0.02 0.16±0.02

θRFKλ
λ,Be -0.06±0.01 0.26±0.01 0.06±0.02 0.07±0.02
θRFpλ
p,Be -0.08±0.01 1.21±0.02 -0.16±0.02 0.31±0.02
θRFpλ
K,p -0.46±0.01 -0.01±0.01 0.04±0.02 -0.04±0.02

θRFpK
λ,K 0.62±0.01 0.11±0.01 -0.41±0.02 -0.18±0.02

θRFKλ
λ,p 0.07±0.01 0.2±0.01 0.11±0.02 0.06±0.02

Table H.5: Legendre Parameters for Parameter Set 000113

a1 a2 a3 a4
θCMS(λ) 0.01±0.01 1.11±0.01 0.03±0.01 0.46±0.02
θCMS(p) -0.02±0.01 1.46±0.01 -0.03±0.01 0.41±0.01

θCMS(K
+) 0±0.01 -0.03±0.01 0.02±0.01 0.11±0.01

θRFpK
λ,Be 0.03±0.01 0.43±0.01 -0.14±0.01 0.03±0.01

θRFKλ
λ,Be -0.08±0.01 0.21±0.01 -0.03±0.01 -0.04±0.01
θRFpλ
p,Be -0.08±0.01 1.47±0.01 -0.13±0.01 0.4±0.01
θRFpλ
K,p -0.433±0.009 -0.12±0.01 0.1±0.01 -0.04±0.01

θRFpK
λ,K 0.57±0.009 -0.12±0.01 -0.39±0.01 -0.13±0.01

θRFKλ
λ,p 0.04±0.01 0.08±0.01 0.1±0.01 0.06±0.01

Table H.6: Legendre Parameters for Parameter Set 111115
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ppK− Upper Limit scan

I.a Upper Limit Spectra
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Figure I.1: Upper Limit of the relative contribution of the ppK− production (given in %) for a
exclusion con�dence Level of 95% versus the peak mass of the ppK− used in the PWA �t.The
production of the ppK− is from the initial proton state 0+ (a,b), 1− (c,d) or (2+). In spectra
(a),(c) and (e) the Γ of ppK− on PWA is set to 20 MeV/c2(blue crosses), 35 MeV/c2(red
crosses) and 50 MeV/c2(black crosses). In spectra (b),(d) and (f) the Γ of ppK− on PWA
is set 80 MeV/c2(red crosses) and 60 MeV/c2(black crosses). For the background assumption
solution number 000113 was used.
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Figure I.2: Upper Limit of the relative contribution of the ppK− production (given in %) for a
exclusion con�dence Level of 95% versus the peak mass of the ppK− used in the PWA �t.The
production of the ppK− is from the initial proton state 0+ (a,b), 1− (c,d) or (2+). In spectra
(a),(c) and (e) the Γ of ppK− on PWA is set to 20 MeV/c2(blue crosses), 35 MeV/c2(red
crosses) and 50 MeV/c2(black crosses). In spectra (b),(d) and (f) the Γ of ppK− on PWA is
set , 80 MeV/c2(red crosses) and 60 MeV/c2(black crosses). For the background assumption
solution number 010110 was used.
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Figure I.3: Upper Limit of the relative contribution of the ppK− production (given in %) for a
exclusion con�dence Level of 95% versus the peak mass of the ppK− used in the PWA �t.The
production of the ppK− is from the initial proton state 0+ (a,b), 1− (c,d) or (2+). In spectra
(a),(c) and (e) the Γ of ppK− on PWA is set to 20 MeV/c2(blue crosses), 35 MeV/c2(red
crosses) and 50 MeV/c2(black crosses). In spectra (b),(d) and (f) the Γ of ppK− on PWA is
set , 80 MeV/c2(red crosses) and 60 MeV/c2(black crosses). For the background assumption
solution number 011103 was used.
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Figure I.4: Upper Limit of the relative contribution of the ppK− production (given in %) for a
exclusion con�dence Level of 95% versus the peak mass of the ppK− used in the PWA �t.The
production of the ppK− is from the initial proton state 0+ (a,b), 1− (c,d) or (2+). In spectra
(a),(c) and (e) the Γ of ppK− on PWA is set to 20 MeV/c2(blue crosses), 35 MeV/c2(red
crosses) and 50 MeV/c2(black crosses). In spectra (b),(d) and (f) the Γ of ppK− on PWA is
set , 80 MeV/c2(red crosses) and 60 MeV/c2(black crosses). For the background assumption
solution number 110103 was used.
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Figure I.5: Upper Limit of the relative contribution of the ppK− production (given in %) for a
exclusion con�dence Level of 95% versus the peak mass of the ppK− used in the PWA �t.The
production of the ppK− is from the initial proton state 0+ (a,b), 1− (c,d) or (2+). In spectra
(a),(c) and (e) the Γ of ppK− on PWA is set to 20 MeV/c2(blue crosses), 35 MeV/c2(red
crosses) and 50 MeV/c2(black crosses). In spectra (b),(d) and (f) the Γ of ppK− on PWA is
set , 80 MeV/c2(red crosses) and 60 MeV/c2(black crosses). For the background assumption
solution number 110112 was used.
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I.b Upper Limit Values

Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 2.05+2.1 2.24+1.8 4.77+4.2 2.28+0.7 2.41+0.5 2.58+0.6

010110 1.54+1.7 1.69+0.9 1.78+0.9 1.72+0.4 1.82+0.4 1.95+0.4

011103 1.26+1.5 1.38+1 1.45+1 1.41+1.3 1.49+0.4 1.6+0.4

110103 1.33+1 3.21+2.6 4.04+3.5 3.25+0.1 1.56+1.5 3.72+0.1

110112 0.35+0 1.51+1.5 3.22+3.1 1.54+0.5 1.63+0.4 1.75+0.4

Max 2.05+2.1 3.21+2.6 4.77+4.2 3.25+0.1 2.41+0.5 3.72+0.1

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 2.76+0.6 2.88+0.8 3.12+0 3.15+1 3.16+1.1

010110 2.07+0.5 2.17+0.6 2.32+0.7 2.4+0.8 2.41+0.9

011103 1.7+0.4 1.8+0.3 1.93+0.3 2+2 4.42+0

110103 1.81+0.7 4.19+0 2.02+0.8 4.57+0 4.61+0

110112 1.87+0.4 1.97+0.4 2.1+0.4 2.18+0.4 4.81+1.4

Max 2.76+0.6 4.19+0 3.12+0 4.57+0 4.81+1.4

Table I.1: Upper limit value for relative Contribution of ppK− of the Width Γ=20 MeV/c2.
The table shows the values for di�erent initial proton-proton wave 0+, di�erent background
approximations and ppK− masses.

Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 8.06+5 12.15+9 28.66+26.2 12.98+5.5 10.52+6.8 10.7+5.4

010110 4.59+3.8 8.8+6.2 10+7.1 8.04+1.9 8.05+6 8.18+3.5

011103 10.08+8.6 8.28+5.7 18.26+16.1 8.3+4.8 6.65+2.8 9.23+5.7

110103 6.8+4.9 18.88+18.7 22.62+18.7 11.41+7.3 9.48+6.4 9.66+5.9

110112 6.3+5.2 6.15+4.5 11.1+8.7 9.04+5.2 7.28+4.4 7.41+4

Max 10.08+8.6 18.88+18.7 28.66+26.2 12.98+5.5 10.52+6.8 10.7+5.4

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 10.58+2.6 14.34+10.9 12.9+7.1 13.4+8.4 15.19+10

010110 8.1+4 8.14+4.4 9.89+6.2 10.43+7.1 11.87+6.2

011103 9.19+4.7 11.09+7.1 10.91+7 10.55+5.3 11.85+4.4

110103 9.59+5 11.56+7.4 11.38+7.3 13.01+7.5 12.36+7.1

110112 9.11+5.7 9.98+6.8 9.79+5.5 11.52+9.6 12.89+5.1

Max 10.58+2.6 14.34+10.9 12.9+7.1 13.4+8.4 15.19+10

Table I.2: Upper limit value for relative Contribution of ppK− of the Width Γ=20 MeV/c2.
The table shows the values for initial proton-proton wave 2+, di�erent background approxi-
mations and ppK− masses.
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Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 1.52+1.7 2.82+2.8 2.89+2.9 2.76+2 2.8+2.5 2.86+2.1

010110 1.38+1.6 2.13+1.8 3.32+3.1 3.24+2.9 2.12+1.6 3.34+3.1

011103 1.66+1.8 2.72+2.7 2.78+2.6 2.65+1.9 1.74+1.4 2.75+2.6

110103 1.74+2.3 2.84+3.2 2.9+2.8 2.77+2.6 1.82+1.4 2.88+2.7

110112 1.03+1.1 1.91+1.7 1.77+1.5 2.91+1.7 1.9+1.3 1.95+1.1

Max 1.74+2.3 2.84+3.2 3.32+3.1 3.24+2.9 2.8+2.5 3.34+3.1

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 2.94+2.5 4.55+4.3 4.73+4.4 4.72+4.4 4.52+3.4

010110 3.43+3.3 3.47+3.2 3.62+3.3 3.62+2.8 4.88+4.5

011103 2.83+2.6 2.88+2 3.01+2.8 3.01+2 4.11+3.7

110103 2.96+2.9 3.01+2.8 3.15+3 3.15+2.9 3.02+2

110112 3.08+2.8 3.12+1.9 3.26+2.3 3.25+2 4.42+4

Max 3.43+3.3 4.55+4.3 4.73+4.4 4.72+4.4 4.88+4.5

Table I.3: Upper limit value for relative Contribution of ppK− of the Width Γ=20 MeV/c2.
The table shows the values for initial proton-proton wave 1−, di�erent background approxi-
mations and ppK− masses.

Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 4.13+2.7 4.9+4.3 5.21+3.3 5.02+0 5.31+2.1 5.63+2.3

010110 2.37+1.5 3.37+3 3.96+3.4 3.81+0 2.3+1.7 2.44+1.8

011103 1.45+0.7 2.08+1.9 2.91+2.6 1.77+0.4 1.88+0.4 2+0.5

110103 2.65+2.1 3.17+2.7 4.7+4 3.24+1.5 3.43+0 3.65+1.6

110112 2.69+3 1.72+1.9 2.02+2 1.95+1.3 2.06+0 2.19+1.5

Max 4.13+2.7 4.9+4.3 5.21+3.3 5.02+0 5.31+2.1 5.63+2.3

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 5.93+2.5 6.29+2.7 6.42+2.8 6.59+2.9 6.71+0.8

010110 2.58+1.8 2.71+0.7 4.89+2.2 5.05+0.5 5.16+0.6

011103 3.71+0 3.91+0 4.12+0 4.28+0 6.68+1.2

110103 3.87+0.1 6.2+1.1 4.3+0.1 6.76+1.2 6.94+1.2

110112 2.33+0.6 2.46+1.6 4.47+0.1 4.63+0.1 7.15+1

Max 5.93+2.5 6.29+2.7 6.42+2.8 6.76+1.2 7.15+1

Table I.4: Upper limit value for relative Contribution of ppK− of the Width Γ=35 MeV/c2.
The table shows the values for initial proton-proton wave 0+, di�erent background approxi-
mations and ppK− masses.
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Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 16.1+11 16.33+3.9 16.48+1.6 16.03+3.4 14+1.5 16.09+2.1

010110 7.45+1.7 12.4+2.7 12.34+0.3 10.73+1.6 10.76+1 12.45+1.7

011103 10.14+2.2 8.82+1.3 10.54+1.1 10.26+1.4 10.27+1.4 11.79+1.5

110103 10.54+0.1 12.05+1.3 13.69+1.6 13.73+1.6 12.23+1.5 13.87+1.6

110112 6.07+3.7 11.07+4.4 11.14+4.4 11.23+1.5 9.74+1.5 11.29+1.5

Max 16.1+11 16.33+3.9 16.48+1.6 16.03+3.4 14+1.5 16.09+2.1

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 15.99+2 17.86+2 19.56+2 20.99+2.3 20.22+1.9

010110 10.86+1.6 12.36+1.7 13.78+1.7 16.7+1.7 17.68+1.6

011103 11.77+1.5 14.73+1.5 14.49+1.5 17.17+1.5 16.58+1.5

110103 13.83+1.6 15.31+1.6 16.67+1.6 17.81+1.6 17.18+1.5

110112 11.23+1.5 12.68+1.6 13.99+1.6 16.9+1.6 17.62+1.5

Max 15.99+2 17.86+2 19.56+2 20.99+2.3 20.22+1.9

Table I.5: Upper limit value for relative Contribution of ppK− of the Width Γ=35 MeV/c2.
The table shows the values for initial proton-proton wave 2+, di�erent background approxi-
mations and ppK− masses.

Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 2.98+2.7 8.4+7.5 8.72+7.7 4.57+2.6 4.67+2.6 4.77+2.7

010110 6.02+5.6 3.6+2.7 6.59+5.6 4.48+2.4 4.58+3.7 4.68+2.5

011103 4.96+4.8 5.21+4.6 5.4+4.9 3.67+3.1 2.9+1.2 2.97+1.3

110103 5.17+5.1 3.11+2.8 3.68+2.1 3.82+3.2 3.03+1.6 4.01+3.3

110112 3.09+2.4 3.25+2.5 8.37+7.7 3.11+1.3 3.19+1.3 3.25+1.3

Max 6.02+5.6 8.4+7.5 8.72+7.7 4.57+2.6 4.67+2.6 4.77+2.7

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 4.86+2.7 6.45+5.1 6.43+3.4 6.41+4.1 7.77+5.2

010110 4.78+2.6 4.86+2.6 6.17+3.5 6.76+4.7 6.62+5.1

011103 3.94+2.2 4.02+2.2 5.14+2.9 5.68+3.9 6.19+4.2

110103 4.11+3.4 4.19+2.3 4.28+2.3 4.29+2.3 5.28+3

110112 4.3+2.8 4.38+2 5.59+3.2 6.15+4 6.68+4.9

Max 4.86+2.7 6.45+5.1 6.43+3.4 6.76+4.7 7.77+5.2

Table I.6: Upper limit value for relative Contribution of ppK− of the Width Γ=35 MeV/c2.
The table shows the values for initial proton-proton wave 1−, di�erent background approxi-
mations and ppK− masses.
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Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 3.25+1.5 4.84+2.7 7.17+4.9 7.59+2.4 5.68+1.1 6+1.2

010110 2.41+1.9 3.92+2.6 4.26+2.7 4.09+0.8 4.32+0.8 4.55+0.8

011103 1.96+1.5 2.11+1.3 3.13+1.7 3.33+1.3 3.53+1.4 3.74+0.7

110103 3.16+0.9 4.36+0.4 5.12+1.3 4.92+1.6 5.2+1.7 5.49+1.8

110112 1.5+1.5 1.59+1.5 2.24+1.5 2.38+1.2 2.52+1.3 2.67+1.4

Max 3.25+1.5 4.84+2.7 7.17+4.9 7.59+2.4 5.68+1.1 6+1.2

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 6.31+1.1 9.13+2.8 9.4+2.8 9.61+2.8 7.07+2.7

010110 4.77+0.8 4.98+0.7 5.17+2 7.42+2.2 7.56+2.2

011103 3.95+1.6 5.85+1.9 6.12+2 6.36+2 8.7+2.3

110103 5.79+1.8 8.06+2.1 8.42+2.2 8.73+2.3 9+2.3

110112 2.81+1.4 4.52+1.8 6.61+2.1 6.84+2.1 9.24+2.3

Max 6.31+1.1 9.13+2.8 9.4+2.8 9.61+2.8 9.24+2.3

Table I.7: Upper limit value for relative Contribution of ppK− of the Width Γ=50 MeV/c2.
The table shows the values for initial proton-proton wave 0+, di�erent background approxi-
mations and ppK− masses.

Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 14.09+11.1 16.02+11.3 17.93+11.8 19.82+13.7 19.85+13.7 20.07+12

010110 9.53+6.8 11+7.4 13.89+9.2 13.97+9.2 14.02+9.3 15.45+9.1

011103 10.1+6.3 11.42+6.2 12.74+5.1 12.79+5.2 12.83+5.2 14.12+1.2

110103 12.94+5.2 14.42+6.6 18.99+1.7 15.96+1.3 16.02+1.3 17.41+1.3

110112 7.4+6.2 9.1+6.8 7.6+1.5 16.71+8.3 12.71+4.4 12.7+0.6

Max 14.09+11.1 16.02+11.3 18.99+1.7 19.82+13.7 19.85+13.7 20.07+12

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 21.44+10.2 24.91+1.8 25.92+2 26.9+1.6 25.97+1.9

010110 14.07+7.6 16.76+2.3 17.88+1.4 21.7+1.4 20.87+1.3

011103 15.37+1.3 17.87+1.3 20.25+1.3 21.12+1.3 19.23+1.3

110103 18.72+1.3 19.91+1.3 20.95+1.3 21.8+1.3 19.85+1.3

110112 15.28+1.3 16.46+1.3 18.86+1.3 21.03+1.3 21.64+2.6

Max 21.44+10.2 24.91+1.8 25.92+2 26.9+1.6 25.97+1.9

Table I.8: Upper limit value for relative Contribution of ppK− of the Width Γ=50 MeV/c2.
The table shows the values for initial proton-proton wave 2+, di�erent background approxi-
mations and ppK− masses.
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Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 9.9+9 10.38+9.4 10.8+9.9 6.19+4.1 6.34+4.2 7.12+4.6

010110 9.14+8.4 9.51+8.3 10.02+8.8 5.18+2.6 5.32+2.7 5.44+2.8

011103 6.14+5.7 6.44+5.9 6.7+5.8 3.84+1.9 3.95+2.6 4.47+2.4

110103 6.38+6.3 6.7+6.1 12.73+12.1 4.42+3.1 4.54+3.2 4.65+3.2

110112 3.69+2.8 3.2+2.2 7.38+6.3 4.23+2 4.35+2 4.91+2.6

Max 9.9+9 10.38+9.4 12.73+12.1 6.19+4.1 6.34+4.2 7.12+4.6

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 7.36+4.9 7.45+5 8.91+5.4 8.88+3.6 10.01+4.9

010110 6.64+3.9 6.73+2.5 7.96+0.9 7.94+0.9 7.85+1.1

011103 4.56+2.4 5.57+2.1 6.65+3.1 6.66+0.5 7.68+1.1

110103 4.75+2.5 5.79+3.5 5.87+3.5 5.88+2.2 5.85+2.2

110112 5+1.2 6.09+2.3 7.25+0.6 8.4+1.2 8.32+1.3

Max 7.36+4.9 7.45+5 8.91+5.4 8.88+3.6 10.01+4.9

Table I.9: Upper limit value for relative Contribution of ppK− of the Width Γ=50 MeV/c2.
The table shows the values for initial proton-proton wave 1−, di�erent background approxi-
mations and ppK− masses.

Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 4.19+4 4.49+3.6 7.87+6.1 16.62+15.5 17.48+16.3 18.34+17.5

010110 6.14+5.8 3.33+2.6 3.54+2.9 7.36+7 11.2+10.8 11.74+11.6

011103 4.99+5.2 2.7+2.9 5.71+5.9 6.12+6.3 6.48+6.6 6.72+6.7

110103 4.48+2.4 5.6+3.4 11.4+8.8 12.06+10.4 19.08+17.3 20.07+18.2

110112 1.8+1.5 1.93+1.9 2.06+1.6 4.36+4.3 4.62+4.2 14.82+14.2

Max 6.14+5.8 5.6+3.4 11.4+8.8 16.62+15.5 19.08+17.3 20.07+18.2

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 19.16+18.7 32.96+32.3 33.81+32.9 22.98+21.9 17.88+17.3

010110 12.26+12.1 15.16+14.7 13.2+12.4 26.61+25.7 27.18+26.3

011103 10.18+10.1 14.22+14.4 13.32+13.2 19.6+19.5 20.24+20

110103 26.85+24.3 28.11+25.7 29.28+25.9 30.33+26.9 31.29+28.6

110112 7.86+6.6 11.58+9.4 15.96+13.7 31.23+28.9 22.5+20.4

Max 26.85+24.3 32.96+32.3 33.81+32.9 31.23+28.9 31.29+28.6

Table I.10: Upper limit value for relative Contribution of ppK− of the Width Γ=60 MeV/c2.
The table shows the values for initial proton-proton wave 0+, di�erent background approxi-
mations and ppK− masses.
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Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 11.4+8.3 17.9+14.5 19.7+16.5 23.66+20.5 23.86+20.7 23.86+19.5

010110 8.7+6.9 8.86+6.9 14+11.6 18.04+15.6 18.46+16 18.36+14.9

011103 11.32+11.9 11.5+12 12.71+13.2 14.94+15.5 15.1+15.6 16.29+16.8

110103 15.2+12.3 15.44+11.8 16.8+12.3 18.14+13.6 18.2+12.4 19.46+11.8

110112 7.29+6.7 7.42+6.4 7.51+4.3 16.38+13.2 23.3+19.4 16.4+11.6

Max 15.2+12.3 17.9+14.5 19.7+16.5 23.66+20.5 23.86+20.7 23.86+19.5

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 31.55+25.2 27.75+13.5 29.91+2.6 37.46+4.3 41.31+41.3

010110 17.94+14.4 23.24+16.8 30.84+7.9 34.28+8.7 32.14+7.5

011103 18.64+19.2 20.92+21.5 23.11+23.7 24.41+25 21.42+22

110103 20.63+3.8 23.56+1.2 24.42+1.2 25.11+1.2 22.06+1.2

110112 16.35+8.5 18.63+1.2 20.95+1.2 24.51+1.2 24.93+1.2

Max 31.55+25.2 27.75+13.5 30.84+7.9 37.46+4.3 41.31+41.3

Table I.11: Upper limit value for relative Contribution of ppK− of the Width Γ=60 MeV/c2.
The table shows the values for initial proton-proton wave 2+, di�erent background approxi-
mations and ppK− masses.

Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 9.94+8.2 10.42+8.1 10.84+8.5 22.02+21.1 17.25+16.3 23.01+22.1

010110 9.87+7.6 7.84+5.5 8.18+5.7 11.2+8.7 17.2+15.1 17.59+15.5

011103 6.1+6.7 3.23+3.8 6.65+7.3 13.76+14.4 9.42+10 14.5+15.1

110103 9.57+8.1 10.02+8.5 9.18+8.4 14.25+13.4 14.66+13.7 14.99+14

110112 10.13+8.2 10.61+8.7 11.05+9.3 18.99+17.2 15.55+13.7 19.94+18.4

Max 10.13+8.2 10.61+8.7 11.05+9.3 22.02+21.1 17.25+16.3 23.01+22.1

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 23.34+21.5 18.1+16.1 20.46+18.9 23.64+24.2 20.18+18.4

010110 17.89+16.8 17.89+16.8 21.47+19.7 36.27+34.5 22.89+20.7

011103 9.84+10.4 12.88+13.4 13.02+13.6 16.26+16.8 16.2+16.7

110103 15.31+13.5 15.73+14.8 15.74+14.6 13.56+12.6 13.52+12.3

110112 20.34+19 14.14+12.8 20.84+19.1 23.4+21.2 29.63+27.5

Max 23.34+21.5 18.1+16.1 21.47+19.7 36.27+34.5 29.63+27.5

Table I.12: Upper limit value for relative Contribution of ppK− of the Width Γ=60 MeV/c2.
The table shows the values for initial proton-proton wave 1−, di�erent background approxi-
mations and ppK− masses.
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Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 12.06+9.1 12.86+9.2 13.6+9.7 26.56+23.5 34.35+32.8 35.75+33.1

010110 8.92+6.5 9.5+6.9 10.06+7.3 15.93+13.7 21.42+19.6 22.35+20.7

011103 3.62+3.9 3.86+4.1 4.1+4.3 8.66+8.9 11.74+11.9 13.06+13.1

110103 9.7+7.1 12.86+9.1 13.62+10.3 21.54+18.5 27.04+24.2 23.79+20.9

110112 2.08+1.6 4.4+2.4 2.36+0.4 7.08+5.8 7.46+5.7 9.4+7.5

Max 12.06+9.1 12.86+9.2 13.62+10.3 26.56+23.5 34.35+32.8 35.75+33.1

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 37.15+34.6 45.18+42.6 39.19+35.4 39.75+35.3 32.97+29.2

010110 23.25+21.3 19.64+17.7 35.59+32.6 30.99+28 31.59+28.3

011103 13.7+13.7 19.88+19.8 20.68+20.6 21.42+21.5 22.1+22

110103 25.64+22.6 26.7+23.8 27.7+24.5 28.62+25.3 28.83+25.4

110112 16.45+13.4 21.9+18.8 22.71+19.5 29.22+25.4 29.88+26.6

Max 37.15+34.6 45.18+42.6 39.19+35.4 39.75+35.3 32.97+29.2

Table I.13: Upper limit value for relative Contribution of ppK− of the Width Γ=80 MeV/c2.
The table shows the values for initial proton-proton wave 0+, di�erent background approxi-
mations and ppK− masses.

Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 21.11+9.4 22.8+11 24.21+5.7 24.39+2.4 41.62+13.7 40.57+10

010110 13.96+7.5 15.31+6 16.63+1.8 28.44+7.6 19.15+1.7 21.95+1.1

011103 13.45+14.1 14.63+15.3 15.77+16.4 15.88+16.5 18.45+19.1 20.51+21.1

110103 18.53+1 18.82+1 20.08+1 21.28+1 22.42+1 24.55+1

110112 5.58+2.2 5.68+5.6 5.75+2.4 29.54+10.4 19.67+0.5 21.16+0

Max 21.11+9.4 22.8+11 24.21+5.7 29.54+10.4 41.62+13.7 40.57+10

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 31.58+1.3 35.4+1.2 36.86+1.2 35.92+1.1 36.68+0

010110 40.01+14.6 34.32+9 40.9+11.5 29.54+1 28.54+1

011103 22.5+23.1 26.48+27.1 26.14+26.8 25.69+26.3 25.12+25.8

110103 26.58+1 27.38+1 26.98+1 26.45+1 25.83+1

110112 20.96+1 23.93+1 27.75+1 27.08+1 26.33+1

Max 40.01+14.6 35.4+1.2 40.9+11.5 35.92+1.1 36.68+0

Table I.14: Upper limit value for relative Contribution of ppK− of the Width Γ=80 MeV/c2.
The table shows the values for initial proton-proton wave 2+, di�erent background approxi-
mations and ppK− masses.
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Mass (GeV/c2) 2.205 2.215 2.225 2.235 2.245 2.255
000113 10.73+9.4 9.94+8.5 10.32+9 17.5+15.8 17.9+16.2 18.22+16

010110 8.02+5.5 7.45+5.5 8.73+6.7 16.04+13.2 16.44+13.6 16.76+13.8

011103 4.41+5.1 4.61+5.3 4.79+5.4 8.58+9.2 11.02+11.7 11.28+11.9

110103 6.13+5.1 7.24+6.2 6.65+5.8 11.14+9.9 13.3+12 14.24+11.8

110112 4.92+3.3 6.79+5.5 7.96+6.2 10.92+9.1 14.03+12.1 14.35+11.7

Max 10.73+9.4 9.94+8.5 10.32+9 17.5+15.8 17.9+16.2 18.22+16

Mass (GeV/c2) 2.265 2.275 2.285 2.295 2.305
000113 22.28+18.4 22.06+18.3 22.1+14.7 28.47+13.3 27.73+12.4

010110 19.07+15 24.6+14.9 41.92+28.7 38.57+24.3 31.73+17.7

011103 14+14.6 14.2+14.8 14.32+14.9 14.38+15 14.56+15.2

110103 14.5+11 14.7+11.2 14.84+9.6 14.9+6.3 14.88+4.3

110112 14.63+10.9 15.66+6.5 22.04+10.8 32+19.6 39.29+26.1

Max 22.28+18.4 24.6+14.9 41.92+28.7 38.57+24.3 39.29+26.1

Table I.15: Upper limit value for relative Contribution of ppK− of the Width Γ=80 MeV/c2.
The table shows the values for initial proton-proton wave 1−, di�erent background approxi-
mations and ppK− masses.
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