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Abstract

The reaction p+d — *He+n was measured with the WASA-at-COSY experimental
setup during two beam times in 2008 and 2009. Most of the data were recorded
at an excess energy of () = 59.8 MeV, while data were collected at () = 48.8 MeV
during one day of the 2009 beam time.

In the first part of this thesis the production reaction p +d — 3He 4+ 1 was
investigated utilizing a part of the data collected in 2009 at ) = 59.8 MeV and
the full data measured at Q = 48.8 MeV. The data were used to determine
the differential cross sections for 23 angular bins in the range from cos 19T]CMS =
—0.92 to cos ﬁT?MS = 0.92. The resulting distributions can be described by
polynomial distributions of third order. Furthermore, the total cross section ratio
of % = 0.77 £ 0.06 was extracted. This result indicates a distinct and
unexpected fluctuation of the total cross section between Q = 20MeV and ) =
60 MeV, which might indicate a possible variation of the production mechanism in
this energy range. Due to these results a new beam time was conducted with WASA-
at-COSY in 2014 covering the excess energy range from 13.6 MeV to 80.9 MeV.

The second part of the thesis was based on both the 2008 and the 2009 data
set with the goal to search for the decay n — 7° + et + e~ in regards to a C
parity violating process. It was possible to extract an improved upper limit for the
branching ratio of the decay n — n® +vy* = n’ + et + e~ of 7.52 x 107% (CL =
90 %) and for the branching ratio of the decay 1 — m° + e™ + e~ according to
three-particle phase space of 9.49 x 107° (CL = 90 %).






Zusammenfassung

Die Reaktion p+d — 3He+n wurde mit Hilfe des WASA-at-COSY Experimentes im
Verlauf von zwei Strahlzeiten in den Jahren 2008 und 2009 gemessen. Dabei wurden
die meisten Daten bei einer Uberschussenergie von Q = 59,8 MeV aufgezeichnet,
wahrend fiir einen Tag der Strahlzeit in 2009 Daten bei ) = 48,8 MeV gemessen
wurden.

Im ersten Teil der Arbeit wurde die Produktionsreaktion p + d — 3He + 7
untersucht. Hierfir wurde ein Teil der in 2009 bei @ = 59,8 MeV gesammelten
Daten verwendet sowie der gesamte bei () = 48,8 MeV gemessene Datensatz.
Diese Daten wurden verwendet, um die differentiellen Wirkungsquerschnitte fiir 23
Winkelbins im Bereich von cos z9ncMS = —0,92 bis cos ﬁT]CMS = 0,92 zu bestimmen.
Die so extrahierten Winkelverteilungen konnen mit Hilfe von Polynomen dritter
Ordnung beschrieben werden. Neben den differentiellen Wirkungsquerschnitten
wurde das Verhaltnis der totalen Wirkungsquerschnitte zu % = 0,77 £ 0,06
bestimmt. Dieses Ergebnis deutet auf eine ausgepragte und unerwartete Fluk-
tuation des totalen Wirkungsquerschnittes im Bereich von ¢ = 20MeV bis
Q = 60MeV hin, was wiederum ein Hinweis flir eine mogliche Variation des
Produktionsmechanismuses sein konnte. Auf Grund dieser Ergebnisse wurde im
Jahr 2014 mit dem WASA-at-COSY Experiment eine neue Strahlzeit durchgefiihrt,
die den Uberschussenergiebereich von 13,6 MeV bis 80,9 MeV abdeckte.

Der zweite Teil der Arbeit basiert sowohl auf dem Datensatz von 2008 als auch
auf dem von 2009. Ziel war es, nach dem Zerfall 1 — 7® + e™ + e~ in Hinsicht
auf einen C-Paritit verletzenden Prozess zu suchen. Hierbei war es moglich, eine
verbesserte Obergrenze fiir das Verzweigungsverhéltnis des Zerfalls n — 7 +v* —
¥+ et +e” zu 7,52 x 107% (CL = 90 %) sowie fiir den Zerfall n — i + et + e~
geméB Dreiteilchenphasenraum zu 9,49 x 107% (CL = 90 %) zu bestimmen.

1ii






Contents

1. Introduction 1
2. Theory
2.1. Standard model of particle physics . . . . . ... ... ... ...
2.2. Pseudoscalar mesons . . . . . . .. ..o
2.21. Themmeson . . . .. ... ... .. .. ... 10
2.3. Thereaction p+d—3He+m . ... .. .. ... ... ....... 14
2.3.1. Kinematics of two particle reactions . . . . . . . . ... ... 14
2.3.2. Energy dependence of the differential cross sections . . . . . 18
2.3.3. Models for the reaction p+d —3He+n . .. ... ... .. 19
2.3.4. The available data base. . . . . . .. .. ... ... ... .. 22
2.4. Then meson decayn — ' +et +e™ . . . .. ... ... .. ... 32
2.4.1. Violation of angular momentum conservation inn — 7 +v 35
2.4.2. Amplitude of the decayn — m®* +vy* =’ +et +e= . ... 35
2.5. Missing mass and invariant mass method . . . . . . .. .. ... .. 39
2.5.1. Missing mass method . . . . . . .. .. ..o 39
2.5.2. Invariant mass method . . . . . .. .. ... 39
2.6. Kinematic fitting . . . . . .. ... oo 41
2.7. Luminosity . . . . .. Lo 43
2.8. Confidence level and upper limit . . . . . . . ... .. ... ... .. 43
2.8.1. Bayesian approach . . . ... ... .. ... L. 44
2.8.2. Branching ratio . . . . . . .. ... ... .. 0L 46
3. WASA-at-COSY 47
3.1. Cooler synchrotron (COSY) . . . . ... ... ... ... ...... A7
3.2. WASA detector setup . . . . . . . ... 50
3.2.1. Pellet target . . . . . . . . 50
3.2.2. Central detector . . . . . . .. .. ... ... .. ... ... 55
3.2.3. Forward detector . . . . . ... ... ... 61



Contents

vi

3.3. Data acquisition (DAQ) . . . .. . ... 69
3.4. Trigger system . . . . . ..o 71
3.5. Software . . . . . .. 72
3.5.1. Simulation software . . . . . . . ... ... ... ... 72
3.5.2. Analysis software . . . . . ... ... L 73
3.5.3. Common base class PDEtaAnalysisBase . . . ... .. ... 74
4. Analysis of the reaction p+d — 3He + 1 77
4.1. Database and preselection . . . . . . . .. ... ... .. 78
4.2. Simulation of the reaction p+d — *He+1 and possible background
reactions . . . . ... L 80
4.3. Application of the *He selection conditions to simulations . . . . . . 80
4.4. Angular reconstruction . . . ... ..o 83
4.5. Calibration of the *He laboratory momenta . . . . . . . . ... ... 85
4.5.1. Adaptation of the measured laboratory momenta to simulations 85
4.5.2. Detector element resolved fine calibration of the measured
laboratory momenta . . . . . . .. ... ... L. 88
4.5.3. Laboratory momentum reconstruction . . . . .. .. .. .. 90
4.5.4. Comparison of measured data with expectations from two-
particle kinematics . . . . .. .. ..o 91
4.6. Determination of the energy smearing in Monte Carlo simulations . 93
4.7. Determination of the angular binning . . . . . . .. ... .. .. .. 93
4.8. Number of p+d —3He+mnevents per o bin. . . . . ... ... .. 95
4.9. Extraction of the number of p +d — 3He + 1 events depending on
COSTOMS - « « v v e e e e e e e e e 98
4.10. Acceptance and efficiency corrections . . . . . ... ... L. 103
4.11. Data normalization . . . . . . . . . ... ... ... ... ... ... 104
4.11.1. Calibration tuning of the second FRH layer . . . . . .. .. 105
4.11.2. Extraction of the number of p +d — 3He + 7i° events . . . . 106
4.11.3. Acceptance and efficiency correction for p +d — 3He + 7 . 108
4.11.4. Relative normalization . . . . . . .. . ... ... ... ... 110
5. Results of the p +d — 3He + 1 analysis 113
5.1. Angular distributions of the reaction p+d —3He+mn. . ... . .. 113

5.1.1. Comparison of the available high statistics data for excess
energies between 20 MeV and 80MeV . . . . . .. ... L. 117



Contents

5.2.

5.1.2. Comparison of the determined angular distributions with
theoretical expectations . . . . . . ... ... ... ... .. 126

Total Cross Sections of the reaction p +d —3He+n . . . . .. .. 129

5.2.1. Very first look at the normalization of the new 2014 data . . 133

6. Analysis with regard to the 1 meson decay N — m% + e* 4 e~ 135
6.1. Database . . . . . . . . . . ... 136
6.2. Detector calibration . . . . . . ... ... ... L. 137

6.2.1. Forward proportional chamber calibration: Shift of the vertex
position . . . ... oo 138
6.2.2. Forward range hodoscope calibration . . . . . . . ... ... 143
6.2.3. Forward trigger hodoscope calibration . . . . . ... .. .. 149
6.2.4. Reconstruction of the kinetic energy . . . . . . .. ... .. 151
6.2.5. Fine tuning of the FRH1 calibration with regard to the 1 mass152
6.2.6. Cycle time dependency of the proton beam momentum . . . 154
6.3. Monte Carlo simulations . . . . . . . .. .. ... ... .. ..... 155
6.3.1. mmeson decayn — 7 +et +e” ... L. 158
6.3.2. Two-pion production p +d — *He + (71 + 71)0 ........ 159
6.3.3. Eventoverlap . . .. .. .. ... ... ... ... ... .. 160
6.4. Determination of the smearing settings for the Monte Carlo simulations162
6.4.1. Forward detector smearing settings . . . . . .. ... .. .. 162
6.4.2. Central detector smearing settings . . . . . . . . . .. .. .. 165
6.5. Preselection and general background reduction . . . . . . .. .. .. 174
6.5.1. Selection of He . . . . . . . .. ... ... ... 174
6.5.2. Signature of the decayn — 7° +e +e™ . . . ... ... .. 176
6.5.3. Momentum cut for charged particles . . . .. ... ... .. 178
6.5.4. Conversion cut . . . . . . ... ... .. ... 180
6.5.5. Split-off reduction . . . . . . ... ... oL 183
6.5.6. Further preselection conditions . . . . .. ... .. ... .. 186
6.6. Data description with Monte Carlo simulations . . . . ... .. .. 187

6.7.

6.6.1. Extraction of the number of p +d — 3He + 1 events in data

for the different angular ranges . . . . . . .. ... ... .. 187
6.6.2. Fitting of data spectra with Monte Carlo simulations . . . . 189
Selection conditions and optimization . . . . . . . ... ... .. 197
6.7.1. Optimization procedure . . . . .. .. ... .. ... .... 199
6.7.2. Selection conditions . . . . . . . ... 205

vii



Contents

. Results and systematics of the analysis of the 1 meson decay n —

' +et +e 213
7.1. Investigation of systematic effects . . . . . . ... ... ... ... 218
7.1.1. Signal efficiency and number of 1 — 7" + 7~ + 7 events . . 219

7.1.2. Number of remaining p +d — 3He + ni° + i events . . . . . 224

7.1.3. Variation of the selection conditions . . . . . . . .. ... .. 230

7.2. Branching ratio of the decayn — i +et +e= . . . . .. ... ... 240

. Summary and outlook 245
8.1. Analysis of the production reaction p +d — 3He+n . . . ... .. 245
8.2. Analysis of the decayn — 7" +et +e™ . . . ... ... 246
8.3. Outlook: the C violating decayn — m° + U — 7" + et +e~ . . .. 248

. Appendix A: p +d — 3He + 1 cross section analysis 255

A.1. Investigation of the influence of beam momentum shifts on the
resulting cross section . . . . . .. ... L 255

A.2. Lists of runs used for the p + d — 3He 4 n cross section analysis . . 257

. Appendix B: 1 — n® +e* + e~ decay analysis 259
B.1. Calculations for the amplitude of the decay n — 7 +vy* — 0 +et +e=259
B.2. Monte Carlo fits to the 2008 and 2009 data . . . . . . . .. ... .. 262
B.3. Number of n -t +7 +nlevents . . ... ... ... . ... .. 278

B.4. Investigation of systematic effects: Tables for the Monte Carlo smearing280

B.5. Investigation of systematic effects: Tables for the selection conditions 283

Bibliography 313

List of Figures 329

List of Tables 337

viil



1. Introduction

The question about the structure of matter is one of the oldest in human history.
First thoughts about matter as a composition of indivisible, fundamental particles
go back to ancient Greece. Democritus (ca. 460 BC — 370BC) developed the
hypothesis that matter is composed of “atoms” (Greek dtopoc = indivisible),
which he described as physically indivisible particles [Bar02]. It took until the
beginning of the 20th century before the existence of atoms as the basic component
of matter was finally proven, and further 50 years until single atoms could be
observed. At about the same time as the existence of atoms was commonly
accepted, it already became clear that atoms themselves have a substructure.
Experiments by J. J. Thomson, E. Rutherford, and J. Chadwick identified the
components of the atoms, namely protons and neutrons in the nucleus surrounded
by electrons [ThoO1, Rutll, Cha35]. While according to the current scientific
knowledge electrons are point-like, indivisible particles, protons and neutrons
consist of quarks and gluons. In modern physics the interaction of these particles
is described by the so-called standard model of particle physics.

For the studies of the substructure of matter particle accelerators play an
important part. In experiments with these accelerators a lot of subatomic, short
lived particles were discovered. In particle physics these particles are divided into
leptons and hadrons. While the former are supposed to be elementary, the latter
can be grouped into baryons consisting of three quarks and mesons containing
one quark and one antiquark. Further combinations of quarks and antiquarks are
so-called exotics and are object of research of several modern experiments.

Besides the identification of new particles, the study of the production, in-
teraction, and decay of these particles is an important part of particle physics.
For instance, protons and neutrons are known to be bound in atomic nuclei,
whereas the interactions between nucleons and mesons or nuclei and mesons
are known with less precision. Several experiments were conducted in order to

study these interactions. In case of the 1 meson and a *He nucleus, for example,
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measurements were performed based on the reaction p +d — *He + 1. Close
to the n production threshold, which was the focus of most such experiments,
the data showed a strong final state interaction between the helium nucleus and
the m meson [M*96, ST07, MT07]. However, there are less measurement results
for increasing energies. In addition, there are deviations between the results of
some experiments. While the shape of the total cross section for the reaction
p +d — 3He + 1 agrees with a plateau for excess energies ) ranging from
40 MeV to 120 MeV according to results from the ANKE and the WASA /PROMICE
experiment [BT02, BT04, R*09], the results obtained with GEM at Q = 48.8 MeV
indicate a larger cross section [BT00], although still in agreement with the plateau
within their large systematic uncertainties. Furthermore, theoretical models fail to
properly describe the total and differential cross section distributions obtained for
these energies. For the development and test of new models, more data are required
with higher accuracy than currently available. Therefore, as one major part of
this thesis, the reaction p + d — *He + 1 will be investigated at the two excess
energies () = 48.8 MeV and ) = 59.8 MeV. Here, aside from the development of the
total cross section, the differential cross sections are of great importance as these
distributions allow for a more detailed test of the different theoretical models. Thus,
in this thesis the differential cross sections will be determined with high precision,
as well as the ratio of the total cross section at these energies (see chapters 4 and
5). The obtained results will help future theoretical investigations of the production
mechanism and interactions of particles involved.

In addition to the investigation of interactions of particles in production
reactions, the research of particle decays allows to study the properties of
the three fundamental forces. There are quantities that are conserved during
these interactions. The conservation of these quantities is directly connected to
symmetries utilized in the description of the fundamental forces in the standard
model of particle physics. A violation of such a conserved quantity is thus related
to a breaking of the corresponding symmetry. In fact, there are quantities which
are broken for some interactions. One example is the C' parity, which is conserved
in the electromagnetic and strong interaction according to the current scientific
knowledge, but can be violated in the weak interaction. A violation of the C' parity
conservation in either the electromagnetic or the strong interaction is not allowed
in the standard model. Hence, an observation of a C' parity violation in one of

these two interactions would be a discovery of physics beyond the standard model.



Thus, the search for a C' parity violating electromagnetic or strong process is an
important task in particle physics.

However, in contrast to C' parity conserving processes, C' violating processes are
expected to be suppressed if they exist at all. In case of the 1 meson, all decays
via the electromagnetic or strong interaction are either forbidden or suppressed in
first order. Accordingly, the 1 meson is perfectly suited for the search of rare or
forbidden decays. For instance, the decay n — 7° +vy* — '’ 4 et 4+ e~ is a process
that would violate the C' parity conservation. In fact, this decay has not been
observed yet, but an upper limit for the branching ratio of the decay of 4 x 1075
was determined by M. R. Jane et al. in 1975 [JT75]. The C conserving decay
N — W +vy*+v* — 1’ +e" +e has an expected branching ratio of less than 1078
[JS02]. Thus, there are three orders of magnitude room to search for the C' violating
process. The search for the decay 1 — 7 + et 4 e~ is the second major topic of
this thesis (see chapters 6 and 7). It is important to note that there is no common
theoretical model for C' violation in either strong or electromagnetic interactions.
As a consequence, results from the search for other C' violating processes like the
decay m” — vy + v + v cannot be directly compared to results from the search for
the decay n — 7¥ +v* — ©° + e™ + e™. Therefore, it is necessary to search for a
possible C' violation whenever there is room for such a process and the precision of
an experiment allows to search for it.

The measurements utilized for the analyses in this thesis were performed with the
WASA-at-COSY experimental setup [HRT04] (see chapter 3). COSY, located at
Forschungszentrum Jiilich, is a storage ring which can provide polarized as well as
unpolarized proton or deuteron beams with momenta of up to 3.7 GeV ¢!, These
beam particles can collide with the protons or deuterons of the internal WASA
pellet target. The forward detector of the WASA experimental setup is used for
the reconstruction of forward scattered ejectiles like protons, deuterons, and helium
nuclei and it is perfectly suited for the p+d — *He +1 cross section analysis based
on the missing mass method. The 47 central detector allows to detect, reconstruct,
and identify all decay particles of a meson decay like the 1 meson decay of interest
n—m+et +e .

For the n decay studies based on 1 mesons produced in the reaction p +d —
3He + 1, two beam times were performed in 2008 and 2009 at an excess energy
of 59.8 MeV with a total number of about 3 x 107 1 mesons produced [AT16b]. In
addition, in 2009 data were collected at () = 48.8 MeV for the cross section studies.
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The analysis with regard to the p +d — 3He +n cross section is based on parts
of the 2009 data set, whereas the decay studies utilize the full 2008 and 2009 data
sets. The full statistics are necessary to achieve the best possible result for the

branching ratio of the decay n — 7® + et +e.



2. Theory

2.1. Standard model of particle physics

In particle physics the standard model is the general theory for the description of
three of the four fundamental forces, namely the electromagnetic, the weak and
the strong force. Not yet included in this theory is the fourth force, gravitation,
which is well described by Einstein’s general relativity. On particle scale, however,
the effects caused by gravitation are very small and, hence, can be neglected.

According to quantum field theory, an antiparticle exists for each particle of the
standard model with the same mass, spin and multiplicative quantum numbers
like parity, but opposite additive quantum numbers. An example for an additive
quantum number is the electrical charge. If all additive quantum numbers are equal
to zero, a particle can be its own antiparticle. For instance, the photon is its own
antiparticle.

The standard model distinguishes between particles as fermions with half integer
spin and bosons with integer spin, as listed in figure 2.1. A more detailed list of all
fermions and bosons with their masses, spins, and electrical charges is presented
in table 2.1. The bosons are separated in twelve gauge bosons with spin 1 and
the scalar Higgs boson with spin 0. Under the terms of the standard model, the
twelve gauge bosons mediate the electromagnetic, the strong and the weak force
between particles. The massless photon transmits the electromagnetic interaction,
which is described by the quantum electrodynamics theory (QED). It couples to
the electric charge of a particle, but is electrically neutral itself. Further gauge
bosons are the eight gluons, which couple to the color charge of a particle. Like
the photon the gluons have no mass and are electrically neutral. Each gluon itself
carries a color and an anticolor and, thus, does not only mediate the strong force,
but can also interact with one another. The theory describing the strong interaction
is the quantum chromodynamics (QCD). Unlike the photon and the gluons the W+

and Z° bosons coupling to the weak charge have a mass, and - in case of the W*
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Table 2.1.: Properties of the standard model particles. The upper limit for the electron
neutrino mass is given under the assumption that antineutrinos and neutrinos have the
same mass [P116].

Quark El charge Spin Mass
u +2/3e  1/2 2.2705 MeV/c?
d —1/3e  1/2 47795 MeV/c?
+2/3e  1/2 1.274+0.03 GeV/c?
—1/3e  1/2 9678 MeV/c?
t +2/3e¢  1/2 1732140514071 GeV/c?
b —1/3e  1/2 4.18%505 GeV/c?
Lepton El. charge Spin Mass
Ve Oe 1/2 <2 eV/c?
e —le 1/2  0.5109989461(31) MeV/c?
Vi Oe 1/2 <0.19 MeV/c?
m —le 1/2 105.658 3745(24) MeV/c?
Ve Oe 1/2 <182 MeV/c?
T —le 1/2 1776.86 +0.12  MeV/c?
Boson El charge Spin Mass
Y Oe 1 0 eV/c?
g Oe 1 0 eV/c?
A Oe 1 91.1876 & 0.0021  GeV /c?
AW +le 1 80.385 £ 0.015 GeV/c?
H° Oe 0 125.0940.21+0.11 GeV/c?




2.1. Standard model of particle physics
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Figure 2.1.: Standard model particles grouped into twelve fermions (divided into six
quarks and six leptons), twelve gauge bosons, and the Higgs boson.

bosons - carry an electrical charge. During the 1960s Glashow, Salam, Ward, and
Weinberg combined the description of the weak and the electromagnetic interaction
in the electroweak interaction [Gla61, SW64, Wei67]. In the same decade, namely
in 1964, the Higgs mechanism was introduced as an addition to the standard model
giving an explanation for the masses of the gauge bosons of the weak interaction
[EB64, Hig64a, Higb4b]. As a consequence of this theory a scalar boson, the Higgs
boson, was predicted, and recently discovered [ATL12, CMS12, A*15a].

The fermions are grouped into leptons and quarks, which are separated into
three generations each. While the three leptons electron, myon, and tau have the
electrical charge —1e, the corresponding neutrinos are electrically neutral and
only interact weakly. Like the electron, myon, and tau, the six quarks have an
electrical charge, too. Each quark generation consists of one quark with positive
charge (+2/3¢€) and one with negative charge (—1/3¢). Furthermore, all quarks
have a color charge and, therefore, are subject to the strong interaction. The color
of a quark can either be red, green, or blue (antired, antigreen, and antiblue for
antiquarks, respectively). A special characteristic of the quantum chromodynamics
is that the exchange particles of the strong force, the gluons, interact with each

other. Moreover, only color neutral particles can be observed. This principle is
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called confinement. Therefore, quarks cannot be isolated, but build hadrons. These
hadrons are grouped in baryons (antibaryons) consisting of three quarks (qqq)
(or antiquarks (qqq)) and mesons with one quark and one antiquark (qq). In
case of the baryons, the quarks have the colors red, green, and blue, while the
quark and the antiquark of a meson have a color and the corresponding anticolor.
In principle, color neutral particles can also be formed with other numbers of
quarks and antiquarks. Two examples are pentaquarks consisting of four quarks
and one antiquark [DPP97] and dibaryons made of six quarks [GT89]. Resonances
consistent with pentaquark states have been observed recently at LHCb [AT15b]
and a potential dibaryon was detected with WASA-at-COSY [A*14c]. Further
theoretically possible color neutral particles are glueballs consisting only of gluons
and hybrids of quarks and gluons. The searches for such exotic particles are ongoing
[PAN09, CW09, Yualb, Car06, Thel6].

The quarks and antiquarks that determine the quantum numbers of a hadron
are called valence quarks. Additionally, hadrons contain a large number of virtual
quark-antiquark pairs, so-called sea quarks, as well as virtual gluons. All these
particles interact with each other, resulting in a more complex structure of the
hadrons than described above. Moreover, these particles and their interactions are

responsible for the main part of a hadron’s mass.

2.2. Pseudoscalar mesons

Mesons are hadrons made of a quark-antiquark pair (qq). The spins of the quark and
antiquark can either be parallel (11) or antiparallel (1J). This results in a possible
total spin of s = 1 or s = 0. With no additional orbital angular momentum between

q and q (I = 0) the quantum number of the total angular momentum defined as

-

J=5+1 (2.1)

can either be J =1 or J = 0. Mesons with an orbital angular momentum of zero
and a total angular momentum of one are called vector mesons, while those with
[ = 0 and J = 0 are pseudoscalar mesons. Unlike scalar particles, pseudoscalar

particles have a negative parity P which is defined as

P= (-1 (2.2)
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BRI

-1 -1/2 1/2 1

® ®

Figure 2.2.: Nonet of the pseudoscalar mesons. The mesons are plotted depending on
their strangeness S and the third component of their isospin Is.

in a fermion antifermion system.

In total there are 62 = 36 possible qq pairs, when taking all quarks and antiquarks
into account. Considering only the three lightest quarks up (u), down (d), and
strange (s) the number of combinations is reduced to 3 = 9. Figure 2.2 shows
the nine pseudoscalar mesons in a nonet with their strangeness S and the value
of the third component of their isospin /3. For a hadron the strangeness is defined
as the number of s quarks minus the number of s quarks. The isospin differs from
zero only for u and d quarks and their antiparticles, whereas it is zero for all other
particles. Its third component is I3 = +1/2 for the up quark and I3 = —1/2 for the
down quark, and it has the opposite sign for their antiparticles.

Mathematically the combination of a qq pair can be described by the SU(3)
flavor symmetry for the three lightest quarks u, d, and s [GM64, Zwe64]. As a
consequence, the light meson states are grouped into an octet and a singlet. While
the states |ds), |sd), |us) and |sit) can be identified with the physically observable
kaons K?, KO, K* and K™, and the two |I5] = 1 states |ud) and |di) are the two
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charged pions' 7t and 7, the states |ufi), |dd) and |s§) can mix with each other,
as they have the same quantum numbers J, P, S, and I3. According to SU(3) flavor
symmetry, the mixed states |7) and |ng) are grouped into an octet together with
the other |qq) states, while the third mixed state [n;) is a singlet state orthogonal
to the other states. Typically, these mixed states are defined as

1 B _
) = 5 (la0) — a)) 23
ms) = \}6 (Jui) + |d4d) — 21s5)) , and (2.4)
1) = \}g (ui) + 1dd) +[s5)) - (2.5)

The three pion states which only contain up and down quarks can be grouped into
an isospin triplet. Table 2.2 lists all pseudoscalar meson states with their quark
content.

While the state |my) matches with the physical particle 7°, there are no pure
In1) and [ng) states in nature. Instead, the physical particles n and 1’ are linear

combinations of those two states:

N =mngcosty — 1y sind, (2.6)
1 = ngsind +1; cos v (2.7)

with a mixing angle ¢ in the range of —10° to —20° [P*16].

2.2.1. The n meson

The n meson is a pseudoscalar meson (J = 0, P = —1) with no electric
charge and an isospin of I = 0 [P*16]. Its mass has been determined to be
m = (547.862 £ 0.017) MeV ¢ 2 with a full width of T' = (1.31 £ 0.05) keV ¢ 2
equaling to a mean life time of 7 = (5.02 4 0.19) x 107'?s. Due to its short mean
life time it is not observed directly, but by means of the missing mass or invariant
mass methods (see chapter 2.5). All additive quantum numbers of the n meson are

equal to zero as the 1 meson is its own antiparticle (see chapter 2.1).

'Note that here for simplification the quark is always the first particle in the wave function and
the antiquark is the second one. In a more precise description the mesons’ wave functions
have to be symmetrized and antisymmetrized, respectively, with regard to the order of the
quark and antiquark in the wave function. For example, the wave function of the ™ meson
is |ty = % (Jud) + |du)) [Ber06].
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2.2. Pseudoscalar mesons

Table 2.2.: List of pseudoscalar mesons with their quark content, electrical charge @,
absolute isospin value I, third component of the isospin I3, and strangeness S.

Meson Quark content Q I I3 S
o (u — dd) /v2 Oe 1 0 0
ot ud Isospin g
triplet

i du —1le 1 -1 0
K° ds Oe 1/2 —1/2 +1

Octet ~0 _
K sd Oe 1/2 +1/2 -1
K* us +le 1/2 +1/2 +1
K~ st —le 1/2 -1/2 -1
ns (ui+dd - 2s8) /V/6 0e 0 0 0
Singlet 1y (ui+dd+ss)/v3 0Oe 0 0 0

Particles that are their own antiparticles have a well defined C' parity which is
the eigenvalue of the C' operator. The C operator changes the sign of all additive
quantum numbers turning a particle into its antiparticle, for example an electron

into a positron:

Cle™) =ale™) (2.8)

with a phase factor a. Applying the C' operator a second time turns the antiparticle
back into its particle counter part. If a particle is its own antiparticle, it is therefore
an eigenstate of the C' operator with the only possible eigenvalues being C' = +1 or
C = —1. An example is the photon with a negative C' parity. As the C' parity is a
multiplicative quantum number which, according to theory, is conserved in strong
and electromagnetic interactions, the C' parity of a particle can be calculated from

an observed decay. Using the decay n — vy, for example, one obtains:

Cm) =C(yy) =C(y) - C(y)

2.9
= (=1 (=) =(+1) . 29

Therefore, the C' parity of the 1 meson is C' = +1.
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2. Theory

Table 2.3.: Properties of the n meson [P116].

Mass (m) (547.862 + 0.017) MeV ¢ 2
Full width (T") (1.31 £ 0.05) keV ¢ 2
Mean life time (7) (5.02 £0.19) x 107195
Charge (Q) Oe

Isospin (1) 0

Total angular momentum (/) 0h

Parity (P) -1

C' parity (C) +1

G parity (G) +1
Strangeness (.59) 0

As the C' parity is only defined for particles which are their own antiparticle,
the G parity is introduced as a generalization of the C' parity for multiplets.
It is conserved in the strong interaction in lowest order, but not in the weak
or electromagnetic interaction. Since the strong interaction is independent of a
particle’s charge, the G parity for charged and neutral pions is identical. The

operator of the GG parity is defined as

G = Ce 2 (2.10)

where e~™2 is a rotation around the isospin I axis by 180°. Hence, the G parity
of the n meson is G = +1. Table 2.3 lists the quantum numbers and other properties
of the 1 meson.

The n meson decays via either the strong or the electromagnetic interaction
with roughly 28 % proceeding in charged decay modes and 72 % in neutral decay
modes [PT16]. Over 99 % of the decays are covered by the four most common decay
channels. Table 2.4 lists all decay modes of the 1 meson that have been observed
so far.

As all 1 decays via the strong and electromagnetic interaction are forbidden or
suppressed in first order, the 1 meson is well suited for studies on or searches for
rare or forbidden decays. The decay n — (7 + 7'[)0, for example, violates P and
CP conservation. While the 1 meson has a total angular momentum of J = 0, an
orbital angular momentum of [ = 0, and its parity is P = —1, the parity of the 77t
system is

P (mnt) = P(m) - P(m) - (—1)". (2.11)
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2.2. Pseudoscalar mesons

Table 2.4.: Observed decay modes of the 1 meson with their branching ratios [P16].

1 decay modes Fraction (I';/T)
Neutral modes 72.12+0.34 %
n—v-+y 39.41 +0.20 %
n—m+n+n° 32.68 +0.23 %
n—m+y+y 2.56 £0.22 x 1074
Charged modes 28.10 £ 0.34 %
n—n +ma +m° 22.92 +0.28 %
n—omn+mn +y 4.22 +0.08 %
n—e+e +vy 6.9 £04 x1073
n—ut+u +vy 3.1 £04 x107*
n—ut+u 5.8 £0.8 x 1076
n—et+e +ef +e” 2.40 +£0.22 x 107

n—ont+mn +et+e (+y) 2.68+£0.11x 107

Since the total angular momentum is conserved, this decay would therefore violate
the parity conservation. Similarly, decays into four pions also violate the parity and
C'P conservation. Furthermore, the decay n — (7t + 4 m)° is not allowed in first

order because it does not conserve the G parity:

G(mmm) = G(m) - G(m) - G(m)
— (~1)- (=) (~1) = —1 (2.12)
#+1=Gn).

Due to the charge difference of the up and down quark, however, the isospin is not
conserved in electromagnetic processes. Moreover, because of the mass differences of
the the up and down quark, the isospin is not strictly conserved in strong processes,
as well. Hence, the isospin and the G parity conservation, respectively, can be
violated allowing the decay n — (7 + 7w+ 7t)0. The electromagnetic decay channels
n—-m+y,n—r+7n"+vyandn — 1+ 7 + 7 + v are forbidden, as they do
not conserve the C parity. In case of the decay n — m° ++, the angular momentum
conservation would also be violated (see chapter 2.4.1). The decay n — 7tr +7~ +y
is the only allowed first order electromagnetic decay, but suppressed [Red10]. The
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2. Theory

most prominent possible n decay is the second order decay n — vy + vy with a
branching ratio of (39.41 £ 0.20) % [P*16].

2.3. The reaction p +d — 3He + 1

Mesons can be produced in many different nuclear reactions. At the WASA-at-
COSY experiment n mesons are typically produced by either colliding a proton
beam with a proton target and looking for the reaction p+p — p+p+ 1 or
by fusion of proton beam particles with target deuterons to *He nuclei. The latter
reaction p +d — 3He +n is the basis of the analyses presented in this thesis and

will be discussed in more detail in the following chapters.

2.3.1. Kinematics of two particle reactions

The reactions p +d — 3He +m and d + p — 3He +n have two particles in the
initial and two particles in the final state and differ only by alternating the beam

and target particle. Generally, two particle reactions can be written as
a+b—c+d. (2.13)
For simplification the convention
h=c=1 (2.14)

often used in nuclear and particle physics will be used throughout the thesis.
According to energy and momentum conservation, the sum of the four-momenta
of the initial particles p* and pl is equal to the sum of the four-momenta p* and

pli of the final state particles:
Py + P, =D¢+ Py (2.15)

The absolute value of these sums of four-momenta is the total energy /s in the

center of mass system (CMS):

V5 = |pa + ol = Ipe + pal - (2.16)

14



2.3. The reaction p+ d — 3He +n

This center of mass energy is then converted into the masses of the final state
particles ¢ and d and kinetic energy () according to FEinstein’s mass-energy

equivalence formula F = m:
Vs=me+mg+Q. (2.17)

A reaction can only occur if ) > 0eV, as the conservation of energy would be
violated otherwise. The case () = 0¢eV defines the threshold for the reaction a+b —
¢ + d when there is just enough energy available to produce the particles ¢ and d.
@ is therefore the excess energy of a given reaction for a certain center of mass
energy.

The sum of the three-momenta of the initial state particles is equal to the sum
of the momenta of the final state particles according to momentum conservation.

Per definition both sums are equal to zero in the center of mass rest frame:
FOMS | FOMS _ 5CMS 4 5CMS _ 8 (2.18)

Thus, the absolute values of the three-momenta of particles ¢ and d have to be
equal and define the final state momentum pg, which only depends on the center of

mass energy for a given reaction:

bt =

ﬁCCMS’ _ ‘ﬁdCMS’ _ (2.19)

Therefore, in case of a two particle reaction, all momenta of the final state particles
¢ and d allowed by energy and momentum conservation lie on the surface of a
momentum sphere with the radius p;. It is hence reasonable to use a spherical
coordinate system.

Figure 2.3 shows a sketch of the kinematics of the two-particle reaction a +b —
¢+ d in the center of mass system. The scattering angle 9™ is defined as the
angle between the beam particle’s momentum 7™ and the outgoing final state
particle’s momentum p,°™5. In the same way the scattering angle 95 can be

defined as the angle between 5™ and p, ™. From
IS = 4 9 OMS (2.20)

it follows that

cos 9SMS = — cos ) M5 (2.21)
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CMS

@ i ®
@

Figure 2.3.: Schematic sketch of the kinematics of the two particle reaction a+b — c+d
in the center of mass system.

The azimuthal angle ¢ defines the rotation around the beam axis.

Purely according to kinematics, there is no reason why the final state momenta
should not be equally spread over the indicated momentum sphere for a two particle
reaction. Deviations from this so-called “phase space” distribution can be explained
by higher partial waves, caused by interactions of the initial or final state particles,
or can originate from production mechanisms. In order to study the contribution
of the partial waves, the wave function of a moving particle can be expanded
in eigenfunctions of the angular momentum, the spherical harmonics. In case of
lower excess energies and due to the low range of the strong interaction, it is often
sufficient to consider only a few partial waves. These are labeled s, p, d, f, and so on,
depending on the angular momentum. Measurements with polarized beams and/or
targets are particularly well suited for studies of the partial waves. For unpolarized
measurements, like the ones presented in this thesis, there is no dependence of
the momentum distribution on the azimuthal angle ¢, but only on cos 9 ™S, In
case of pure s-waves the final state particles’ momenta are equally spread over the

momentum sphere and, hence, equally distributed depending on cos 9 SMS.

Lorentz transformation and momentum ellipsis

So far the two particles kinematics were discussed in the center of mass rest
frame, whereas in the experiment the particles are observed in a different system
(laboratory system). In order to obtain the center of mass momenta, the measured
laboratory momenta can be transformed into CMS via a Lorentz transformation. In

case of the WASA experiment with the target particle being at rest in the laboratory
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2.3. The reaction p+ d — 3He +n

system and the beam particle moving in z direction, a particle’s four-momentum

py, is transformed to the four-momentum p; according to:

E'=v(E - Bp.)
Py = Da
Py =Dy
P, =7 (p: — BE)

(2.22)

with 8 = v/c. Here v is the velocity of the CMS system in z direction compared to
the laboratory system.

Similar to the momenta, the scattering angles differ in the CMS and laboratory
system. While the azimuthal scattering angles are identical, the polar scattering

angle ¥ of a particle c is transformed according to:

2
,BCCBMS v*tan? 9, + \/1 + 2 tan? 9, (1 — (MLMS) )

CMS _
cos ¥, = T 7 tan? 0, (2.23)
with
B 1
iR
o ﬁa + ﬁb o Pa =
p= = €;
Ea + Eb Ea + Eb
gos \/<TCCMS)2  2TOMSy,
c o TCCMS + Me
CMS 7 CMS
TOMS _ Ty T +2mg (2.24)
¢ 2 Ecwms
TP = Ecys — (me +ma)

Eos =\ (Ba+ By)? — (a+50)° =/ (Ba + By)* — 2
Ea,b = Ta,b + Ma.b

1
Pa = —\/T12+2T,m,.
c
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2. Theory

For sufficiently high beam momenta, in the laboratory system all particles are

scattered in the forward direction. This results in a maximum scattering angle

1
(i) 1

As this relation between the beam momentum and ¥** is unambiguous, the

tan ¥ =

(2.25)

2 |

maximum scattering angle observed in data can be used to determine the beam

momentum during the experiment.

2.3.2. Energy dependence of the differential cross sections

The probability that an incoming particle (projectile) interacts with a second
particle (target) can be quantified by the cross section o. Its dimension is that of a
surface with the unit barn (1b = 1072 m?). For the definition of the cross section
it is assumed that an interaction occurs if a point-like particle hits a surface of the
size 0. This definition has no further practical meaning, as the geometrical profile of
the particle is typically not in the same order as the cross section. The differential
cross section do/dS) gives the probability of an ejectile to be scattered in a given
solid angle df). Besides this general definition of the cross section, a cross section
o can be defined for a certain reaction giving the probability of this reaction to
occur.

In case of a reaction of the type a + b — ¢ + d, the cross section depends on
the initial state interaction (ISI)?, the production mechanism, and the final state

interaction (FSI)3. These interactions are combined in the scattering amplitude

fscat = fISI : fprod : fFSI (226)

with the production amplitude f0q and the terms figr and frgr for the initial
and final state interaction, respectively. Without ISI and FSI and close to the
production threshold assuming pure s-wave behavior, this value solely depends on

the center of mass energy /s of the reaction®. In this region the excess energy @

2Interaction of the initial projectiles.

3Interaction of the outgoing ejectiles.

“Note that it is furthermore assumed that there are no narrow resonances close the production
threshold.
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2.3. The reaction p+ d — 3He +n

is much smaller than the sum of the masses m. and mq of the final state particles.

Hence, the center of mass energy
Vs =me+mgq+ Q = me+mq (2.27)

can be assumed to be constant. Due to the pure /s dependency of fprd, the
production amplitude can be assumed to be constant, as well.

The differential cross section of a reaction is given by the integral over all allowed
states in phase space for a given solid angle do/df2. For a two particle reaction
this results in a dependency of the differential cross section in the center of mass
system on the momentum p; of the incoming projectiles and the momentum p; of

the outgoing ejectiles:

do

f 2
— =2l 2.28
Close to the production threshold the kinetic energy Q of the outgoing particles
is given as
Q= P (2.29)
2- Myed

with the reduced mass m.eq of the ejectiles ¢ and d:

meimgq

(2.30)

Mg = ——— .
ed Me + My
Furthermore, for small excess energies the initial momentum p; does not change by
much and can be assumed to be constant. Together with equation 2.28, this results

in the dependency
do =

of the differential cross section close to the production threshold without ISI and
FSI.

2.3.3. Models for the reaction p +d — 3He + 1

In theory the reaction p+d — *He +1 can be described by different models which
differ considerably in the production mechanism assumed. While the available
data can be well described by a two-step model for small excess energies below
) = 12MeV, until now theoretical calculations according to this model fail to

describe the data at higher excess energies (see chapter 2.3.4). For these energies
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2. Theory

Figure 2.4.: Schematic diagrams of a resonant production mechanism for the reaction
p+d — 3He +mn with an excitation of the beam proton (left) or a target nucleon (right)
to the Sy; resonance N*(1535). The exchange mesons x can be 71, p, w and 1 mesons.

there are approaches to describe the n meson production by the production of
intermediate nucleon resonances. So far no commonly accepted theoretical model
was found capable of describing the available data over the full energy range. A
short description of a resonance model and the two-step model is given in the

following sections.

Resonance model

One approach for the theoretical description of the reaction p+d — 3He +n is the
production of the n meson via an excitation of one nucleon to a nucleon resonance
and its decay into a nucleon and an 1 meson (see figure 2.4). Such an approach was
chosen to describe the data measured at GEM in [BT00]. In detail, Betigeri et al.
suggested the intermediate excitation of a Si; resonance N*(1535). They fitted their
cross section data point and previously published data depending on the excitation

energy F using the relation

M(E)|* . (2.32)

The excitation energy dependence of the Breit Wigner Matrix element M (FE) is

given by:
AT?
|M(E)* = 2 (2.33)
(E—mpg)” +T(E)?
with
pCMS pCMS
I'(E)=Tg- (BRn -5 T BRr - o + BRm> . (2.34)
n,R p’]‘[,R
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2.3. The reaction p+ d — 3He +n

Figure 2.5.: Schematic diagrams of the two-step model for the reaction p+d — 3He+1
with a ¥ meson (left) or a 7t* meson (right) produced in the first step.

All momenta in equations 2.32 and 2.34 are in the center of mass rest frame, those
with index R are momenta at the resonance position. Due to the large uncertainties
of the decay branching ratios of the Sy; resonance N*(1535), the averages BR,, =
0.47, BR; = 0.48, and BR,; = 0.05 were chosen for the decays N* — N + 1,
N* — N+ 7, and N* — N + 7t + 71, respectively, according to [CT98]. For their
fit Betigeri et al. fixed the mass of the N*(1535) to mgr = 1540 MeV ¢ 2 and the
resonance width to 'y = 200 MeV ¢72, keeping the strength A as the only free
parameter. A comparison of their obtained fit with the available cross section data

base is presented in chapter 2.3.4.

Two-step model

The cross sections of the reaction p +d — 3He +1 have two remarkable properties
close to the n meson threshold: first, the rapid change within the first MeV of
excess energy and second, the absolute height of the total cross section. Assuming
a production process with only two of the nucleons taking part, the amplitude
of the cross section is underestimated by at least a factor of the order of four
[GW89]. Therefore, a two-step model including all three nucleons in the production
process was independently developed by Laget and Lecolley and by Kilian and Nann
[LL88, KNO91].

Schematic diagrams of the two reactions possible in the two-step model are shown
in figure 2.5. According to this model, the N meson is produced in two steps. In the
first step the proton interacts with one nucleon of the target deuteron, producing
a deuteron and a pion. The 7t meson can either be neutral or positively charged.

In the second step this pion reacts with the remaining nucleon, forming a proton
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and the n meson. The deuteron formed in the first step and the nucleon from the
second step fuse to a 3He nucleus.

While the height of the cross sections calculated with this model is in good
agreement with measured data, the shape of the total cross section near threshold
cannot be explained by the two-step model without further assumptions. As
presented in chapter 2.3.4, a description can only be achieved if a final state

interaction between the *He nucleus and the 1 meson is included [FW95].

2.3.4. The available data base

Compared to similar reactions, the reaction p +d — 3He + 1 shows a significantly
different behavior. For instance, the total cross sections of the reactions p +d —
SHe+m" and p+d — 3He+n are similar close to their respective threshold, although
the momentum transfer associated with the latter reaction is much larger [GWS&9].
Thus, several measurements were performed since the 1970s to investigate this
reaction. In the following these measurements are summarized and the obtained
cross sections will be discussed.

The first cross sections of the reaction d+p — 3He+mn were published by Banaigs

et al. in 1973 [B*73]. The corresponding experiment was carried out at Saturne,

and the differential cross sections at cos 193(3H1\gS = —1 were determined for the three
excess energies 74 MeV, 134 MeV, and 163 MeV. Furthermore, for () ~ 86 MeV

differential cross sections were measured at four different cos 193CH1\§S.

Berthet et al. measured differential cross sections of the reaction p+d — *He+n
for 16 excess energies and up to five different scattering angles in the excess energy
range from 15.6 MeV to 711 MeV. For () = 847 MeV they were able to determine

an upper limit for the differential cross section at 952B = 3°. The measurements
were conducted at the SPES-IV spectrometer and published in 1985 [B85].
In 1988 Berger et al. published cross sections at cos 193%1‘(/3[8 = —1 and cos 19§H1\§S =1,

as well as analyzing powers for the excess energies 0.84 MeV, 2.2 MeV, and 4.6 MeV
[B*88]. While the corresponding measurements were also carried out at the SPES-
IV experiment, a polarized deuteron beam was used instead of a proton beam. The
obtained data showed a stronger energy dependence of the scattering amplitude
than anticipated for phase space behavior which led to an increased theoretical
and experimental interest in this reaction.

Results of further measurements of the reaction p +d — 3He + 1 close to the 1
production threshold at SPES-II were published in 1996 by Mayer et al. [M*96].
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2.3. The reaction p+ d — 3He +n

The data at eight excess energies ranging from 0.12MeV to 6.2 MeV also showed a
strong energy dependence of the scattering amplitude, and the shape was explained
by a strong final state interaction and a two-step model [FW95] (see chapter 2.3.3).

Total and differential cross sections measured at GEM were released in 2000 by
Betigeri et al. at an excess energy of 48.8 MeV [B*00]. For the first time differential

19110MS = 0 were measured. Instead of explaining the data with

cross sections at cos
a strong final state interaction and a two-step model, the results were interpreted
by an excitation of one nucleon to a nucleon resonance as the major production
mechanism neglecting a final state interaction (see chapter 2.3.3).

In 2002 Bilger et al. published differential and total cross sections for the
excess energies 20.0 MeV, 38.8 MeV, 77.9 MeV, and 112.6 MeV obtained with the
WASA/PROMICE experimental setup [BT02, Bt04].

To close the gap between the near n threshold measurements performed at
SPES-II and SPES-IV and the higher energy measurements at WASA/PROMICE
and GEM, differential and total cross sections were measured with the COSY-11
experiment at the five intermediate excess energies 4.5 MeV, 10.3 MeV, 14.6 MeV,
19.4MeV, and 40.0 MeV?, and the results were published by Adam et al. in 2007
[AT07].

In the same year Smyrski et al. released total and differential cross sections
measured with the same experiment using a deuteron beam covering 19 additional
excess energies close to threshold ranging from 0.3 MeV to 8.3 MeV [ST07].

Since the results of the different measurements close to the 1 meson threshold as
well as for higher excess energies showed discrepancies, measurements of the total
and differential cross sections for both excess energy regions were performed in two
parts at the ANKE experiment with a deuteron beam. One part was realized with a
ramping beam covering excess energies from threshold up to about 11.2 MeV. The
resulting 195 data points for the total cross section were published by Mersmann
et al. in 2007 [MT07]. Moreover, for 48 excess energies differential cross sections
covering the whole angular range were determined. The second part was performed
at the fixed excess energies 19.5 MeV, 39.4MeV, and 59.4 MeV, and total and

differential cross sections for these energies were published in 2009 by Rausmann

°The excess energies 5.0 MeV, 10.8 MeV, 15.1 MeV, 19.9MeV, and 40.6MeV in ref. [AT07]
were calculated from the proton beam momenta 1.581 GeV ¢!, 1.593 GeV ¢!, 1.602 GeV ¢~ 1,
1.612GeVe!, and 1.655GeV ™! under the assumption of an 1 meson mass of m, =
547.3 MeV ¢2. The values quoted here were recalculated using the current value of m, =

547.862 MeV ¢~ 2 for the  meson mass [P716].
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Figure 2.6.: Total cross section ¢ as a function of the excess energy () for the reactions
p+d — 3He+n and d+p — 3He+1. Data points from publications before 2014 are shown.
Uncertainties due to normalization are not included. The data stem from the experiments
SPES-1V (filled gray triangles [B*88]), SPES-II (inverted purple triangles [M196]), GEM
(open green square [B100]), WASA /PROMICE (filled blue circles [BT02, BT04]), COSY-
11 (open light blue crosses [AT07] and open green triangles [ST07]), and ANKE (filled
black squares [MT07, RT09)]). Illustrated by the red solid curve is a theoretical description
of the 1 meson production via an excitation of a N*(1535) resonance [B*00], while the
turquoise dashed line represents a two-step model description [KKJ07].

et al. [R*09]. For the first time cross sections were determined for excess energies
ranging from threshold up to 59.4 MeV conducted by one experiment. As a result,

uncertainties due to different normalization procedures could be excluded.

Discussion of the total cross sections data base

The available total cross sections of the reactions p+d — *He+n and d+p — 3He+
1 for excess energies up to ¢ = 120 MeV are shown in figure 2.6. All data points
are presented without systematic uncertainties due to normalization which are in
the order of 7% (SPES-II [M*96]) to 15% (ANKE [R*09]). These uncertainties
only influence the absolute height of the cross sections, but not the shape of the
cross section determined in the individual measurements. The data basis is divided
into a close to threshold part with excess energies up to about 12 MeV, which can
be explained by a two-step model including final state interaction [FW95], and a

second part with higher excess energies.
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Figure 2.7.: Total cross section ¢ as a function of the excess energy @) for the reactions
p+d — *He+n and d+p — *He+n close to threshold. Uncertainties due to normalization
are not included. The data stem from the experiments SPES-IV (filled gray triangles
[B*88]), SPES-II (inverted purple triangles [M196]), COSY-11 (open light blue crosses
[AT07] and open green triangles [ST07]), and ANKE (filled black squares [M*07]). While
the arbitrarily scaled phase space function (Q) x /@ is indicated as a blue dashed
dotted curve, the red solid curve is a fit to the ANKE data as obtained in [M107].
Without the consideration of the finite excess energy resolution of the ANKE data, the
fit model results in the red dashed curve.
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Figure 2.7 shows an enlarged view of the total cross section for excess energies
below @ = 12MeV. Without any initial and final state interaction the cross
section is expected to increase proportionally to the square root of () as shown
in chapter 2.3.2 and illustrated by the arbitrarily scaled blue dashed dotted curve
in figure 2.7. The data from SPES-II [M*96], COSY-11 [ST07], and ANKE [M*07],
however, exhibit a much steeper increase of the cross section within the first few
MeV of excess energy. This can be explained by a strong final state interaction
[FW95]. For increasing excess energies, the observed behavior differs between the
various experiments. The ANKE and SPES-II data indicate a slightly dropping
cross section for higher () values, whereas the COSY-11 data published by Smyrski
et al. suggest a cross section that increases further. A theoretical model capable
to describe the enhancement and slope seen by the ANKE measurements is the
two-step model including a strong final state interaction [MT07]. It is illustrated
by the red solid curve shown in figure 2.7. Note that for the fit the finite excess
energy resolution of the experiment was considered. The red dashed curve presents
the shape of this model for an infinite excess energy resolution.

As can be seen in figure 2.6, the data measured at about 20 MeV excess energy
with the ANKE [RT09] and WASA/PROMICE [B*02, B*04] experiments, which
are in good agreement with each other, agree with the decrease observed by
ANKE [M*07] and SPES-II [M*96]. Furthermore, both the ANKE [R*09] and
WASA/PROMICE [B*02, B*04] data exhibit a plateau at a slightly higher total
cross section value for excess energies above ) = 40 MeV. Whilst the cross sections
measured at COSY-11 and published by Adam et al. [AT07] agree with the data
from these experiments within uncertainties, they indicate a continuous drop of
the cross section, which is steeper than the one suggested by SPES-II [M*96]
and ANKE [M707]. The measured cross sections close to the 1 meson threshold
can be explained by the two-step model including final state interaction, while no
commonly approved theoretical two-step model approach exists which can describe
the cross sections observed in data for higher excess energies. The turquoise dashed
curve shown in figure 2.6 illustrates a two-step model including s-wave for the
final state interaction and s-, p- and d-waves in the reaction mechanism [KKJ07].
Although it is able to reproduce the shape of the data for excess energies close to
threshold, it fails to describe the data at higher energies. It should be noted that
the peak-like structure at about 20 MeV excess energy is an artifact of the model

being limited to lower excess energies and has no physical meaning [KKJ12].
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2.3. The reaction p+ d — 3He +n

The total cross section at ) = 48.8 MeV measured at GEM [B*00] is considerably
larger than the plateau observed by WASA/PROMICE and ANKE. Betigeri
et al. explained their data with an excitation of a N*(1535) resonance in the
intermediate state as the major production mechanism illustrated by the red solid
curve in figure 2.6 (see chapter 2.3.3). As the strength of the resonance was
scaled to agree with their determined total cross section, it fails to describe the
data obtained by WASA/PROMICE and ANKE. Furthermore, the enhancement
close to threshold cannot be reproduced. However, considering the statistical and
systematic uncertainties, the GEM data point is compatible with a plateau in the
total cross section. In order to clarify the situation, in 2009 data were recorded
with the WASA-at-COSY detector setup at Q = 48.8 MeV excess energy for the
reaction p +d — 3He +m in addition to the Q = 59.8 MeV data collected for the 1
meson decay studies. A first analysis of these data was done by A. Passfeld in her

diploma thesis [Pas10] and subsequently continued as a major part of this thesis.

Discussion of the differential cross section data base

The two reactions p+d — 3He+1 and d +p — 3He +1 differ in the beam particle
used, resulting in an opposite angular distribution in the center of mass system for
the same final state particle. As there are only two particles in the final state of

these reactions, equation 2.21 applies:
Ccos 19“CMS = —cos Ui . (2.35)

Therefore, the differential distribution of cos 19T]CMS determined for the reaction p +
d — 3He+m is equal to the differential distribution of cos J5;11° extracted from the
reaction d+p — 3He+1 at the same excess energy. In the following the differential
cross sections will be shown depending on cos 1911CMS for the reaction p+d — 3He+n
and on cos ¥s;1° for the reaction d + p — 3He + 1, respectively. For simplification
the label cos ¥cyg will be used in both cases.

As already mentioned in chapter 2.3.1, the differential cross section distributions
depending on cosvcoys are expected to be flat in case of simple phase space
behavior. Deviations from this expectation allow to study the contributions of other
partial waves. These studies contribute to the investigation of different production

models.
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Figure 2.8.: Differential cross sections of the @ = 10.74 MeV ANKE data (filled black
squares [MT07]) and the @Q = 10.3 MeV COSY-11 data (open light blue crosses [AT07]).
The black dashed line is a linear fit to the ANKE data. The horizontal bars indicate the
angular bin widths.

First measurements close to the 1 meson threshold were limited to differential
cross sections at cost¥eys = —1 and cos¥ens = 1 [BT88, MT96]. Since detailed
measurements at the COSY-11 and at the ANKE experiment were performed,
it is possible to study the angular distributions in this energy region in more
detail [ST07, MT07]. Both data sets show no asymmetry in the differential cross
section distribution for excess energies below () = 2 MeV, indicating a pure s-wave
behavior.

For ) > 2MeV an asymmetry of the angular distribution has been observed both
by Mersmann et al. and Smyrski et al., whereas the measurements published by
Adam et al. do not show this asymmetry for the () = 4.5MeV and @) = 10.3 MeV
data [AT07]. Possible reasons might be the complex detector acceptances and, thus,
systematic uncertainties of the latter data sets [Rau09]. Furthermore, the data only
contain one value for cos Voys < 0. Figure 2.8 shows the differential cross sections
measured at ANKE at Q = 10.74MeV by Mersmann et al. [MT07] and those
measured at COSY-11 at @ = 10.3MeV by Adam et al. [AT07]. The black dashed

line is a linear fit to the ANKE data. In addition to s-wave contributions, the
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Figure 2.9.: Differential cross sections of the @ = 20.0 MeV WASA /PROMICE data
(blue circles [BT02, BT04]), the Q@ = 19.4MeV COSY-11 data (open light blue crosses
[AT07]), and the Q = 19.5 MeV ANKE data (filled black squares [R*09]). The filled blue
circles show the WASA /PROMICE data from the analysis requiring only a *He detected,
while the open circles represent the data from the n — v + vy analysis. The black dashed
line is a fit to the ANKE data. The horizontal bars indicate the angular bin widths.

linear rise of the distribution observed by Mersmann et al. indicates contributions
by p-waves.

Figure 2.9 shows the differential cross sections determined with the experiments
WASA /PROMICE [B*02, Bt04], COSY-11 [AT07], and ANKE [R709] at an excess
energy of about 20 MeV. From the WASA/PROMICE publication both results
determined in an analysis requiring only a *He detected and by an — vy +7 decay
analysis are shown. Due to the additional requirement of two photons detected in
the central detector, the data points of the latter analysis have significantly larger
statistical uncertainties. Just like for the other excess energies, there is only one
data point with cos ¥cms < 0 measured by Adam et al. For the angular bins with
cosUems < 0.7 the distributions determined at WASA/PROMICE and ANKE
are in good agreement. Nonetheless, for coscys > 0.7 both experiments show a
different behavior. The WASA data derived by the *He missing mass analysis shows
a decrease of the cross section, whereas the ANKE data as well as the WASA

1 decay analysis data show a further increase. This difference in the observed
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Figure 2.10.: Differential cross sections of the @ = 48.8 MeV GEM data (open green
squares [BT00]), the Q = 38.8 MeV WASA/PROMICE data (blue circles [B102, BT04]),
the Q@ = 40.0MeV COSY-11 data (open light blue crosses [A107]), and the Q =
39.4MeV ANKE data (filled black squares [R*T09]). The filled blue circles show the
WASA /PROMICE data from the analysis requiring only a *He detected, while the open
circles represent the data from the 1 — 7y + v analysis. The black dashed line is a fit to
the ANKE data. The horizontal bars indicate the angular bin widths.

behavior might be explained by systematic uncertainties of the low acceptances
of the WASA/PROMICE experiment for *He with very low laboratory scattering
angles. The black dashed curve presented in figure 2.9 is a fit to the ANKE data by
a second order polynomial. Therefore, contributions of s- and p-waves are sufficient
for a description of the shape of the angular distribution at this excess energy
[Rau09].

Next to differential cross sections measured at WASA /PROMICE [B*02, BT04],
COSY-11 [AT07], and ANKE [R*09] at an excess energy of about @ = 40MeV,
differential cross sections measured at GEM [BT00] at ) = 48.8 MeV are presented
in figure 2.10. While all measurements are in good agreement for cos voms < 0.2,
showing a linear rise of the differential cross section, they disagree for cosvcymg >
0.2. The data from ANKE indicate a constant cross section for cos 9omg > 0.4. With
the exception of the cos ¥cys = 0.9 data point, the results of the WASA /PROMICE
N — Y-y analysis agree very well with this behavior. The 3He missing mass analysis

data from the same experiment either indicate a plateau starting already at smaller
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Figure 2.11.: Differential cross sections of the @ = 77.9 MeV WASA/PROMICE data
(blue circles [BT02, BT04]) and the Q@ = 59.4MeV ANKE data (filled black squares
[RT09]). The filled blue circles show the WASA/PROMICE data from the analysis
requiring only a 3He detected, while the open circles represent the data from then — y+y
analysis. The black dashed line is a fit to the ANKE data. The horizontal bars indicate
the angular bin widths.

angular bins (cosays > 0) or a small decrease for cosdays > 0.4. Compared
to the results of COSY-11 and GEM, the differences of the shapes between the
WASA/PROMICE and ANKE experiments are small and might be explained
by systematic uncertainties due to the low acceptances of WASA/PROMICE for
low laboratory scattering angles. The decrease of the cross section observed by
Adam et al. with COSY-11 is much steeper than the one possibly seen in the
WASA /PROMICE data. On the other hand, the GEM data suggest a continuous
rise of the cross section for increasing cos vcvs. Nevertheless, the GEM data are
compatible with the shape found at ANKE and WASA/PROMICE due to their
large uncertainties. Therefore, further data at an excess energy of about 48.8 MeV
with much lower uncertainties are needed for clarification. Such measurements were
done in 2009 at the WASA-at-COSY experiment and the results will be presented
in this thesis. Except for the GEM data, the shape of the angular distribution
cannot be described by solely s- and p-wave contributions, but does additionally

require higher partial waves, like d-waves.
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The studies of the 1 decay n — 7° + e™ + ¢~ presented in this thesis are based
on p +d — 3He + 1 production runs at an excess energy of about 60 MeV. For
reliable analysis results, and reliable acceptance corrections in detail, the knowledge
of the differential cross section at this energy is crucial. Figure 2.11 shows the
differential cross section depending on cosdcys as determined with the ANKE
data at 59.4 MeV excess energy [RT09] as well as the WASA/PROMICE data at
@ = 77.9 MeV. The black dashed line is a fourth order polynomial fit to the ANKE
data. While the shape of the distributions change noticeably between @) = 20 MeV
and (Q = 40 MeV, there are only minor differences for the excess energies 40 MeV,
60 MeV, and 80 MeV according to the results from ANKE and WASA /PROMICE.
Compared to the 20 MeV and 40 MeV ANKE measurements, the uncertainties of
the differential cross sections at 60 MeV are larger.

If there was an enhancement of the total cross section at about 50 MeV excess
energy as indicated by the GEM data, this might also be visible in the differential
cross sections at this energy, if compared to the distributions at 40 MeV and 60 MeV
excess energy. Thus, the differential cross section distribution was determined at
() ~ 60 MeV in addition to the one at about 50 MeV as a part of this thesis. As a
result systematic uncertainties due to measurements at different experiments are
avoided.

Further detailed discussions of the differential and total cross sections for the
reactions p+d — 3He+1 and d +p — 3He +mn close to the 11 meson threshold can
be found in the doctoral thesis of T. Mersmann [Mer07] as well as in the doctoral

thesis of T. Rausmann in case of higher excess energies [Rau09].

2.4. The 11 meson decay 1 — i’ +e* + e~

The 1 meson decay 11 — 7° 4e* +e~ is well suited to search for a violation of the C
parity conservation in electromagnetic interactions [BFL65, PC65, RK65, B*67a,
Bt67b, BT68, J*75, KW11]. If the decay occurs as

Nn—m+y" = n’+et +e” (2.36)
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Figure 2.12.: Schematic diagram of the 1 meson decay 1 — ©° + et +e~ for a C parity
violating decay via one virtual photon (left) and for a C' parity conserving decay via two
virtual photons (right).

(see figure 2.12, left), it violates C' parity conservation, as

C(ny*) = C(n") - C(v")
= (4+1)-(-1) = -1 (2.37)
#+1=C).

In previous measurements this n decay channel has not been observed yet, but

an upper limit for the branching ratio of the decay was determined to be

'm—mnl+ef+e)

T'(n — all) <410 (CL =90 %) [PT16]. (2.38)

Besides performing as a decay via one virtual photon, the decay  — 7®+et +e~

may perform via two virtual photons as
N 4+y +y > +et 4o (2.39)
(see right of figure 2.12). In this case the C' parity is conserved:

C(ry*y*) = C(n°) - C(y") - C(v")
— (+1)- (=1) - (=1) = +1 (2.40)
=C(m).

Since this decay is a fourth order electromagnetic process, it is suppressed and has

an expected branching ratio orders of magnitude below the current upper limit
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of 4 x 107° (CL = 90 %) [PT16]. Theoretical calculations for the branching ratio
of this decay mode are based on the already observed 1 decay n — 7° + v + vy
with a branching ratio of (2.56 & 0.22) x 10~* [P™16], and the extracted branching
ratios vary between 107'! to 107® [Che67, Smi68, NP93, JS02]. The differences
between these calculated branching ratios originate from differences of the models
and assumptions used. While vector meson dominance model (VMD) calculations
by T. P. Cheng result in an expected branching ratio of about 1078, he pointed out
that this ratio might be lower by an order of magnitude if one assumes pure s-wave
coupling for n — 71 +v +7vy and VMD for n — 7° + e™ + e~ [Che67]. Calculations
by J. Smith, on the other hand, result in a branching ratio for the C' conserving
decay n — 7’ + e + e~ in the order of 107! under the assumption of pure s-wave
interaction and neglecting possibly large contributions of p-wave terms by virtual
vector mesons [Smi68]. Newer calculations by J. N. Ng and D. J. Peters suggest a
branching ratio of about 3 x 107 utilizing a vector meson dominance model and
a branching ratio in the range of 1 x 1079 to 6 x 10~ using a quark box diagram
for the calculations [NP93].

In summary, an observation of the decay n — 7 +e™ 4+ e~ with a branching ratio
significantly above 107 would indicate a violation of the C' parity conservation in
the electromagnetic interaction. The search for the decay 1 — m° + et + e~ is one
major part of this thesis (see chapter 6).

For the search for the C' parity violating decay n — 7° + v* — 7 + et +
e~ the knowledge of the decay amplitude is important, as it can influence the
choice of selection conditions and the reconstruction efficiency of this decay (see
chapters 6.7 and 7). In order to determine the decay amplitude, certain constraints
have to be taken into account. For instance, the 1 decay 1 — 7° + v, which is
the on-shell analog of the off-shell decay 1 — 7° + v*, does not only violate the
C parity conservation, but also the angular momentum conservation, as will be
shown in chapter 2.4.1 [Sak64, KW11, Wirl7]. Since it is reasonable to assume a
conservation of the angular momentum, there should be no on-shell contribution
to the decay 1 — 7 +v*. Apart from angular momentum conservation, the global
gauge invariance forbids the on-shell decay (see chapter 2.4.2). The implications of
this on the amplitude for the decay n — 7 +v* — 7® + et + e~ will be discussed
in chapter 2.4.2.

In addition to the decay n — 7° + et +e~, further n-decays can be investigated
to search for a C' parity violation (see also chapter 2.2.1). For example, the C' parity
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conservation can be tested in the decaysn — "+ +y andn — "+ +7n°. Here
a violation results in an asymmetry of the energy distributions of the 7t and 7t~
meson [BFL65, Lee65] or is visible in the pion angular distribution [BT66]. Analyses
of these decays were performed with the WASA-at-COSY facility, too. Details
about the analyses of the decay 1 — 7™ + 7~ + v, including studies of the pion
angular distribution, can be found in [Red10, Ler14], whereas more information

about asymmetry studies for the decay 1 — 7™ + 7t~ + 7t° is given in [AdI12].

2.4.1. Violation of angular momentum conservation in
n—m+y

The n meson is a pseudoscalar meson with the total angular momentum J = 0 and
spin S = 0 (see chapter 2.2). In order to investigate the total angular momentum of
the final state of the decay n — 7 +y, the axis of quantization (z) is chosen along
the ° —y decay line [Sak64, Wirl7]. Consequently, it is L, = 0 for the final state.
Furthermore, it is S(71°) = S,(n°) = 0, as the 71° is a pseudoscalar meson, as well,
and S,(y) = £1. This results in a total angular momentum of J, = S,(y) = £1,
which is in contradiction to J,(n) = 0. Thus, the decay 1 — 7 + v does not only
violate C' parity conservation, but also angular momentum conservation. Under
the reasonable assumption of angular momentum conservation the amplitude of

the on-shell decay n — 7 +y must vanish, accordingly [KW11, Wirl7].

2.4.2. Amplitude of the decay n - +y* > 0 + et + e

For the process 1 — 7° + y* the matrix element K* (z;py,px) of the transition

current J* in general has the form

K" (39, pr) = (7 (pr) | T"(@) | n(py) )
= [A1(@) (b +pe)" = f2(@®) (g — pa)*| 7 P0= 0 (2.41)
= |A(@) (pn + pr)" = Fa*)g"] 77" [Wirl7]

with the four-momenta p, and p, of the  and 7° meson and the form factors f;(q?)

and f(q?), which only depend on the four-momentum transfer

¢* = (py — pn)° [BFL65, Wirl7]. (2.42)
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Due to global gauge invariance in QED the transition current has to be conserved

[BFL65, Wirl7:

= Ou " (w3 pn, pr) = 0, (1 (pa) | TH () [ (p))
—i [F1(@®) (po +Pr) - q = fa(g®)g?] 7"
2 2\ 2] —iga (2.43)
2[]%(61)(19 —p2) — fa(a)?] e
—i [£1(6®) (m2 = m2) = falg®)g?] o
As a consequence it is
fil@®) (my = m2) = fo(a)d, (2.44)
which results in two valid approaches for the calculation of K*, namely:
2 2 q°
(@) = falq )m (2.45)
= K" (x;pq,pn) = 7f2(q2) {(p + o) ¢ — <m2 — m2) q”} el (2.46)
)y /M mTQ] - m72-[ mn m s )
as used in [BFL65], and
mg —m2
f2(¢%) = filg )7(12 (2.47)
> 2 7712 - mi .
= K" (2;pn, pr) = f1(07) [(Pn +pa) = “qzq“] e, (2.48)

as used in [BT68].

Under the assumption that ql2ir_1>10 fi(¢®) = f;(0) is finite, a smooth ¢* — 0 limit
exists for the first alternative K* (z; py, pr) (see equation 2.46). Furthermore, when
coupled to the polarized four-vector 5;((]) of an on-shell photon with momentum
q, it is

lim K (23 pnspr) €(0) = 0, (2.49)

since ¢"¢},(¢q) = 0 and hm ((py + po)" @) = 0 [Wirl7].

In case of the second alternatlve K* (x5 pn, Pr) (see equation 2.48), the second
2 .2
term %q“ excludes a smooth ¢> — 0 limit. However, when coupled to a

conserved current j,(eTe”) via a photon propagator, this term vanishes and a
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smooth ¢ — 0 limit exists. Nevertheless, when coupled to a real photon, the first
term (py + pr)"* does not vanish for the ¢> — 0 limit, as it should (see chapter

2.4.1), except for the case of fi(q?) being proportional to ¢? for small ¢. Yet then

2 f2(

f1(¢%) can just be replaced by q- 2 , which results in the first alternative given

in equation 2.46.

As a consequence only the first term (p, + py)" ¢* contributes if K* (x;py, py) is

coupled to ju(e+e_) as the second term (mfI -

0. Moreover, the = Z pole of the photon propagator g;; exactly cancels with the ¢?

2) ¢* vanishes, since ¢*j,(eTe”) =

numerator of the first term of K*.

In summary, the decay amplitude A (n — 7 +vy* — 7° + ™ + ™) is given by
A(n — 0 4y —>7t0+e++e_)

= K" (23 py, pr) (—z‘gq“;> (ij”(e+e_)>

_hl@) p_ MR ] e (2:50)
= [(pn + Pr) Z ¢ ]Ju( )
_ fi(d?)

7 (pn + po)" Gu(ete™) [Wirl7].

For the calculation of the squared amplitude it can be assumed that the spins
of the leptons are not measured, as it is the case in the analysis presented in this
thesis. Therefore, the projection tensor O,,,(ete™) is constructed from the bilinear
combination of the current j,(ete™) = j.(pt, sF;p, , 5. ) summing over all spins s,
and s of the electron-positron pair. According to [Pet10], the resulting projection

tensor is calculated as

+1/2 +1/2 .
Ou#'(e+e_) = Z Z .],U»(pju S:—apc_7 Sc_)j,u’(pju S:apc_’ Sc_) (251)
sd=—1/2s5=—1/2
+ = + o
9% [ pe,upeu ) _ (pd —po), gpe Pe ) (2.52)
Pe

with the electrical charge e, the four-momenta p;fu and p,, of the positron and

electron, and the four-momentum transfer ¢ = p., = p;u + pe,.- Utilizing this
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tensor and equation B.7 from appendix B.1, the absolute amplitude squared for

the decayn — 7 +vy* — ® + et + e is:

‘A (n — 7+ v —>ﬂ0+e++e_)’2 (2.53)
o\ 2
- <f1;(2] )> (P + pr)" O (e7e™) (pn + pr)” (2.54)
2\ (2
= |f1(3)|262 (—4mﬁq2 + 16m121Ee+Ee—) (2.55)

(¢%)?

with the positron and electron energies F.+ and FE,-.

In the case of vector meson dominance, the form factor f;(¢?) can be written as

o e g?
1) = = (256)

"= X (q) (2.57)

> A = =+

with A as a constant factor [Wirl7]. The width T'y(¢?) of the vector meson z is
given by

0 if ¢* < 4m?2
(2.58)

q
Imx mz

if ¢* > 4m?2

=
»
—~
S
no
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|
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IS IS
HH QMLS
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with g, = 149.1MeV ¢ 2 [EWS88, Petl0] and the charged pion mass m, =
139.570 18(35) MeV ¢~2 [PT16]. Since the vector meson dominance model is domi-
nated by the p meson for the decay 1 — 7° +vy* — n’ + e™ + e~ the p mass m,
can be assumed in equation 2.56 [Wirl7]. Inserting the form factor squared from
equation 2.57 with m, = m, = (775.26 + 0.25) MeV ¢~? [PT16] in equation 2.55,

gives the final absolute amplitude squared

2
‘AVMD (n Sy s et +e_>‘
1 GQAZW ) - 2
T -+ P (—4m3g® + 16m; Eer B ) (2.59)
e?\? , ) s )
= (m2 — ¢2)2 + qQFg(QQ)Qe (—4mnq + 16mnEe+Ee,)

as utilized for the Monte Carlo simulations in this thesis (see chapter 6.3.1).
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2.5. Missing mass and invariant mass method

The n meson produced in the reaction p+d — 3He+1 cannot be detected directly
due to its short life time of 7 = (5.02 4 0.19) x 10795 [PT16] (see table 2.3). It
decays before it reaches a detector. Instead, the n meson is detected indirectly
using either the information of its decay particles (invariant mass method) or the

information of all incoming and all other outgoing particles (missing mass method).

2.5.1. Missing mass method

If a particle cannot be detected directly, it is possible to reconstruct its four-
momentum from the four-momenta of the ingoing projectiles and all other outgoing
ejectiles. In case of the reaction p+d — *He+1, energy and momentum conservation
give:

Ph + P = Phye + P - (2.60)

As the absolute value of a particle’s four-momentum is its rest mass, solving

equation 2.60 for pi and taking the absolute value, one obtains:

iy = |pn| = [Pp + Pa — Ponel - (2.61)

Besides 11 mesons, other particles can be produced in reactions of the type p+d —
3He +X. At the beam momenta used during the given beam times, these are one to
four pions. A plot of the missing mass mx = |p, + pa — psue| for a data sample from
the WASA-at-COSY p +d — *He + X beam time measured in August/September
2009 is presented in figure 2.13. The reaction p +d — 3He 41 is visible as a peak
at the n mass m, = (547.862 + 0.017) MeV ¢2 [PT16] with a width due to the
limited detector resolution, while the two-, three-, and four-pion productions form
the continuous background below the peak. In this thesis the missing mass myx will

be referred to as *He missing mass.

2.5.2. Invariant mass method

A particle that decays before it reaches a detector can be reconstructed with the

four-momenta of its decay particles. Due to energy and momentum conservation
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Figure 2.13.: 3He missing mass of a QQ = 59.8 MeV data sample measured at WASA-
at-COSY in August/September 2009. Adapted from [A*14Db].

the four-momentum of a particle a decaying into n particles by, ..., b, is given by:
ph=> 1. (2.62)
i=1

Taking the absolute value of the four-momentum vectors results in the invariant

mass

my = |pa| - (263)

n
Zpbi .
i=1

For example, a 7° meson that decays into two photons can be reconstructed by:

muo = |poo| = |py + 1yl - (2.64)

Figure 2.14 shows the invariant mass of two neutral particles calculated with the
four-momenta reconstructed with the WASA central detector for a data sample
recorded in August/September 2009. The decay ¥ — y + 7 is visible as a peak at
the 71 mass mqo ~ 135 MeV ¢ 2. The continuous background is formed by photons
that originate from other reactions and not from a decay of a single particle into

two photons.
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Figure 2.14.: Invariant mass of two photons for a data sample measured at WASA-
at-COSY in August/September 2009. The data were preselected using the conditions
presented in chapter 6.5.

2.6. Kinematic fitting

A common method utilized in the analysis with regard to a reaction of interest
is kinematic fitting. It is a least square fit with constraints that minimizes a x?
function [Kup95]. The constraints are implemented by Lagrange multipliers. In the
standard version of the implementation used at WASA-at-COSY only energy and
momentum conservation of the full system is required, but it is possible to add
further constraints to the fit. Examples for such constraints are secondary meson
decays like T — v +y, where the invariant mass my, = |p, + p,| is fixed to the
7 mass.
The x? function implemented in the WASA-at-COSY software is:

m

E; 2
=Y (55) 2T MFuen ) (265)
¢ 1%

=1

with the difference ¢; = x; —v; between the fitted values z; and the measured values
v;, the uncertainty Av; of the measured values v;, and the Lagrange multipliers A,
and constraint equations Fj,(e1,...,&,) for the p constraints and m kinematic

variables.
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Figure 2.15.: x? probability for the kinematic fit hypothesis of the reaction p+d — 3He+
et +e” +y+v for the simulated reaction p+d — 3He+n withn — (7 = v +7v)+et +e~
andn — tt + 7 4+ (n° — v +7v) (black and red histogram, respectively). The data were
preselected using the conditions presented in chapter 6.5.

In order to minimize equation 2.65, its first derivative is set equal to zero and
solved for all ;. For an estimate of the derivative for the constraint equations, a
Taylor series around the measured values v; is taken, allowing to compute a solution
for the Lagrange multipliers )\, and the corrections &;.

For the method of kinematic fitting the uncertainties Av; of the measured values
must be known. In this thesis a kinematic fit is used for the analysis with regard
to the decay n — 7° + et + e, which is based on a common analysis module
(see chapter 3.5.3) and requires only energy and momentum conservation without
further constraints. The determination of the uncertainties of the measured values
was done as part of this common analysis class [BCHW17, Cod12, Wurl3].

In the analysis the x? probability of the kinematic fit hypothesis is used to
improve the signal to background ratio. As an example figure 2.15 shows the
distribution of the x? probability for the hypothesis of the reaction p +d —
3SHe + et + e~ + v + v for the simulated reaction p + d — 3He + n with
n— (M —>vy+y)+e"+e andn — " + 71 + (1° - v +7y) (black and red
histogram, respectively). A cut on this probability will be applied to reject events

from background reactions (see chapter 6.7).
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2.7. Luminosity

In order to determine the cross section of a measured reaction, the obtained results
have to be normalized. For this purpose the luminosity of the experiment is used.
The luminosity L is the proportional factor between the cross section ¢ and the
rate of events dN/dt expected during the experiment:

dN
— =1L 2.66
=L, (2.66)

and it is independent of the reaction. In case of a storage ring like COSY (see
chapter 3.1) with a fixed target and full beam-target overlap, it can be calculated
from the areal density of the target prarget, the number of beam particles Npeam

stored in the ring, and the orbital frequency f:

L= Ptarget * Nbeam : f . (267)

However, in the analyses presented in this thesis a relative normalization is
performed to a second reaction with a known cross section and based on the same
triggers (see chapter 4.11). That way uncertainties due to, for example, different

trigger efficiencies are avoided.

2.8. Confidence level and upper limit

Typically the results for measurements of rare phenomena are given with a certain
confidence level. For example, a given interval [sg,s;] with a confidence level
CL = 90 % means that if the measurement is repeated several times, in 90 % of the
cases the interval [sg, s1] will contain the mean value of an infinite number of such
measurements. In case a reaction is not observed, it is also possible to define an
upper limit which is an interval of the type [0, Ng yp)-

For measurements of rare processes with a low number of events, it is important
to consider that these obey the Poisson statistics. In such measurements the upper
limit for the number of signal events Ng., depends on the number of events n
observed in data as well as on the number of events b expected from background
reactions.

In classical statistics the confidence interval (also called confidence belt) or

the upper (confidence) limit is determined using a Neyman construction [Ney37].
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Nonetheless, this method suffers from a few disadvantages like the so-called under
coverage [Zhu07]. Moreover, according to Feldman and Cousins, the manual choice
between an upper limit or a two-sided interval based on the measured data leads to
intervals that do not fulfill the properties of a confidence interval [FC98|. Therefore,
Feldman and Cousins introduced a new, so-called unified approach for the analysis
of small signals.

According to [Zhu07], this method has some drawbacks as well, especially for
the case of fewer events being observed than expected. In addition, their method
does not take into account systematic uncertainties of the signal efficiency or
of the number of events expected from background reactions. For these reasons
Zhu introduced an alternative method to consider the mentioned drawbacks and
systematic uncertainties of the measurement. It is a Bayesian approach and will be

described in the following chapter 2.8.1.

2.8.1. Bayesian approach

In a Bayesian approach a prior probability density function (pdf) for the signal
is required for the upper limit calculation. This prior pdf is used as input for the
calculation of a posterior pdf with the aid of Bayes’ theorem [BP63]. In case of
n observed events, and assuming s is the unknown number of signal events, the
posterior pdf h(s|n) is given by:

h(sln) = —2I)T() (2.68)

o pnls)m(s)ds

with the conditional pdf p(n|s) of observing n events with s given signal events and
the prior pdf 7(s) [Zhu07]. This posterior pdf can be utilized to either calculate a
confidence interval [sg, s1] or the upper limit Ng,, for the number of signal events

and a given confidence level CL by solving
CL = / " h(s|n)ds and (2.69)
50
NS,up
CL = / h(s|n)ds, respectively. (2.70)
0

In general, there are two approaches for the prior pdf 7(s): an informative
and a non-informative prior. The informative prior uses the information available

from previous measurements. However, this approach induces difficulties if the
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results should be combined afterwards. Thus, in [Zhu07] the non-informative prior
approach was chosen. It estimates the prior pdf of the signal to deduce the posterior
pdf.

There are different choices for the prior distribution. The most conservative
and most commonly chosen one is a flat prior, as suggested by Bayes [BP63].
Nevertheless, there is no mathematical reason that excludes other choices. Two
alternatives are m(s) = 1/(s + b) and 7(s) = 1/v/s+b derived by Jeffreys
[Jef98, Jefd6], Jaynes [Jay68], and Box [BT92] with s and b being the expectations
for the number of signal and background events.

According to [Nar0Oa, NarQOb], the prior pdf 7(s) = 1/v/s+b is the most
versatile choice for a Bayesian approach to upper limit determination, whereas
a flat prior is the most conservative choice [P*16]. For that reason the latter was

chosen for the presented analysis, and equation 2.68 simplifies to:

p(nls)
h(sln) = —=——5—. (2.71)
Jo~ p(nls)ds
Under the assumption that the number of signal events and the number of
background events are Poisson variables with the unknown expectation s and

known expectation b, respectively, the conditional pdf p(n|s) is
b n
p(n|s) = 6_(5”’)(8—’_') [Zhu07]. (2.72)
n!

Utilizing this pdf and equation 2.71 in equation 2.69 and 2.70, a confidence interval
(S0, s1] and an upper limit Ng,, for the number of signal events, respectively, can
be calculated assuming b background events in case of n observed events for a given
confidence level CL.

However, at this stage no uncertainties of the signal reconstruction efficiency
eg and the expected number of background events b have been included in the

calculation. The uncertainties can be incorporated by replacing p(n|s) with

gls)y = [ [ plse)y fulb.ou) (1,0 )abde, (2.73)

as stated in [ZhuO7]. Here fy (b, 03) is a pdf with the mean b and the standard
deviation oy, and f.(1,0.) is a pdf with the mean 1 and the standard deviation o..

These probability density functions represent the distribution of the background
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expectation and the distribution of the relative efficiency ¢ with respect to the

mean signal efficiency eg, respectively. The conditional pdf p (n|se), is given by:

—(se+b') <S€ + b/)n .

- (2.74)

p(n|se), =e

Zhu provided a program (BPULE) for the upper limit calculation utilizing the
above mentioned method [Zhu07]. In this program the functions fy(b,03) and
fe(1,0.) can either be Gaussian, Log-Gaussian or flat distributions. Nevertheless,
these functions can be replaced by any other pdf, as performed in an algorithm
written by A. Kupsé [Kupl7] and utilized in this thesis (see chapter 7.2). Hence,
with this algorithm it is possible to consider asymmetric uncertainties with

individual distributions.

2.8.2. Branching ratio

A major part of this thesis is the search for the decay 1 — 7° + et + e~ with the
aim to either determine a branching ratio, in case of an observation, or to give a
new upper limit for the branching ratio of the decay. For this purpose a relative
normalization to the decay 1 — 7" + 1~ + 7 will be performed. In case of an

upper limit Ng,, for the number of signal events, the relative branching ratio is

I'm—n'+et+e) _ Ns.up (2.75)
Tl b +78) © N
with the signal reconstruction efficiency eg and the number Nﬁfﬁﬁfﬁlno ofn — mwt+

= + 7¥ decays in the collected data, which already comprises the reconstruction

efficiency and corresponds to the actual number of occurred reactions.
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The Wide Angle Shower Apparatus (WASA) was developed for studies of
light meson production mechanisms and their decays [HR*04]. Originally it
was constructed and operated at the storage ring CELSIUS in Uppsala. After
the shutdown of the CELSIUS accelerator in 2005 the WASA experiment was
transported to Forschungszentrum Jiilich and installed at the cooler synchrotron
COSY (see chapter 3.1). Here several beam times were held between August 2006
and June 2014. The analysis of the collected data covers production and decay
studies of the 7° meson [A*13a, AT13d, A*14a], the  meson [AT09, AT12b, AT13e,
A*14b, A*14d, AT16b, AT17], the w meson, and the 1’ meson as well as studies of
the 77t production [A*11, A*t12a, A*12¢c, AT13b, AT13¢, A*14c, AT14e, AT 15¢,
AT15d, A*16a] and 47t production [A*16¢], and studies are still ongoing. During its
operation the WASA detector setup was changed a few times to comply the needs
of the different experiments. The last modification was done in spring 2014 [Sit15]
for the “Investigation of total cross section structures in the pd — 3Hen reaction
at WASA-at-COSY” and the “Search for the n-mesic *He with WASA-at-COSY”
[KM14].

The following chapters describe the COSY accelerator and the WASA setup
during the p + d — 3He + X beam times in September/October 2008 and
August/September 2009 on which the analyses presented in this thesis are based.

3.1. Cooler synchrotron (COSY)

The COoler SYnchrotron (COSY) [Mai97] is a 184 m long storage ring at the
Nuclear Physics Institute at Forschungszentrum Jiilich. In 2008 and 2009 the
experimental setups WASA, ANKE, and PAX as well as the EDDA detector used
as a beam polarimeter were available for operation and located in the two 40 m

long straight parts of the accelerator (see figure 3.1). Additionally, the beam can
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Figure 3.1.: Schematic representation of the COSY accelerator facility with its pre-
accelerating cyclotron JULIC and external and internal experimental setups. Adapted
from [HRT04].
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be extracted to external experimental setups like the now dismantled TOF setup
or to the JESSICA area where detectors can be tested.

COSY is operated with either protons or deuterons as beam particles [D*02].
These are provided by two ion sources as polarized or unpolarized H™ and D™
ions. As a minimum energy is required for the acceleration in the COSY ring,
the ions are pre-accelerated by the attached cyclotron JULIC to energies of up to
45MeV /nucleon [BT03]. Afterwards they are induced into the storage ring via a
100 m long injection beam pipe and strip off their electrons at a carbon foil before
entering the ring. Here the protons and deuterons reach momenta ranging from
0.3GeV ¢! to 3.7GeV ¢! [HRT04, Wol07].

COSY provides two beam cooling mechanisms to reduce the momentum spread
and emittance of the beam. For small proton momenta of up to 600 MeV ¢! an

~1 and

electron cooler can be used, while for higher momenta between 1.5GeV ¢
3.4GeV ¢! a stochastic cooling system can be applied [PT00]. The electron cooler
works by injecting and superimposing an electron beam with the same velocity
as the ion beam. The electrons and ions interact with each other, which reduces
the phase space and momentum spread of the ion beam. The stochastic cooling
system consists of two parts — one 4 m long pickup tank and a 2m long kicker. Two
such pickup-kicker pairs are used to correct the horizontal and the vertical plane,
respectively. The signal of the pickup tank is sent to the kicker at the opposite side of
the COSY ring which adjusts the beam position accordingly. The stochastic cooling
has been designed for an operation with target thicknesses as provided by the
ANKE cluster jet target. For the higher thicknesses of the WASA pellet target both
cooling methods are insufficient and a different method is applied to compensate
the mean energy loss. Since 2007 a barrier bucket cavity has been installed at COSY
in addition to the accelerating and decelerating radio frequency cavity (RF cavity)
[ST08]. When this barrier bucket cavity is used, the beam particles are grouped
in a single bunch and the mean energy loss due to interactions with the target is
compensated by the barrier bucket cavity. Using this mechanism, the typical life
time of the COSY beam is in the order of one minute if a pellet target is used,
and several minutes in case of an operation with a cluster jet target, before new
particles are pre-accelerated and injected into the COSY ring, which defines the

start of a new cycle.
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Figure 3.2.: Schematic diagram of the WASA-at-COSY detector setup. The individual
components of the central detector (left) and the forward detector (right) are described
in the following chapters. Adapted from [HR™04].

3.2. WASA detector setup

The main components of the WASA-at-COSY experimental setup are the pellet
target (see chapter 3.2.1), the 47 central detector (see chapter 3.2.2), and the
forward detector (see chapter 3.2.3). Figure 3.2 shows a schematic diagram of the

WASA detector. The different components are described in the following chapters.

3.2.1. Pellet target

The physics studies done with the WASA experiment have high requirements for
the target. For example, in order to reconstruct a meson decay, the vertex needs
to be known with high precision. Furthermore, high statistics and therefore high
luminosities are needed to search for rare decays. The pellet target fulfills all
these requirements. Its high effective thickness of > 10'® atoms/cm? allows for
a luminosity of > 1032 cm™2s™! [ET96, HR'04]. The low pellet beam diameter of
2mm to 3mm results in a well defined vertex position [Tro95]. In addition, the
pellet generator is installed above the WASA central detector and only a narrow
beam pipe through the detector for the pellet target is needed, leading to a high
geometrical acceptance. Typical parameters for the WASA-at-COSY pellet target

operation are shown in table 3.1.
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Table 3.1.: Typical parameters for the WASA-at-COSY pellet target operation. Adapted
from [BT09, Win11].

Pellet rate (Hs) 8000 pellets/s
Pellet rate (Dy) 20000 pellets/s
Pellet diameter 20 pm to 35 pm
Target thickness (Hy) 4 x 10" atoms/cm?
Target thickness (Ds) 8 x 10'° atoms/cm?
Pellet velocity 60ms™!
Pellet distance 5 mm

Target diameter at interaction point

with 0.7 mm skimmer diameter 2.5mm

with 1.0 mm skimmer diameter 3.5 mm
Skimmer diameter 0.7mm or 1.0 mm
Nozzle diameter 13.21m
Nozzle temperature (Hs) 15K
Nozzle temperature (Dy) 20K
Pressure in droplet chamber (H,) 20 mbar
Pressure in droplet chamber (D) 60 mbar
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Figure 3.3.: Schematic diagram of the WASA-at-COSY pellet target with typical
pressures and nozzle temperatures for the operation with hydrogen (deuterium). Adapted
from [Nor(04].

The WASA-at-COSY pellet target can be operated with hydrogen as well as
deuterium as target material. Its main components are the pellet generator, the
differential pumping system, which is needed to achieve the required vacuum
conditions, and the pellet beam dump. Figure 3.3 shows a schematic diagram of
the pellet target without the pumps.

The target material and helium are cooled down by a cold head to temperatures
of around 15K for the operation with hydrogen and to around 20K for the
deuterium case, which is close to their triple point temperatures (hydrogen: 13.84 K,
deuterium: 18.63 K [CTO05]). The liquified hydrogen/deuterium is led through a
glass nozzle with a pressure of typically 400 mbar to 800 mbar into the droplet
chamber. This chamber is filled with helium at a pressure of 20 mbar or 60 mbar,
respectively. Thus, freezing of the nozzle and evaporation or freezing of the droplets
are prevented. The nozzle, having a typical diameter of about 13 pm, is driven by

a piezoelectric transducer, which breaks up the liquid beam into droplets with
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Figure 3.4.: Picture of the skimmer. Above the skimmer (dark truncated cone) the
pellet beam (bright spot) and reflected pellets (line traces) illuminated by a laser are
visible.

a diameter of approximately 50 pm. The frequency of the piezoelectric crystal is
typically in the range of 40 kHz to 80 kHz. After the droplets have flown through
the chamber with a velocity of about 26 ms™!, they are injected through a glass
capillary into the skimmer chamber. The pressure in this chamber is reduced to
the order of 1072 mbar by a differential pumping system, which causes the droplets
to freeze out into pellets with a diameter of about 20 pm to 35 pm and a velocity
of about 60 ms~1.

Because of the pressure difference between the two chambers, turbulences emerge
in the capillary enlarging the pellet beam diameter. To obtain a well defined narrow
pellet beam, a skimmer is installed in the beam path after about 70cm, which
reflects all pellets with too large angles back into the chamber (see figure 3.4). Below
the skimmer chamber the pressure is reduced further to the order of 107% mbar. By
using a skimmer with a 0.7 mm diameter, a pellet beam of about 2.5 mm diameter at
the interaction point can be created. During the beam times in September/October
2008 and August/September 2009 a skimmer with a diameter of 1.0 mm was used,
increasing the pellet beam diameter at the interaction point to about 3.5 mm. This

way the pellet rate could be improved significantly to 8000 pellets/s using hydrogen
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Figure 3.5.: Schematic diagram of the beam dump. The shown kryo pump has been
replaced by a second turbo pump for the operation at COSY. Adapted from [Cal08].

and to 20000 pellets/s using deuterium as target material without increasing the
background pressure in the reaction chamber. The typical distance between the
individual pellets is about 5mm, which is slightly larger than the COSY beam
diameter. Thereby secondary reactions are avoided.

After the interaction with the COSY beam the pellets are deflected in the beam
dump, which is seated below the WASA central detector, where they vaporize (see
figure 3.5). The gas in the beam dump is pumped away by two turbo pumps.
This way background reactions caused by pellets reflected back into the reaction
chamber and interacting with the COSY beam are avoided.

For the operation of the WASA-at-COSY pellet target the used gas has to be
of high purity and leaks in the gas system have to be avoided, as the smallest
impurity in the gas system can cause the nozzle to block. To achieve this goal both
for hydrogen and deuterium pellet production, palladium gas purifiers are used (see
figure 3.6). Only hydrogen and deuterium can pass through the membrane of the
purifier resulting in a target gas of highest purity. A second purifier from the ANKE
experiment in addition to the one directly at the target was used during the beam
times in September/October 2008 and August/September 2009. This purifier is
connected to the gas supply, which is used by both experiments and located outside
of the COSY ring about 30 m away from the WASA-at-COSY experimental setup.
While the hydrogen gas is provided by gas bottles, a deuterium generator is used
to produce the deuterium gas out of heavy water via electrolysis. The deuterium
from the generator has a higher purity than the one from gas bottles. In order to

avoid a blocking of the pellet target nozzle due to foreign particles which may enter
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Figure 3.6.: Schematic diagram of the pellet target gas system. Adapted from [Ber09],
based on [Kho09].

the gas system during maintenance work, a sinter filter with a pore size of 2 um is
melted into the glass nozzle [WT08a].

A reliable production of pellets requires precise parameter settings matching
with each other. The set nozzle temperature must be low enough to create a well
defined droplet stream, but not too low to avoid a freezing of the nozzle. The same
holds true for the helium pressure in the droplet chamber. The target gas pressure,
on the other hand, must be in agreement with the frequency of the piezoelectric
transducer which drives the nozzle to produce a proper and stable droplet beam
with a constant distance between the individual droplets. Otherwise, the losses due
to injection into the skimmer chamber would be too high and a constant pellet rate
could not be achieved. Further details about the pellet target and its operation can
be found in [B*09, ET96, Tro95, Winl1].

3.2.2. Central detector

The central detector (CD) of the WASA experiment has been designed for the
detection, identification, and reconstruction of the decay particles of the produced
mesons, such as the n meson. It is used to determine the deposited energy and
momentum of photons, electrons, and positrons as well as charged pions. The

main components of the central detector are the mini drift chamber (MDC)
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Figure 3.7.: Schematic diagram of the central detector. It contains a mini drift chamber
(MDC), a plastic scintillator barrel (PSB), a superconducting solenoid (SCS), and a
scintillator electromagnetic calorimeter (SEC) and is surrounded by an iron yoke. The
COSY beam direction is from left to right. Adapted from [HR04].

for momentum and track reconstruction of charged decay particles, the plastic
scintillator barrel (PSB) as a veto for photon detection, the superconducting
solenoid (SCS), which creates the magnetic field needed for the momentum
determination, and a scintillator electromagnetic calorimeter (SEC) to determine
the particle energy (see figure 3.7). The whole central detector is surrounded by a 5-
ton iron yoke as return path of the magnetic flux and to shield the photomultipliers
of the SEC [Koc04].

In order to avoid interactions of the particles with passive material, the amount
of used material is reduced as much as possible. For example, the pellet beam
pipe through the central detector is made of 1.2 mm thick beryllium [HR*04]. The
small atomic size of the beryllium further reduces the possibility of interactions.
Thanks to its design the central detector has a geometrical acceptance of 96 %.
The individual components of the central detector are described in the following

sections.

Mini drift chamber (MDC)

The mini drift chamber is mounted around the scattering chamber (see figure 3.8)

and is used for the vertex determination and momentum reconstruction of charged
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Figure 3.8.: Pictures of the mini drift chamber. Left: Fully assembled around the
scattering chamber and surrounded by a Al-Be cylinder. Right: Drift tubes of the different
MDC layers. Note the alternating assignment of the layers [HRT04].

Figure 3.9.: Schematic drawing of the three PSB parts: The front cap, the central part
and the backward cap. Note the recesses in the central part for the pellet beam pipe.
Adapted from [HR104].

particles. It covers a scattering angle range of 24° to 159° and consists of 1738
drift tubes (straw tubes) in 17 cylindrical layers. Their diameters range from 4 mm
for the inner most layers to 8 mm for the outer layers. In nine layers the straws
are parallel to the COSY beam pipe, whereas they are skewed by 6° to 9° in the
other eight layers with respect to the beam axis. The hit positions of a charged
particle in the different layers allow to reconstruct its trace, and, together with the
magnetic field provided by the superconducting solenoid, it is possible to determine
its momentum. Further details about the MDC can be found in [Jac04].
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Plastic scintillator barrel (PSB)

The plastic scintillator barrel is placed around the MDC and provides fast signals
which can be used for a preselection during the data acquisition (first level trigger).
Its signals are used as a veto for the photon identification. Together with the signals
from the MDC and the SEC, it is employed for the charged particle identification via
the AE — F and AFE — p methods. It consists of three parts — a cylindrical central
part and two end caps (see figure 3.9) — and contains in total 146 strip-shaped
elements with a thickness of 8 mm. The central part contains 48(+2) elements with
a length of 550 mm and a width of 38 mm. The elements are aligned in two layers
and the neighboring elements have a small overlap of 6 mm to avoid acceptance
gaps. Two of the elements are divided into two parts with a small gap for the
pellet beam pipe. The end caps are radial-shaped with 48 elements each. While the
forward part is flat and has an outer and an inner diameter of 51 cm and 19 cm,
the backward part forms a conical surface and has an outer and an inner diameter
of 42cm and 12 cm. An acrylic light guide is glued to each scintillator. These light
guides are connected to photo multipliers outside of the iron yoke. Further details
about the PSB can be found in [HR104].

Superconducting solenoid (SCS)

The super conducting solenoid (see figure 3.10) surrounds the PSB and provides a
magnetic field parallel to the COSY beam axis, which is needed for the momentum
reconstruction of charged particles via the MDC. The tracks of the charged particles
are bent by the applied magnetic field and their curvature can be determined with
the help of the mini drift chamber allowing a calculation of the particle momentum.

The solenoid is made of NbTi/Cu, which is superconducting at low temperatures
and, therefore, cooled down to about 4.5K using liquid helium. A maximum
central magnetic flux density of 1.3T can be produced by the SCS. Its return
path is provided by the iron yoke, which also works as a mechanical support
structure for the calorimeter crystals. The solenoid’s wall thickness of 80 mm
equals 0.18 radiation lengths, allowing a highly accurate measurement of the energy
deposited in the calorimeter. Further details about the solenoid are available in
[Rub99].
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3.2. WASA detector setup

Figure 3.10.: Picture of the superconducting solenoid mounted in the central detector
with one yoke half rolled out [WAS17].
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3. WASA-at-COSY

Figure 3.11.: Schematic diagram of the scintillator electromagnetic calorimeter. The
SEC is divided into three parts: the forward part (yellow), the central part (white), and
the backward part (red). Adapted from [HRT04].
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3.2. WASA detector setup

Scintillator electromagnetic calorimeter (SEC)

The scintillator electromagnetic calorimeter is the outer most part of the central
detector and can measure photons, electrons, and positrons with energies of
up to 800 MeV. The minimum energy for photons is 2MeV and the maximum
kinetic energy for 7t /p/d stopping in the SEC is 190 MeV /400 MeV /500 MeV. The
calorimeter is made of 1012 sodium-doped Csl scintillating crystals. These are
shaped as truncated pyramids and aligned in 24 rings around the COSY beam
pipe. The SEC is divided into three main parts — the forward, the backward, and
the central part (see figure 3.11) — and covers in total a polar angle range of 20°
to 169°. The forward part consists of four rings with 36 crystal elements each
covering a polar angle range of 20° to 36°, and the central part has 17 rings with
48 elements each and covers an angle range of 36° to 150°. The backward part
contains three rings of which two have 24 crystal elements and the one closest to
the beam pipe has twelve elements. It covers an angular range of 150° to 169°.
Except for spare areas for the pellet beam pipe and for the helium gas line required
for the solenoid, the calorimeter has azimuthal angle coverage of 360°. This results
in a total geometrical acceptance of the SEC of 96 %. Further details about the

scintillator electromagnetic calorimeter can be found in [Koc04].

3.2.3. Forward detector

The forward detector (FD) (see figure 3.12) is designed to detect particles with
a small scattering angle ranging from 3° to 18°. These are mainly scattered
projectiles and charged recoil particles like protons, deuterons, and helium nuclei.
Furthermore, it is possible to measure charged pions and neutrons. In total the
forward detector contains 364 scintillating elements whose information can be used
for the first level trigger logic. The precise energy measurement and particle trace
reconstruction allow for particle identification via the AE — E method and use of
the missing mass method for mass determination of the produced mesons. Some
basic properties of the forward detector are listed in table 3.2. The individual parts

of the detector are described in the following sections.

Forward window counter (FWC)

The first detector of the forward detector in COSY beam direction is the forward

window counter, which consists of two layers with 24 plastic scintillator elements
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Figure 3.12.: Schematic diagram of the forward detector. It consists of the forward
window counter (FWC), the forward proportional chamber (FPC), the forward trigger
hodoscope (FTH), the forward range hodoscope (FRH), the forward range interleaving
hodoscope (FRI), the forward veto hodoscope (FVH), the time of flight detector (TOF),
and a removable absorber. Adapted from [HR104].

Table 3.2.: Overview of some basic properties of the forward detector. Adapted from
[Pé14b, V1a08].
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Number of scintillating elements
Scattering angle coverage

Scattering angle resolution

FEiin to reach FRH layer 1
7t /p/d/*He/*He

Eiin to punch through FRH layer 5
7t /p/d/*He/*He

Time resolution

Relative energy resolution
stopped particles Fiin < Estop
particles with Egop < Eiin < 2Et0p

Particle identification

364
3° to 18°
0.2°

25/60,/80/215/240 MeV

200,/370,/485,/1325,/1475 MeV

< 3ns

1.5% to 3%
3% to 8%

AE—-FE




3.2. WASA detector setup

Figure 3.13.: Schematic view of the forward window counter. Some elements of the
second layer (green) are not shown so that the first layer (purple) is visible. Adapted
from [Pril0].
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3. WASA-at-COSY

Figure 3.14.: Schematic drawing of one of the forward proportional chamber modules.
Adapted from [HR'04].

each (see figure 3.13). While the first layer is tilted by 20° relative to the beam
line, the second layer is planar. The 3mm thick elements of the two layers are
overlapping, giving a granularity of 48 zones. The signals of the FWC serve as
a first level trigger and can be used to define the origin of the forward scattered
particles, which helps to reduce the background from cosmic particles. Further

details about the forward window counter are available in [Pril0].

Forward proportional chamber (FPC)

The next detector behind the forward window counter is the forward proportional
chamber. It consists of four modules which are rotated by 45° with respect to each
other perpendicularly to the beam axis [C*96]. Each module has four layers of 122
8 mm thick proportional drift tubes. The FPC is used for the track reconstruction
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Figure 3.15.: Schematic diagram of the forward trigger hodoscope. Left: An explosion
view of the detector. Right: Pixel structure formed by the layer overlap. The overlap of
the hit elements (dark) allows a narrowed definition of the hit position.

providing a precise angle of the particles originating from the interaction point.

Figure 3.14 shows one module of the forward proportional chamber.

Forward trigger hodoscope (FTH)

The forward trigger hodoscope is located directly after the FPC. The first layer
of its three 5 mm thick plastic scintillator layers has 48 radially assigned elements
(see figure 3.15), while the other two layers consist of 24 elements each forming
oppositely arranged archimedian spirals. The overlap of the three layers gives a
pixel structure allowing the measurement of the azimuthal scattering angle with a
constant angular resolution. Details about the forward trigger hodoscope detector
design can be found in [D794]. The FTH is mainly used as trigger and the
information about the energy loss in this detector can be used for the particle
identification via the AE — F method.

Forward range hodoscope (FRH)

The forward range hodoscope consists of five layers, each with 24 cake shaped
elements (see figure 3.16). The layers’ diameters range from 1.2m (first layer) to
1.8m (last two layers) [C*07]. The first three layers are 11 cm thick, while the last
two layers have a thickness of 15cm. The FRH is used for energy reconstruction
with an energy resolution of up to 1.5 % to 3% in case of particles stopped in the

detector [V1a08], and 3% to 8 % for particles with up to twice the stopping energy,
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1200 mm
1800 mm

Figure 3.16.: Schematic diagram of the forward range hodoscope.

respectively. By comparing the energy loss in the different layers, it is possible to

identify the measured particle via the AE — F method.

Forward range interleaving hodoscope (FRI)

The forward range interleaving hodoscope (see figure 3.17) is seated between the
second and third layer of the forward range hodoscope. It is divided into two layers
containing 32 plastic scintillator stripes with a thickness of 5 mm. The stripes in one
layer are vertically orientated, whilst they are horizontal in the other one resulting
in a X-Y pixel structure, which is required for a scattering angle determination
of neutrons. Detailed information about the forward range interleaving hodoscope
can be found in [Pau06].

Since the *He nuclei investigated in the analyses presented in this thesis are
stopped in the first or second layer of the FRH, the information of the FRI are not

used here.

Forward veto hodoscope (FVH)

The next detector behind the FRH is the forward veto hodoscope (see figure

3.18). It consists of twelve horizontally arranged plastic scintillator barrels with
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Figure 3.17.: Schematic view of the forward range interleaving hodoscope. In the upper
part the whole detector is shown, while the lower part illustrates the detector divided

into two parts [HRT04].

67



3. WASA-at-COSY

241 1123
221 | ——
20 [ []19
1sti> 117
161 1115
140 ® 113
1201 Beam 111
([ m— 119
8 17
eb [ 11s
P — 113
Y — E——

Figure 3.18.: Schematic drawing of the forward veto hodoscope. Adapted from [HR™04].

the dimensions 165cm x 13.7cm x 2cm. The readout of the elements is possible
via photomultipliers at both ends. By using the time information, the hit position
within a stripe can be determined. The signals of the FVH can be utilized as a veto
for particles with too high energies passing through the whole FRH. A detailed
description of the FVH is available in [Bro95].

Forward range absorber (FRA)

The forward range absorber is an optional absorber made of iron, which can be put
between the last layer of the FRH and the FVH [HRT04]. Its thickness can be set
between 5 mm and 100 mm. The absorber was, for example, used during pp — ppn
beam times with a beam energy of about 1400 MeV. Protons from this reaction are
stopped in the FRA, whereas faster protons from other reactions like pp — ppm®
reach the FVH producing a veto signal.

Second forward veto hodoscope (FVH2)/Time of flight detector (TOF)

The FVH does not cover the full angular range of 3° to 18° of the WASA forward
detector. Therefore, since 2008 a second forward veto hodoscope (see figure 3.19)
covering the full range has been installed as the last detector in beam direction.
It consists of 22 vertically aligned plastic scintillator stripes forming a rectangular

pixel structure together with the elements of the first veto hodoscope. Additionally,
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Figure 3.19.: Schematic diagram of the second forward veto hodoscope/time of flight
detector [Pé09).

it has two horizontal elements which can be positioned along the vertical axis. Just
like the first FVH, its elements have a double readout. Using the signals from the
FWC as start and those from FVH2 as stop signals, the time of flight method
can be applied for particle identification. Hence, the second veto hodoscope is also
called time of flight detector. In [Pé09] further information about the TOF can be
found. None of the forward veto hodoscopes were used in the analyses done for this

thesis.

3.3. Data acquisition (DAQ)

The WASA data acquisition system is designed for the desired luminosities of the
experiment and is based on the third generation of DAQ systems for experiments
operated at COSY [KT06]. The event rate is limited by the writing speed of the
used hard disks for event storage to about 80 MBs™?!, resulting in a manageable
trigger rate of 10 kHz assuming a typical event size of 8 kB [Red10]. The achieved
dead time of the WASA DAQ is about 20 pus [W108b].
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Figure 3.20.: Flow chart of the DAQ system for WASA-at-COSY.



3.4. Trigger system

Figure 3.20 illustrates a sketch of the data acquisition utilized at WASA. The
analog signals from the different plastic scintillators are sent through a splitter box
to so-called F-QDCs (Fast Charge to Digital Converters) with a sampling rate of
160 MHz and to discriminators. Signals above the discriminator threshold are sent
to Fast TDCs (Time to Digital Converters) based on the GPX ASIC [K*08, aca06]
as well as to the trigger logic. In case of the forward window counter, two splitter
boxes are used, allowing to apply a low and a high threshold in parallel.

For the signals from the calorimeter crystals, active splitters provide the input for
the S-QDCs (Slow Charge to Digital Converters) with a sampling rate of 80 MHz
and additionally build an analog sum of crystal groups. These groups contain 4 x 3
crystals in case of the forward SEC part, 4 x 4 crystals in the central part and
3 x 3 crystals for the backward part. The signal sums are sent to dual threshold
discriminators whose outputs serve as inputs for the trigger logic. The signals from
the straw tubes are amplified, discriminated and sent to the Slow TDCs, which are
based on the F1 ASIC [aca01].

All QDC and TDC signals are stored in a buffer and only saved in case of a trigger
signal. The synchronization of the digitization system and the trigger system is done
in EMS (Experiment Message Specification) framework which is also used by other

experiments operated at the COSY accelerator [Z194].

3.4. Trigger system

With WASA-at-COSY luminosities of above 1032 cm 25! the event rates exceed
the maximum rate of 10 000 events/s that can be saved on disk. Therefore, a trigger
system is needed to reduce the number of events and to select only events fulfilling
certain basic conditions [Fra02]. The WASA-at-COSY trigger system is organized
in two levels, both hardware based.

The first level trigger uses the fast signals from the plastic scintillators as input
for multiplicity units. Hits in adjacent elements within a coincidence time window
of 20ns are combined into clusters and the cluster multiplicity of each detector
plane is calculated, which can be used for triggering.

In addition, the WASA trigger system allows to apply a more complex condition
for triggering, namely the matching trigger. It involves both planes of the FWH,
the radial plane of the FTH and the first FRH plane. The hits in these planes are
tested for alignment. If a hit in the first layer of the forward trigger hodoscope
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is found to be in coincidence with hits in one of the two forward window counter
planes and the first layer of the forward range hodoscope at the same azimuthal
angle, it will be validated. It is possible to use two different discriminator thresholds
for the FWC layers for the matching trigger. The efficiency of the trigger has been
found to be in the range of 79.2 % to 98.7 % [Zhe09].

The second level trigger involves the slower signals from the calorimeter. The
information about the deposited energies in the individual crystals are summed in
groups of nine elements to 16 elements, so-called hardware clusters. The sums are
sent to dual threshold discriminators and the resulting logic signals for low and high
energy deposits are checked for geometrical coincidence with clusters in the plastic
scintillator barrel to define charged or neutral hits. The multiplicity of charged and
neutral tracks are calculated for low and high energy deposits. In addition to the
energy sums of the hardware clusters, energy sums over the whole calorimeter or
parts of the detector can be used for triggering.

The signals from both the first level and the second level triggers can be combined
in coincidence matrices. Up to 32 such matrices can be applied at the same time.
In order to reduce the amount of events written to disk, it is possible to prescale
the individual triggers. For example, a prescaling factor of 5 means that only every
fifth event is written to disk.

The trigger conditions used for the acquisition of the analyzed data sets are

presented in chapters 4.1 and 6.1.

3.5. Software

The Software used at WASA-at-COSY is divided into two parts, a simulation
part and an analysis part. The software packages used in the presented thesis
are described in the following sections. Table 3.3 lists the revisions of the software

used for the analyses presented in this thesis.

3.5.1. Simulation software

Simulations at WASA are done in two steps. First the events are generated, then the
output of the generator is sent through a detector simulation software. The event
generation is done by the Monte Carlo tool Pluto [Ft07]. Pluto was originally
developed for the experiment HADES at the GSI. It is based on the software
package ROOT [BR97], which itself is based on C++. ROOT was developed at
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Table 3.3.: Software revisions used for the analyses.

Revision used for Revision used for
Software : . 0, 4+, - .
1 cross section analysis 1 — 7’ 4+ e + e~ analysis
ROOT 5-34-05 5-34-08
Pluto 5.31.1 (SVN-58) 5.38 (SVN-74)
WMC SVN-284 SVN-294
RootSorter SVN-3490 SVN-3813

CERN specifically for the usage in nuclear and particle physics. It offers additional
classes valuable for studies in these scientific fields, like the class of Lorentz vectors.

In order to use the Pluto event generator, the reactions and particle decays of
interest are written in macros which are processed with the compiler provided
by the ROOT software package. Besides simple reactions it is possible to create
cocktails of Monte Carlo simulations containing several different decays with the
correct branching ratios. One advantage of the Pluto event generator is the option
to implement decay or reaction models replacing the phase space distribution
assumed by default. Some more complex decay models are already implemented in
the current version of Pluto and can easily be switched on or off.

The reaction data created by Pluto macros are used as an input for the
WASA Monte Carlo simulation program (WMC). The WMC software is based on
GEANT 3 (GEometry ANd Tracking) developed at CERN [CER93] and simulates
the whole WASA detector setup including particle interactions with the active
detector material as well as the passive parts of the detector. The output of the
simulation program contains hit positions, timings, and information about the
energy losses and is saved in the same format as the data collected during beam

times. This allows to use the same analysis framework for simulations and for data.

3.5.2. Analysis software

For data and simulation analysis the RootSorter framework based on ROOT is
used. It was originally developed for the ANKE experiment [HHMO03]. Currently
it is utilized by the ANKE, PAX, and WASA-at-COSY collaborations. The
reconstruction of the collected data as well as of the Monte Carlo simulations

are described in the following.
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At first the collected experimental data are calibrated, while the output from
WASA Monte Carlo is smeared. This is the only step where data and simulations
are treated differently. The resulting information are stored separately for each
detector in hit banks. Hits are signals from single detector elements. Adjacent hits,
which are expected to originate from the same particle, are combined in clusters by
cluster finding algorithms. These clusters are then saved in cluster banks. Clusters
from the different detectors originating from the same particle are combined to
tracks and saved in track banks. These tracks can be accessed within analyses
written in C++ classes. A track contains all information of a single particle. This
modular structure of the reconstruction provides an intuitive analysis structure and

allows simple changes or replacements in the reconstruction algorithms.

3.5.3. Common base class PDEtaAnalysisBase

As mentioned in chapter 2.2.1, the 1 meson allows to study rare decay processes.
Therefore, the data collected during the p + d — 3He + X beam times in
September/October 2008 and August/September 2009 and used for this thesis
are the basis for several other 1 decay studies [Adl12, Cod12, Hod12, Janl0,
Lall0, Red10, Winll, Wurl3, Yurll]. Since 2012 a common analysis class for
n-decay studies (PDEtaAnalysisBase) has been developed and optimized for the
September/October 2008 and August/September 2009 data sets. This way it is
not only assured that the analyses based on this class use the same calibration
and Monte Carlo smearing settings, but also that the major data analysis
steps are identical for all decay studies. All conditions and parameters used in
the base class are adjustable by RootSorter options. The optimization of these
parameters, including the detector calibration, was done by a task force consisting
of postdoctoral researchers and PhD students.

The differential cross section studies of the reaction p + d — 3He + 1 based on
the data of the August/September 2009 beam time, which are part of this thesis
(see chapter 4), require a precise calibration of the forward detector, especially
the forward range hodoscope. Thus, methods for a fine calibration of the FRH
were developed. These methods were applied to the full p +d — 3He + X data
sets from September/October 2008 and August/September 2009 and are included
in the PDEtaAnalysisBase class (see chapter 6.2). This class is the basis for the
studies of the 1 decay 1 — 7 + et 4+ e™.
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Table 3.4.: Models used for the common p +d — 3He +1 Monte Carlo simulation pool.

1 decay channel

Kinematic distribution

n—-y+y

n—m+m+n

n—n +n +7n

n—ont 4+ +y
n—et4+e +vy
n—et+e +et +e

nN—mn+mn +et +e”

Phase space

Phase space
Dalitz decay of ° with proper kinematics [FT07]

Matrix element [F+07, AT95]
Dalitz decay of ° with proper kinematics [FT07]

Matrix element [FT07, Pet10]

Phase space
ete™ distribution based on
Quantum Electrodynamics (QED) [FT07]

Dilepton distribution based on QED [F+07]

Matrix element [F*07, Pet10]
QED dilepton mass distribution
Vector meson form factor for ete™ pair

In addition to the common base class, a common set of Monte Carlo simulations

was created and common settings for further simulations were defined. For all

simulated n decays the angular distribution of the reaction p+d — 3He+n derived

during the studies presented in chapters 4 and 5 was applied. Furthermore, more

complex models derived from previous studies were applied for the simulations of n

decays where the phase space kinematic distribution assumed by Pluto by default

is known to be inadequate. Table 3.4 shows a summary of the kinematics applied

for the Monte Carlo simulations of n decays used in the common analyses. As part

of this thesis the common Monte Carlo basis was significantly extended, especially

for background reactions like p + d — *He + (71 + 7)° (see chapter 6.3).
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4. Analysis of the reaction
p+d—3He+n

The reaction p+d — 3He +n has remarkable properties when compared to similar
reactions and other 1 meson production reactions. Its very high cross sections for
small excess energies are unexpected and can only be explained by a strong final
state interaction (see chapter 2.3.3) [FW95|. At higher excess energies it shows an
interesting behavior, too. For instance, the data determined by WASA /PROMICE
and ANKE show a plateau of the total cross section for excess energies above
40MeV [B*02, BT04, RT09]. The @ = 48.8 MeV data measured with GEM, on
the other hand, indicates a total cross section value possibly well above this
plateau [BT00]. Moreover, the shape of their obtained differential cross section
distribution hints at a possible difference from those distributions obtained with
WASA/PROMICE and ANKE for slightly different excess energies. However,
within their comparably large uncertainties the total and differential cross sections
determined with GEM are compatible with the results from these experiments.
In order to clarify this, new measurements at ) = 48.8 MeV were performed
with WASA-at-COSY in 2009. Additionally, the differential cross sections were
determined for ) = 59.8 MeV. This way systematic uncertainties are avoided
when comparing the differential distributions. Due to the high statistics of the
WASA-at-COSY measurements and the hence low uncertainties, the obtained
differential cross sections will help new theoretical studies [K*13]. Furthermore,
the 1 production reaction p +d — 3He +1 at Q = 59.8 MeV is used for the search
for the decay 1 — m° 4+ et 4+ e~. A proper description of the data by Monte Carlo
simulations is essential for the analysis and, therefore, the angular distribution of
the reaction p +d — 3He +n has to be known. The analysis of this reaction
for a determination of the differential cross sections had already been started by

A. Passfeld [Pasl0] and was continued as part of this thesis. The results were
published in 2014 [AT14b].
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Figure 4.1.: Energy loss in the first layer of the forward trigger hodoscope plotted
against the energy loss in the first layer of the forward range hodoscope for a sample of
raw data (left) and for the same sample after preselection (right) in logarithmic scale.
Adapted from [Pas10].

4.1. Database and preselection

The analysis of the reaction p + d — 3He 4 1 presented in this chapter is based
on data gathered during the WASA-at-COSY beam time in August/September
2009 (separated in files with run numbers 13969 to 15944). While most data were
collected at a proton kinetic beam energy of Tieam = 1000 MeV equaling an excess
energy of () = 59.8 MeV, the runs 15276 to 15296 were recorded at Theam =
980 MeV equaling an excess energy of () = 48.8 MeV. The data were recorded using

the following trigger conditions:

e at least one geometrically matching hit in the first layer of FRH and FTH as

well as one hit in either the first or second FWC layer,
e at least one hit in each FWC layer, and
e high threshold for the energies deposited in the FWC.

In order to reduce the amount of background reactions further and improve the
analysis performance, the data were preselected by J. Ztomanczuk using graphical
cuts in the energy loss spectra. These cuts were determined with ODIN, an
alternative framework to the RootSorter analysis software. As part of her diploma
thesis A. Passfeld compared raw data with preselected data determining the number
of p+d — 3He +n events in each data set [Pas10].

Figure 4.1 shows the energy loss of a track in the first layer of the FTH plotted

against the energy loss in the first FRH layer for a sample of 22 data runs recorded
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Figure 4.2.: 3He missing mass for 22 sample runs of the 59.8 MeV data with the
requirement of exactly one charged particle detected in the forward detector and exactly
six neutral particles in the central detector. Raw data are shown in red and preselected
data in black. Adapted from [Pas10].

at @ = 59.8MeV before (left figure) and after preselection (right figure). The
chosen data runs were analyzed requiring exactly six neutral particles detected in
the central detector to select the 1 meson decay n — ©° + 7 + 7® with the pions
decaying into two photons each. This way the multi-pion background from direct
(mm)° and 7w production as well as from (77rmem)” production was reduced
significantly.

The kinetic energy of a *He nucleus was reconstructed by using the information of
the deposited energy in the forward range hodoscope and the laboratory azimuthal
scattering angle which, together with the polar scattering angle, was determined
with the help of the forward proportional chamber. The *He four-momentum
extracted in this way and the known four-momenta of the beam and target allowed
to identify the produced particles via the missing mass method (see chapter 2.5).
Figure 4.2 shows the missing mass of the 3He nuclei for the raw and preselected

data sample. The difference in the number of reconstructed 1 mesons is quite small.
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According to the analysis of A. Passfeld, (98 +2) % of the p +d — 3He +n events

reconstructed in the raw data are also found in the preselected data [Pasl0].

4.2. Simulation of the reaction p+d — 3He +1 and

possible background reactions

The numbers of p 4+ d — 3He +1 events were extracted from missing mass spectra
of the 3He by either fitting the background with a polynomial or a Monte Carlo
simulation cocktail and subsequently subtracting the determined background from
the data. For this purpose ten million events were simulated for each of the following

background reactions using the WMC framework for each of the two excess energies
@ = 48.8 MeV and ) = 59.8 MeV:

e p+d—3He+n
e p+d—3He+n"+7

p+d—3He+nt 4+ 7

p+d—3He+ 7" +7° + 7O

p+d—3He+7nt +7 +7°

p+d—3He+ " +7n° + 7+ 70

e p+d—3He+n" +m + 7+ n°
e pt+td—3He+n +7m +7t + 7

Furthermore, 107 events of the signal channel p+d — 3He +1 were simulated with
the n meson decaying into three 7°. All multi-pion simulations and the simulation
of the signal channel were done assuming pure phase space production, and all

produced 7 were simulated to decay into two photons.

4.3. Application of the 3He selection conditions to

simulations

As mentioned in chapter 4.1, the collected data were preselected using a graphical

cut around the *He band in the energy loss spectra. In order to avoid systematic
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Figure 4.3.: Energy loss in the first layer of the FTH plotted against the energy loss
in the first FRH layer for the sample of 20 runs of the Q = 59.8 MeV data used for the
detector calibration. In the left histogram simulated events are shown in red in addition.
The right histogram is plotted in logarithmic scale with a black line indicating the used
graphical cut. Adapted from [Pas10].

uncertainties, the data and simulations had to be preselected applying the same
cut conditions. Due to the differences between the ODIN framework used for the
preselection and the RootSorter framework utilized for the analysis, such as small
differences in the calibration settings, the exact graphical cut used for the data
preselection could not be applied to the Monte Carlo simulations. Instead a new
graphical cut for the helium selection was defined by A. Passfeld [Pas10].

Figure 4.3 shows the energy loss in the first FTH layer (FTH1) plotted against
the energy loss in the first layer of the FRH (FRH1) for a sample of 20 runs
at Q = 59.8 MeV. These 20 runs, namely run 14450 to run 14469, were already
used for the detector calibration. In the left figure the measured distribution is
superimposed with Monte Carlo simulations of the reaction p+d — 3He+mn shown
in red, while the right figure shows the plot in logarithmic scale and includes the
graphical cut around the *He band (black line). In addition to this graphical cut,
both for data and simulations exactly one charged particle in the forward detector
was required with at least 1 MeV energy deposited in each of the FWC and FTH
layers as well as in the first layer of the FRH.

The stability of the detector calibration needs to be checked for the whole beam
time. Due to adjustments of the WASA detector and/or the pellet target during
the beam time, not all runs could be used for the analysis and, therefore, were
excluded for the check. In the WASA-at-COSY collaboration Wiki a list of runs
recommended for the analysis is available as well as a list containing 10 % of these

recommended runs [WAS17]. The latter cover the whole beam time and, hence,
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Figure 4.4.: Energy loss in the first FTH layer plotted against the energy loss in the
first layer of the FRH for the first 20 recommended data runs with an excess energy of
@ = 59.8 MeV. The left histogram is in logarithmic scale. In the right histogram a hit
in the 20th element of FRH1 is required. Monte Carlo simulations are shown in red for
comparison. Adapted from [Pas10].

were analyzed in order to check the calibration. It was found that the calibration
of the forward detector was not correct for all elements over the whole beam time
[Pas10]. Figure 4.4 shows the energy loss in FTH1 versus FRH1 for the first 20 data
runs from the recommended list (10 %) recorded at @ = 59.8 MeV. It is visible that
the He band extends beyond the chosen graphical cut (see left figure). The right
figure shows the data for the same runs if the *He nuclei were detected in the 20th
element of FRH1. For comparison the simulated p+d — 3He +1 reaction is shown
in red. It is visible that the measured helium band deviates from the simulations.

Such a shift for certain detector elements is to be expected for a long beam time.
In case of the analysis of the reaction p +d — 3He +n with the aim to determine
differential cross sections, it is not necessary to analyze the whole ) = 59.8 MeV
data set. Instead, runs which are suitable for the analysis and, thus, already have
correctly calibrated detectors were chosen by A. Passfeld [Pas10]. However, an
analysis based on the complete data set like 1 meson decay studies relies on a careful
run dependent detector calibration (see chapter 6.2). In case of the ) = 48.8 MeV
data set, all recorded 15 runs were found to be calibrated correctly. The analyzed
runs with ) = 48.8 MeV and ) = 59.8 MeV, respectively, are listed in appendix
A.2. Figure 4.5 shows the energy loss histogram for all () = 48.8 MeV data runs
(left figure) and for all @ = 59.8 MeV data runs used (right figure). The chosen

graphical cut is identical for both data sets.
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Figure 4.5.: Energy loss in FTH1 versus the energy loss in FRH1 in logarithmic scale.
The left histogram shows all Q = 48.8 MeV data runs, the right one all @ = 59.8 MeV
data runs used for the analysis. The applied graphical cut is drawn in black. Adapted
from [Pas10].

4.4. Angular reconstruction

An appropriate angular binning for the differential cross sections is defined by
the detector energy as well as scattering angle resolution. To check the latter, the
resolution of the *He laboratory scattering angle was obtained by A. Passfeld using
Monte Carlo simulations of the reaction p+d — 3He +n [Pas10]. Figure 4.6 shows
the reconstructed laboratory 3He scattering angle plotted against the scattering
angle originally generated by Monte Carlo.

In order to identify a possible shift of the laboratory angle during reconstruction,
as well as to determine the angular resolution, the reconstructed scattering

angle was plotted for small ranges of generated ¥y and fitted by a Gaussian

distribution. The difference between the extracted mean values of 9%y and the
mean values of the original scattering angle ¥}y is shown in the left of figure
4.7, while the right shows the determined standard deviation o for the different
generated laboratory scattering angles, which is below 0.2° for the angular range
of interest. It is visible that the differences of the mean scattering angles are
smaller by about a factor of 20 than the standard deviations of the reconstructed
laboratory angle ¥{%y, which most likely originate from smearing effects during
the reconstruction. Hence, the systematic deviations are only marginal and can be

neglected.
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Figure 4.6.: Laboratory scattering angle of the reconstructed *He plotted against its
generated laboratory scattering angle for the simulated reaction p +d — *He + 1. The
bisectrix is shown in red. Adapted from [Pas10].
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Figure 4.7.: Difference between the mean reconstructed laboratory scattering angle

te s and the mean generated laboratory scattering angle 9§’y of the 3He depending on

9554y for the simulated reaction p +d — 3He +n (left figure). A fit with a constant is
indicated by a black dashed line. The right figure shows the standard deviation ¢ of the

reconstructed He scattering angle 95°% depending on 9§%s. Adapted from [Pas10].
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Figure 4.8.: 3He laboratory momenta plotted against the corresponding laboratory
angle for the @ = 59.8 MeV data (left) and Monte Carlo simulations of the reaction
p +d — 3He + 1 at the same excess energy (right) in logarithmic scale. Six neutral
particles detected in the central detector were required.

4.5. Calibration of the 3He laboratory momenta

After the reconstruction of the laboratory scattering angles had been checked using
Monte Carlo simulations (see chapter 4.4), the calibration of the forward detector
was investigated. This was done in two major steps. At first the measured data were
compared with Monte Carlo simulations and the measured laboratory momenta
were shifted to agree with the simulations (see chapters 4.5.1 and 4.5.2). Then the
reconstructed laboratory momenta of Monte Carlo simulations were compared with
the corresponding generated momenta (see chapter 4.5.3) and corrected if needed.
This correction was applied to both Monte Carlo simulations and measured data.
In chapter 4.5.4 the calibrated data will be compared to expectations from two-

particle kinematics.

4.5.1. Adaptation of the measured laboratory momenta to

simulations

Figure 4.8 displays the absolute value of the laboratory momenta of *He plotted
against the laboratory scattering angle ¥ ap for the measured data (left figure) and
for simulations (right figure) at an excess energy of 59.8 MeV. In order to reduce
the background, six neutral particles, which are expected to mostly originate from

the n decay 1 — 7 + t° + 7t° with the pions decaying into two photons each, were
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Figure 4.9.: Laboratory momenta of *He for the angular range 8.5° < ¥pap < 9.0° for
an excess energy of @) = 59.8 MeV. Measured data are shown in black, simulated data in
red. Both peaks of the measured and simulated data are fitted by Gaussian distributions
(black and red curves). Note that the simulations are scaled by an arbitrary factor for
better illustration.

required to be detected in the central detector. This condition was only applied for
the forward detector energy calibration and not during the final analysis.

Since the reaction p +d — 3He + 1 is a two particle reaction, each laboratory
momentum of the *He corresponds to one laboratory scattering angle ¥1,45'. While
the distribution along the *He band can differ between Monte Carlo simulations
and measured data due to an angular distribution different from phase space, the
position and shape should be identical. Indeed, there is no shift visible in s
direction (see also chapter 4.5.4, figure 4.14), but there is a clear deviation of the
3He band position and shape in ppap direction.

In order to check this in more detail and to obtain a correction function for the
measured laboratory momenta, the momenta in simulations and in measured data
were compared for different JpAg angular ranges. This method was introduced by
A. Passfeld [Pas10], and it was optimized for the analysis presented in this thesis
by improved fitting procedures. In figure 4.9 the 3He laboratory momenta for the

!The other way does not hold true, since, except for the maximum scattering angle J12%, there
are two possible laboratory momenta for each laboratory angle 9} o .
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Figure 4.10.: Left: Laboratory momenta pfljf% of the measured 59.8 MeV data plotted
against the laboratory momenta p%EB of the simulated 59.8 MeV data. The data points
are fitted by a linear fit (red line), and an ideal calibration is indicated by the black
dashed line. Right: Residual pf9g — p}\fEB after the correction. The data points agree
with zero (red line) within uncertainties.

measured 59.8 MeV data presented in black are compared to those for simulations
(red) for an angular range of 8.5° < ¥y < 9.0°. The peaks were fitted with
Gaussian distributions to determine their position. It should be noted that the
different relative heights of the peaks in data and simulations are caused by the
assumption of phase space behavior in the Monte Carlo simulations which does not
have to be the case in nature.

Figure 4.10 (left) shows the obtained mean laboratory momenta of the measured
data plotted against the laboratory momenta of the simulations obtained at the
same scattering angle for () = 59.8 MeV excess energy. The data points are fitted
by a linear function (red line). For an ideally calibrated detector the points should
lie on the bisectrix (black dashed line). In the right of figure 4.10 the residual
it — pME s plotted after correcting the laboratory momenta by applying the

obtained function:
corr (3 o data (3 -1
i (PHe) = (i (*He) — 0.0987(14) GeV e 1) /0.9217(11).  (4.1)

The residuals agree with zero (red line) within their uncertainties.

Due to the much lower statistics of the () = 48.8 MeV data set, it is not feasible
to determine a dedicated correction function for this data set. Instead, equation
4.1 was applied to the ) = 48.8 MeV data as well, resulting in a good agreement
of Monte Carlo simulations with data (see chapter 4.9, figures 4.21 and 4.22).
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Figure 4.11.: 11 meson peak position in the missing mass of 3He depending on cos Ycns
of the produced 1 meson for different FRH1 elements for the 59.8 MeV data (left) and
for Monte Carlo simulations (right). In the left figure the peak positions for the various
FRH1 elements are presented in different colors. The black lines indicate the 1 mass
according to [PT16].

4.5.2. Detector element resolved fine calibration of the

measured laboratory momenta

Since the first layer of the forward range hodoscope, which is used for the
determination of the 3He momenta, consists of 24 elements, the laboratory momenta
had to be also checked separately for each element. The corresponding analysis
had been started by A. Passfeld after her diploma thesis and was continued and
optimized as part of this thesis.

Figure 4.11 (left) shows the obtained n meson peak position in the 3He missing
mass spectra depending on costdcys of the produced m meson for the various
detector elements for the 59.8 MeV data. The full coscnmg angular range was
divided into 20 bins, and the different colors correspond to different FRH elements.
Due to the low statistics in the first two bins, only peak positions for the other
18 bins were determined and plotted. For comparison the n meson peak positions
depending on cos Jovs are shown for Monte Carlo simulations in the right of figure
4.11.

It is visible that the measured peak position varies for all detector elements as
well as for the different cos Jcyg bins. These deviations are due to shifts of the 3He
laboratory momenta prap depending on cos Ycnmgs, which itself depends on prag, and
need to be corrected. As seen in the right of figure 4.11, the simulations also show a

dependency of the peak position on cos ¥onms, although less prominent. While this

88



4.5. Calibration of the 3He laboratory momenta

1.05

ctor

omentum correc
=
=t
[TTT T T TI T [ TTTT[TTITpIroT[TTT]

©1.04

nf

21.03
1.02

1

£ 0.99

0.98]
: I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0.9774 05 0 0.5 1
COS(Sgyys)

Figure 4.12.: Laboratory momentum correction factor for the 15th element of the first
FRH layer depending on cos?dcmg of the produced 1 meson fitted with a third order
polynomial (black line).

effect will be addressed in chapter 4.5.3, the measured laboratory momenta were
first adjusted to the simulated momenta for all 24 elements of the first FRH layer.
Afterwards the correction function determined in chapter 4.5.3 will be applied to
the data, as well. In order to align the laboratory momenta of the measured data
to the simulations, the laboratory momenta were compared for all FRH1 elements
depending on cosJoyms and subsequently correction factors were determined.

In figure 4.12 the laboratory momentum correction factors are presented for the
15th FRH1 element depending on cos ¥¢cys of the produced 1. As it can be seen, the
cos ¥oums bins between —0.1 and 0.3 corresponding to laboratory scattering angles
close to YUt} were excluded. This is due to the fact that a distinct assignment of
the laboratory momenta to laboratory scattering angles is not possible for these
values because of the finite detector resolution. The obtained factors were fitted
with a third order polynomial, which was then in turn used in the analysis to shift
the laboratory momenta and, hence, the n meson peak to the position extracted
for simulations. As the statistics of the () = 48.8 MeV data set is too low to extract
separate correction factors for all 24 elements of the first FRH layer, the same
corrections as those determined for the () = 59.8 MeV data set were applied to the

48.8 MeV data. This is reasonable, since both data sets were recorded during the
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Figure 4.13.: Left: Laboratory momentum of 3He for laboratory scattering angles in
the range of 6.5° < Jpap < 7.0° for the simulated reaction p +d — 3He + 1. The
generated laboratory momenta are shown in red and the reconstructed momenta in black
with a fit by a Gaussian distribution. Right: Mean reconstructed laboratory momenta
obtained from the Gaussian fit distribution plotted against the mean generated laboratory
momenta of the corresponding scattering angle range. The uncertainties are smaller
than the marker size. A linear fit is shown in red. The dashed line indicates an ideal
reconstruction.

same beam time and no shift of the detector calibration was observed between the
Q) = 48.8 MeV and @ = 59.8 MeV runs (see chapter 4.3).

4.5.3. Laboratory momentum reconstruction

As already mentioned at the beginning of chapter 4.5, the laboratory momentum
reconstruction needs to be checked similar to the angular reconstruction (see
chapter 4.4). Due to the higher angular resolution of the WASA-at-COSY forward
detector compared to the energy and momentum resolution, respectively, the
momentum reconstruction can be tested depending on the laboratory scattering
angle Upap of the 3He. Therefore, the laboratory momenta were plotted for
the different angular ranges for the generated and reconstructed Monte Carlo
simulations of the reaction p +d — 3He + 1. An example is presented in the
left of figure 4.13 for the angular range of 6.5° < dYpap < 7.0° and an excess
energy of () = 59.8 MeV. Here the generated momenta are drawn in red and the

reconstructed data in black?. The two peaks of the reconstructed momenta were

2Note that the energy smearing of the FRH was set to default values and not optimized. The
optimization will be done in chapter 4.6.
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fitted by a Gaussian distribution (black curve), while for the generated momenta
the mean value was used.

The obtained mean values of the generated and reconstructed momenta were
plotted against each other and fitted by a linear function (see figure 4.13, right).
Applying the same procedure for the simulated data with an excess energy of
@ = 48.8 MeV, the following correction functions were determined for both excess

energies:

%k (*He) = (pi%s (*He) — 0.0366(9) GeV e ") /0.9798(6) for Q = 48.8 MeV
(4.2)

P (PHe) = (piss (*He) — 0.0296(13) GeV e ') /0.9845(11) for Q = 59.8 MeV .
(4.3)
These functions are applied to both the simulated and the measured data for

momentum correction.

4.5.4. Comparison of measured data with expectations from

two-particle kinematics

After all corrections presented in chapters 4.5.1, 4.5.2, and 4.5.3 had been applied
to the measured data, the calibration of the data was checked by comparing the
3He laboratory momenta depending on the 3He laboratory scattering angle 9145
with theoretical expectations from two-particle kinematics. Figure 4.14 shows the
according plot for the () = 59.8 MeV data compared to a theoretical curve for the
reaction p +d — 3He + 1 with an excess energy of Q = 59.8 MeV. The 3He band
in data is in very good agreement with the theoretical expectation.

The laboratory momenta depending on tap of the () = 48.8 MeV data are
plotted in figures 4.15. In the left figure the theoretical expectation for the reaction
p+d — 3He+1n at Q = 48.8MeV (equaling a proton beam energy of Theam =
980 MeV and a beam momentum of ppeam = 1.673GeV ¢™1) is drawn as a black
curve and compared to the data. All results presented in [AT14b] are based on this
value.

Small deviations of the measured laboratory momenta from the theoretical line
are expected due to the fact that the detector calibration was optimized for the
@ = 59.8 MeV data. While the theoretical curve and the measured data are in good
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Figure 4.14.: 3He laboratory momenta plotted against the corresponding laboratory
angle for the calibrated @) = 59.8 MeV data in logarithmic scale. The black line indicates
the theoretically expected relationship between laboratory >He momentum and scattering
angle for the reaction p +d — 3He +1 at Q = 59.8 MeV as calculated from relativistic
kinematics [A114b].
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Figure 4.15.: 3He laboratory momenta plotted against the corresponding laboratory
angle for the Q = 48.8 MeV data after calibration in logarithmic scale. The black lines
indicate theoretical expectations for the reaction p+d — 3He +1 at Q = 48.8 MeV (left)
and at @ = 47.3MeV (right) as calculated from relativistic kinematics.
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agreement considering the forward detector resolution, a slightly better agreement
is observed assuming a proton beam momentum of ppeam = 1.670 GeV ¢!, which
equals an excess energy of () = 47.3 MeV and a beam energy of Tyeam = 977.3 MeV
(see right of figure 4.15, black line). This equates a deviation of the COSY proton
beam momentum of less than 0.2% from the nominal beam momentum ppeam =
1.673 GeV ¢~!. However, the expected uncertainty is 0.1% [Mai97].

The value ppeam = 1.673 GeV ¢! equaling an excess energy of Q = 48.8 MeV
was used in the analysis presented as well as in the published results [AT14b].
Possible consequences of differences in the assumed proton beam momentum will

be discussed in appendix A.1.

4.6. Determination of the energy smearing in Monte

Carlo simulations

After calibration of the measured laboratory momenta, the energy smearing of the
Monte Carlo simulations had to be adjusted to agree with the energy resolution
observed in data. For this reason the laboratory momenta of the measured
@ = 59.8 MeV data were compared with those of the reconstructed Monte Carlo
simulations depending on the *He laboratory angle.

Figure 4.16 shows the laboratory momenta for the angular range 6.5° < Ypap <
7.0° for data in black and for simulations in red. The peaks were fitted by Gaussian
distributions (black and red curve) to extract the standard deviations. The same
procedure was applied to each angular range. A relative energy smearing of 3 %
in the FRH for the Monte Carlo simulations was found to agree best with the

measured data.

4.7. Determination of the angular binning

The differential cross section distributions of the reaction p + d — 3He + 1 are
determined depending on the cosine of the center of mass scattering angle 19“0MS.
As already mentioned in chapter 2.3.4, cos 19“CMS is equal to the cosine of the *He
scattering angle ¥511° but with opposite sign. In the following 9 °M® will be referred

to as Youms.
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Figure 4.16.: 3He laboratory momenta for the *He laboratory angular range 6.5° <
Ypa < 7.0°. The Q = 59.8 MeV data are shown in black and the simulations in red.
Both measured and simulated data were fitted by Gaussian distributions (black and red
curve, respectively). Note that the simulations are scaled by an arbitrary factor for better
illustration.
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Figure 4.17.: Left: Cosine of the reconstructed CMS scattering angle plotted against
the cosine of the generated CMS scattering angle in logarithmic z-scale. The black line
indicates the expected bisectrix. Right: Standard deviation of cos¥¢};g depending on

¥&iq. The black dashed line represents the half angular bin width chosen.
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Figure 4.18.: 3He missing mass of the Q = 59.8 MeV data for the full angular range
fitted by Monte Carlo simulations. Adapted from [AT14b].

The binning of cos Ycns is limited by the detector resolution. Thus, the generated
and reconstructed cosvcms values of Monte Carlo simulations of the reaction
p+d — 3He + 1 at an excess energy of 59.8 MeV were compared. Figure 4.17
(left) shows the two values plotted against each other. The expected bisecting
line is drawn in black. Projections of the reconstructed cosd{};q were fitted by
Gaussian distributions for different angular ranges of cos¥gys to extract the
standard deviation o presented in figure 4.17 (right). The standard deviation is
smallest for cos Vg s = £1 and largest with op.y & 0.04 for cos ¥¢yg close to zero.
Hence, an angular bin width of 2 - 0, = 0.08 was chosen for the determination of

the angular distributions. This equates to 25 bins over the full cos Ycyg range.

4.8. Number of p +d — 3He + 1 events per ¢ bin

The numbers of 1 mesons produced in the reaction p+d — 3He +1 were extracted
from 3He missing mass spectra. For this purpose the spectra were fitted by a cocktail
of Monte Carlo simulations (see chapter 4.2 for details), using the amplitudes of
the different reactions as free parameters. Figure 4.18 shows such a fit by Monte

Carlo simulations for the full angular range of the () = 59.8 MeV data. For a better
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Figure 4.19.: >He missing mass of the Q = 59.8 MeV data for the full angular range
after background subtraction fitted by a Gaussian distribution (blue curve). The left and
right vertical blue lines indicate the +30 environment. Adapted from [AT14b].

visualization the contributions of multi-pion production reactions with the same
number of final state pions were merged in this figure, but treated separately in the
fit. It is important to mention that the assumption of phase space behavior is known
not to hold true for the multi-pion production. Especially the so-called ABC effect
heavily influences the distribution for the two-pion production [ABC60, BAC61,
Pé14b]. This is important for the 1 meson decay studies presented in chapter 6,
whereas the determination of the number of 1 mesons produced can be achieved
with any proper description of the background shape close to the 1 meson mass in
the missing mass spectra. A fit by the mentioned Monte Carlo simulation cocktail
was found to describe the spectra very well.

After the background distribution had been described, it was subtracted from
the missing mass spectrum of the data. The distribution obtained in this way has
a clear peak right at the m meson mass (see figure 4.19). This peak was then
fitted by a Gaussian distribution and the number of events Nggna1 in the histogram
were counted in the 30 environment. Similarly, the number of background events
Npackgrouna Were determined in the same environment to obtain the statistical

uncertainty

A1\Isignal = \/Nsignal + Nbackground : (44)
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Figure 4.20.: Left: Number of extracted n mesons for different ¢ bins defined by the
detector elements of FTH1. The Q) = 59.8 MeV data are shown in red, the () = 48.8 MeV
data in green. Right: Ratio of the numbers of extracted n mesons depending on ¢ fitted
by a constant (black line) with x?/ndf ~ 2.42. All data points are presented with their
statistical uncertainties.

Not all events of the reaction p+d — 3He-+1 are within the 30 environment of the
Gaussian distribution and the extracted number had to be corrected for this. Since
the measured peak does not necessarily have to be a perfect Gaussian distribution,
it is not sufficient to assume about 99.7% of the events to be located in the 3o
environment. Hence, the 11 peak in the He missing mass of the simulations was
fitted by a Gaussian distribution as well, and the events within a 30 environment
were counted. The ratio of this number and the number of events in the full missing
mass histogram of the simulated data was used as a correction factor for the number
of n events obtained for the measured data.

As the Q = 488MeV and @ = 59.8 MeV data were measured using an
unpolarized proton beam and an unpolarized deuteron target, the number of
produced p + d — 3He + n reactions should be independent of the azimuthal
scattering angle . To check this, the number of 1 mesons was determined using
the above mentioned method depending on the element of FTH1 in which the *He
was detected, defining 48 azimuthal scattering angular bins. In figure 4.20 (left) the
numbers of observed 1 mesons are plotted for all ¢ bins. Both the () = 48.8 MeV
data and the () = 59.8 MeV data exhibit a dependence between the number of n
mesons reconstructed and the azimuthal scattering angle of He in the laboratory
system. They show a clear dependence of the  numbers on the detector element
which detected the 3He. Possible reasons for this effect are dead material in the

forward detector or detector alignment effects.
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4. Analysis of the reaction p+ d — *He +n

Since the ) = 48.8 MeV data were normalized to the @) = 59.8 MeV, only
a dependence of the ratio of observed 1 meson numbers on the azimuthal
scattering angle ¢ had to be taken into account. This ratio is plotted in figure
4.20 (right), fitted by a constant. Considering that the data were fitted without
systematic uncertainties originating from the procedure used for the 1 meson
number determination, the data points are in good agreement with a constant.
As the Q = 48.8 MeV and Q) = 59.8 MeV data are affected in the same way, the ¢
dependence of the observed p+d — 3He+1 events does not have to be considered.

4.9. Extraction of the number of p+d — 3He + 1

events depending on cos Ycms

The numbers of p +d — 3He 4 1 events were extracted for 25 angular bins in
cos Youms using the method described in chapter 4.8. Figures 4.21, 4.22; 4.23, and
4.24 show the *He missing mass distributions for the measured Q = 48.8 MeV
and @ = 59.8 MeV data for all 25 cosvcns angular bins. For each costdcyg bin
the data were described by a cocktail of Monte Carlo simulations. In case of the
three angular bins between cos 9omg = —0.92 and —0.68 as well as the three bins
between cos Jomg = 0.76 and 1.00, the background in the missing mass distributions
of the () = 48.8 MeV data were fitted by a third order polynomial, giving a better
description of the data in these bins than a fit by a Monte Carlo cocktail. For
the same reason the background in the @) = 59.8 MeV missing mass histograms
for the angular ranges between cosoms = —0.92 and —0.76 as well as between
cos¥ams = 0.76 and 1.00 was fitted by a third order polynomial.

After subtraction of the background the peaks located at the 1 meson mass were
described by Gaussian distributions and the number of 1 mesons was extracted with
the procedure already described in chapter 4.8. In order to check the systematic
uncertainties of the fits, the fit range was varied by up to 60 MeV ¢~2 and considered

for later analysis, if larger than the statistical uncertainties.
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Figure 4.21.: He missing mass of the Q = 48.8 MeV data for the 16 11 meson angular
bins ranging from cosvcpg = —1.00 to 0.28 fitted by Monte Carlo simulations. For the
color code see figure 4.18. The background for the three angular bins ranging from —0.92
to —0.68 is fitted by a third order polynomial within the fit range marked by black points.
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Figure 4.22.: 3He missing mass of the Q) = 48.8 MeV data for the nine 11 meson angular
bins ranging from cosdconmg = 0.28 to 1.00 fitted by Monte Carlo simulations. For the
color code see figure 4.18. The background for the three angular bins ranging from 0.76
to 1.00 is fitted by a third order polynomial within the fit range marked by black points.
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Figure 4.23.: He missing mass of the Q = 59.8 MeV data for the 16 1 meson angular
bins ranging from cosvcpg = —1.00 to 0.28 fitted by Monte Carlo simulations. For the
color code see figure 4.18. The background for the two angular bins ranging from —0.92
to —0.76 is fitted by a third order polynomial within the fit range marked by black points.
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Figure 4.24.: 3He missing mass of the Q) = 59.8 MeV data for the nine 11 meson angular
bins ranging from cosdconmg = 0.28 to 1.00 fitted by Monte Carlo simulations. For the
color code see figure 4.18. The background for the three angular bins ranging from 0.76
to 1.00 is fitted by a third order polynomial within the fit range marked by black points.
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4.10. Acceptance and efficiency corrections
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Figure 4.25.: Detector acceptance for the reaction p +d — 3He +1 at Q = 48.8 MeV
(blue dashed line) and @ = 59.8 MeV (red solid line) and the corresponding correction
factors for @ = 48.8 MeV (blue dashed dotted line) and @ = 59.8 MeV (red dotted line)
according to Monte Carlo simulations [A*14b)].

4.10. Acceptance and efficiency corrections

Not all 3He nuclei produced in the reaction p + d — 3He + n were detected
and subsequently reconstructed in the analysis. Hence, the extracted number of
1 mesons has to be corrected for the detector acceptance, which is the product of
the geometrical acceptance and the track reconstruction efficiency. This was done
by comparing the number of *He nuclei generated in Monte Carlo simulations of
the reaction p +d — *He +n with the number of reconstructed 3He.

Figure 4.25 shows the detector acceptances depending on cosvcys of the n
meson for the simulated Q = 48.8 MeV (blue dashed line) and @ = 59.8 MeV
(red solid line) data sets. In the uncertainties, which are in the size of the line
width, the systematic uncertainties of up to 0.8 % introduced by the finite COSY
beam momentum resolution of 0.1 % are included [Mai97|. Except for the very first
and very last bin, the acceptance varies smoothly within the range of 60 % to 86 %.
The drop close to cost¥cmg = —1 and costomsg = 1 is caused by *He escaping
through the COSY beam pipe. Therefore, the very first and the last cos¥cyg bin
were excluded from further analysis.

In addition to the corrections regarding the geometrical acceptance and the
track reconstruction efficiency, the number of extracted p + d — 3He + 1 events

has to be corrected for effects resulting from the finite momentum resolution of
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4. Analysis of the reaction p+ d — *He +n

the WASA detector. The inclusion of the latter was done by using the angular
distribution extracted from data as input for the angular distribution in Monte
Carlo simulation, which was then in turn used to recalculate the efficiency with the
more realistic angular dependency of the reaction. Afterwards the newly determined
correction factors were used for the extraction of an updated angular distribution.
This method was performed iteratively until convergence was reached. The resulting
correction factors including all previously mentioned effects are presented in figure
4.25 for () = 48.8 MeV (blue dashed dotted line) and @ = 59.8 MeV (red dotted

line).

4.11. Data normalization

In order to compare the two extracted angular distributions and to determine
the ratio of the total cross sections at the excess energies () = 48.8 MeV and
@ = 59.8 MeV, the data have to be normalized. For an absolute normalization the
luminosity of the two measurements has to be known. With a known luminosity
L the extracted numbers Ny ; of p 4+ d — *He + 1 events for the different angular

bins can be converted into the differential cross section in the given bin i:

do 1 1 dNT],i
(dQ)Z " 27 L dcos Yomsi (4.5)

The total cross section oyea; of the reaction p+d — *He +m is then defined as the

sum of all differential cross sections:
2
do
0/0/ d—Qdcos PYomsdy . (4.6)

Typically, reactions with well known cross sections are used to determine
luminosities, like, e.g. the pd elastic scattering. Since the analyzed data set was
recorded with trigger settings optimized for the reaction p +d — 3He + X, it is
reasonable to choose a normalization reaction with a *He nucleus in the final state.
This way systematic effects due to, e.g. dead times are avoided. Therefore, the
reaction p+d — 3He + nt° was used for normalization purposes, since a broad data
base of differential cross sections is available for cos 9 $MS = —1 [BT85, K*86]. With
these cross sections a relative normalization was done, as, besides the determination

of the angular distributions, the ratio of the total cross sections at () = 48.8 MeV
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Figure 4.26.: Laboratory momenta of He detected in the second FRH layer plotted
against the corresponding laboratory polar angle after application of a rough cut around
the p+d — 2He+ ¥ band. The black line is the expected position of the band according
to two-particle kinematics. The Theam = 1000 MeV data is shown before (left) and after
fine tuning of the calibration (right).

and () = 59.8 MeV is of big interest. What cancel are systematic effects due to
the 3He nucleus being stopped in the second FRH layer instead of the first one for

cos ﬁg)MS close to —1.

For simplification, in the following the labeling cos Jcyms will be used for cos ¥ GM°

(compare to chapter 2.3.4).

4.11.1. Calibration tuning of the second FRH layer

Since the *He nuclei stemming from the reaction p+d — 3He+7® with cos Yconmg ~
—1 were stopped in the second FRH layer, the calibration of this detector layer has
to be checked and adjusted, if necessary. For this purpose the same method as the
one described in chapter 4.5.1 was applied.

In figure 4.26 the absolute values of the 3He laboratory momenta are plotted
against the corresponding laboratory angles for data recorded at a proton beam
energy of Theam = 1000MeV (@ = 59.8 MeV) and compared to the expected
position of the *He band according to theoretical expectations from two-particle
kinematics (black line). Data before the fine calibration are presented in the left
histogram and the same data after calibration in the right one. For a better
visualization of the p +d — 3He + 7 band, a rough cut was applied to the data
before plotting. A good agreement between the expectations and the measured
data after fine calibration is visible for 9745 < 13.5°. The deviations observed for

higher scattering angles are caused by *He nuclei being stopped in the dead material
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Figure 4.27.: Laboratory momenta of He detected in the second FRH layer plotted
against the corresponding laboratory polar angle after application of a rough cut around
the p + d — 3He + i band. The Tjeam = 980 MeV data is presented after applying the
fine calibration. For comparison the expected position of the 2He band is plotted in black.

between the first and second layer of the FRH or close to it. For the normalization
only scattering angles below 13.5° are relevant (see also chapter 4.11.3).

Due to the lower statistics for the data recorded at Theam = 980 MeV the same
fine calibration parameters were used as for the T e, = 1000 MeV data. Although
the fine calibration was optimized for the T},c.n = 1000 MeV data, a good agreement
between theoretical expectations and the Tje.., = 980 MeV data was achieved
after applying the fine calibration for the relevant scattering angles. The resulting

distribution is presented in figure 4.27.

4.11.2. Extraction of the number of p +d — 3He + nt? events

The reaction p+d — 3He + t° was identified and subsequently quantified by using
the information of the detected *He. For background reduction exactly two neutral
particles expected from the decay m° — vy + v are required to be detected in the
central detector. Although this condition was applied both to the Tjeam = 1000 MeV
and the Theam = 980 MeV data sets and no absolute but a relative normalization was
performed, the changes in the detector acceptance might be influenced differently.
This will be tested in chapter 4.11.3.

Due to the lower mass of the 71 meson compared to the 1 meson in combination
with the finite detector resolution, it is possible that the squared missing mass
|2

1Pp + P — pore]” = (T + my + Ty + ma — Torte — Magge)” — (B + Pa — Pone)” (4.7)
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Figure 4.28.: Left: Squared 3He missing mass with the background fitted by a second
order polynomial for the measured Theam = 1000 MeV data (purple solid line) and the
Theam = 980 MeV data (blue dashed line) for the 7 angular range —0.76 < cos Yomg <
—0.68. The background fit area is indicated by the black points. Two neutral particles
detected in the central detector are required. Right: Same spectra after background
subtraction with the peaks fitted by Gaussian distributions. The purple solid lines and
blue dashed lines to the left and to the right of the peaks indicate the 3o environment
of the Gaussian distributions.

is negative. Computing the square root would therefore result in complex masses.
Hence, not 3He missing masses but squared *He missing masses were studied to
extract the number of ° mesons produced depending on cos Y. For the angular
bins the same width as for the 1 number extraction was used.

Figure 4.28 displays the squared missing mass of the *He for the angular range
—0.76 < cosVoms < —0.68 before (left) and after background subtraction (right).
If the background of the Theam = 1000 MeV data and the Thean = 980 MeV data
is fitted independently, systematic effects due to the background fit mimicking
enhancements in the peak region for one or the other beam energy can be
observed. To avoid this systematic effect, the background regions —0.080 (GeV /c?)?
to —0.050 (GeV/c?)? and 0.108 (GeV/c?)? to 0.218 (GeV/c?)? (indicated by the
black points in the left histogram of figure 4.28) of the Theam = 1000 MeV and
Theam = 980 MeV data were used to scale the histograms to each other, and a
common fit by a second order polynomial distribution was applied to describe
the background (black line). This way for both beam energies a good background
description was achieved for all angular ranges relevant for the normalization (see
chapter 4.11.3).

After background subtraction (see figure 4.28, right) the peaks at the squared 7t°

mass in the distributions of the squared *He missing mass were fitted by Gaussian
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4. Analysis of the reaction p+ d — *He +n

distributions for both beam energies, and the number of events within the 3o
environment of the Gaussian distributions indicated by the blue dashed and purple
solid lines were determined. The difference of the peak position visible in figure
4.28 (right) is due to the calibration being optimized for the Thean = 1000 MeV
data, but as in case of the analysis regarding the 1 meson, this has no influence
on the determined integrals. Since not all p +d — 3He + 7 events are located
within the 30 environment of the fit, the extracted number has to be corrected.
Similar to the extraction of the 1 meson number, this was done by fitting Monte
Carlo simulations with a Gaussian distribution and comparing the number of all
detected p+d — *He+m" events with those within the 30 environment (see chapter
4.8). This factor was then used to correct the numbers determined for the measured
data.

4.11.3. Acceptance and efficiency correction for
p+d— 3He+n?

Similar to the determined number of 1 mesons, the extracted number of p +d —
3He + 7 events has to be corrected for the acceptance of the WASA detector.
Therefore, the numbers of events generated in Monte Carlo simulations were
compared to those reconstructed in the analysis.

Figure 4.29 (left) displays the detector acceptance for the reaction p +d —
3He + m¥ determined with Monte Carlo simulations depending on cos Ycmg of the
7 meson. The acceptance in case of the beam energy Tieam = 1000 MeV is drawn in
purple, while that for Team = 980 MeV is plotted in blue. Alongside the acceptance
without the additional requirement of two neutral particles detected in the CD
(dashed lines), the acceptance with this requirement is shown (solid lines). This
requirement reduces the detector acceptance by a factor of about two.

For the relative normalization it is important to exclude systematic effects
depending on the beam energy due to changes of the acceptance by the application
of a signature cut in the central detector. Therefore, the ratios of the acceptances
at both beam energies with and without the additional CD requirement (black
solid line and red dashed line, respectively) are compared in the right of figure
4.29. Except for the angular bins above cos Yoy = —0.52, the ratios agree within
their uncertainties. The gray shaded areas indicate the angular ranges not used

for the relative data normalization. The angular range —1.00 < cos ¥cnms < —0.92
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Figure 4.29.: Left: Detector acceptance for the simulated reaction p +d — 3He + 7¥
depending on cos ¥cng of the ¥ meson for the kinetic beam energy Theam = 1000 MeV
(purple lines) and for Theam = 980MeV (blue lines) with and without requiring two
neutral particles detected in the central detector (solid and dashed lines, respectively).
Only the area not shaded in gray was used for the analysis. Right: Ratio of the Theam =
1000 MeV and Theam = 980 MeV detector acceptance without requirements in the CD
(red dashed line) and requiring two neutral particles detected in the CD (black solid
line) as derived from simulations.

was excluded due to the drop of the acceptance caused by *He nuclei escaping
through the COSY beam pipe. While the detector acceptance ratios agree with
one within their uncertainties for the angular range —1.00 < cos¥oms < —0.60,
they fluctuate for higher values of cosvcns. Hence, these bins were excluded from
the analysis, as well. As mentioned in chapter 4.11.1, *He nuclei with laboratory
scattering angles above 13.5° can be stopped in the dead material between the first
and second layer of the FRH or close to it. Thus, only the three angular bins in
the range of —0.92 < cosYoms < —0.68 were utilized for the normalization. The
chosen angular range is reasonable, as no data with cos Ycyg > —0.68 are required
for the extrapolation of the differential cross section ratio to cosdems = —1 (see
chapter 4.11.4).
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Figure 4.30.: Relative 1 yield for the measurements at the beam energies Theam =
1000 MeV and Theam = 980 MeV equaling 1 meson excess energies of () = 59.8 MeV and
Q = 48.8 MeV, respectively, depending on cos Ycyms of the ¥ meson. The data points are
presented with statistical uncertainties (vertical bars) and the bin width is indicated by
the horizontal bars. A fit by a first order polynomial is drawn as a dashed line. Adapted
from [AT14b].

4.11.4. Relative normalization

After applying the acceptance correction, the ratio of the determined numbers of
p+d — 3He+7° events was investigated depending on cos Ycys. Figure 4.30 shows
the ratio of the acceptance corrected numbers of the single-pion production at
Theam = 1000 MeV and Theam = 980 MeV corresponding to 1 meson excess energies
@y = 59.8MeV and @, = 48.8MeV for the angular range —0.92 < cosVcems <
—0.68 fitted by a first order polynomial of the form

Nyo (59.8 MeV)
Noo (48.8 MeV)

=ap+ay - (cosVoms + 1) (4.8)
to extract the ratio at cos amg = —1.
The uncertainty of the obtained ratio

Nro (Theam = 1000 MeV)
Nro (Theam = 980 MeV)

=8.6+0.6 (4.9)

is dominated by the lower statistics of the Theam = 980 MeV data [A*14b]. For the

relative normalization of the 11 meson measurements the differential cross section
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Figure 4.31.: Differential cross sections for cos?cys = —1 depending on the proton

beam energy 7T},. The data are taken from [K*86] for the reaction d + p — 3He + n°
(black triangles) as well as from [B*85] for the reactions p +d — *He + n° (open blue
square) and p +d — t + 7t (red filled squares, scaled by an isospin factor of 0.5). All
data points are shown with statistical and systematic uncertainties and were fitted by a
fifth order polynomial (black line) [AT14b].

ratio of the reaction p +d — 3He 4+ 7 at cosYoms = —1 needs to be known in
addition.
In figure 4.31 the differential cross sections at cosdcns = —1 are displayed

for different proton beam energies Theam (labeled as T}, in the figure) available in
literature. The black triangles are data from [K*86] for the reaction d+p — *He+7t°
and the open blue square and red filled squares are from [B*85] for the reactions
p+d — 3He+ n® and p+d — t + 7", respectively. The latter are scaled by
an isospin factor of 0.5. All data points are shown with statistical and systematic
uncertainties.

In order to obtain the differential cross sections at kinetic beam energies of
Theam = 980 MeV and T},cam = 1000 MeV, the data points were fitted by a fifth order
polynomial. As already published in [AT14b], the ratio of the extracted differential

cross sections at these energies amounts to

00 (Theam = 980 MeV)
70 (Theam = 1000 MeV)

= 0.914 £ 0.009. (4.10)
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4. Analysis of the reaction p+ d — *He +n

The given uncertainty includes statistical as well as systematic uncertainties. Using

the results presented in equations 4.9 and 4.10, the cross section ratio is determined

by

o (488 MeV) 00 (Theam = 980MeV) Ny (Thpeam = 1000 MeV)

oy (598MeV) 070 (Toeam = 1000 MeV)  Nyo (Theam = 980 MeV)

N, (48.8 MeV) (411)

N, (59.8 MeV)

N, (48.8 MeV)
N, (59.8 MeV)

= (0.914 =+ 0.009) - (8.6 % 0.6) -

with the acceptance corrected meson yields N; [AT14b].
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analysis

In order to determine the total cross section ratio oy (48.8 MeV) /oy, (59.8 MeV)
using equation 4.11, the meson yields for the whole angular range have to
be derived. Due to the missing acceptance of the WASA forward detector at
cos ¥oms = 1.0, the according values have to be extrapolated from the information
in the other angular bins. This will be done in chapter 5.1, where the obtained
angular distributions will be compared to differential cross sections at similar
excess energies available in literature (see chapter 5.1.1) as well as with theoretical
expectations (see chapter 5.1.2). In chapter 5.2 the determined total cross section
ratio will be utilized to calculate a total cross section at () = 48.8 MeV by scaling
the WASA-at-COSY at = 59.8 MeV data to the () = 59.4MeV ANKE data
[RT09].

5.1. Angular distributions of the reaction

p+d—3He+n

The angular distributions extracted in the scope of this thesis are presented with
regard to the cosine of the scattering angle of the 1 meson in the CMS, cos 19“CMS.
For a better comparison angular distributions from literature measured using a
deuteron beam will be given as a function of cos J5;1°. Both will be referred to as
cos Youms.

Figure 5.1 (a) shows the angular distribution of the determined 1 meson yields for
the two excess energies ) = 48.8 MeV (filled blue circles) and @ = 59.8 MeV (open
red circles). All data points are presented in arbitrary units with both statistical and
systematic uncertainties. The latter include uncertainties in the fits of the missing
mass histograms (see chapter 4.9) and uncertainties introduced by the finite COSY

beam momentum resolution with a precision of 0.1% [Mai97] (see chapter 4.10).
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Figure 5.1.: Angular distributions measured at an excess energy of ) = 48.8 MeV
(filled blue circles) and Q = 59.8 MeV (open red circles). (a) @ = 48.8MeV and Q) =
59.8 MeV data normalized relatively in arbitrary units. (b) @ = 48.8 MeV data scaled to
the data obtained at GEM at the same excess energy (open green squares) [BT00]. (c)
@ = 59.8 MeV data scaled to the data measured at ANKE at an excess energy of 59.4 MeV
(black squares) [RT09]. The parameters of the third order polynomial fits (shown in blue,
red, and black) are given in table 5.2. Figures published in [AT14b].
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5.1. Angular distributions of the reaction p+ d — *He +n

Table 5.1.: Extracted angular distributions for @@ = (48.8 £ 0.8) MeV and @ = (59.8 +
0.8) MeV in arbitrary units [A114b].

cos M3 ¢ /arb. unit
Q = (488 + 0.8) MoV Q = (59.8 + 0.8) MV
—-0.92 - -0.84 1.43 £0.47 1.00 £ 0.16
—0.84 — —0.76 1.10 £ 0.23 1.71£0.20
—0.76 — —0.68 3.49 + 0.22 2.66 £0.22
—0.68 — —0.60 2.98 £0.19 3.21£0.12
—0.60 — —0.52 3.61 £0.22 5.38 £ 0.18
—0.52 - -0.44 5.87+0.27 6.29 + 0.20
—0.44 — —0.36 6.66 = 0.29 8.67 + 0.33
—0.36 — —0.28 7.10 £0.29 9.89 + 0.34
—0.28 — —0.20 9.51£0.35 12.53 £ 0.36
—0.20 - -0.12 10.13 £ 0.37 13.77 £ 0.39
—-0.12 - -0.04 11.95+0.41 15.62 + 0.45
—0.04 - 0.04 13.21+0.44 17.58 + 0.50
0.04 - 0.12 14.09 + 0.47 19.52 £0.55
0.12 - 0.20 15.40 £ 0.50 20.61 +0.58
0.20 - 0.28 17.12 £ 0.55 22.38 £ 0.63
0.28 - 0.36 18.26 + 0.62 24.22 £0.68
0.36 — 0.44 19.64 + 0.62 25.38 £0.71
0.44 — 0.52 20.66 = 0.66 26.53 £0.75
0.52 — 0.60 20.68 + 0.68 27.49 £ 0.88
0.60 — 0.68 21.12 £ 0.67 27.524+0.93
0.68 — 0.76 20.91 £0.67 28.71 £0.84
0.76 — 0.84 21.19 £ 0.69 27.25£0.78
0.84 — 0.92 20.27 £ 0.67 26.62 £0.78

The corresponding values were published in 2014 [AT14b] and are presented in

table 5.1.

To extrapolate the values for the missing n meson angular ranges —1.0 <

cosVaoms < —0.92 and 0.92 < cosVoms < 1.0, the angular distributions were fitted

by polynomial functions of the type:

=1

ap - |1+ Z a; (cos Yems)’

(5.1)
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5. Results of the p + d — *He + n analysis

with n = 3, which describe the distributions very well for both excess energies. The
corresponding fit parameters are presented in table 5.2. With the extrapolated n

meson yields

~0.92
d 3 ;
£ (—=1--0.92) = / ag - [1 + > a; (cos ﬁCMS)Zl dcosVdoms, (5.2)
do ; 3 ;
m (092* 1) = / ap - 14 Z a; (COS ﬁCMS) dcos ﬂCMS s (53)
0.92 =1

and equation 4.11 the total cross section ratio for 1 meson production in p +d —

3He 4+ n was found to be

oy (48.8 MeV)

— = =0.77£0.06 5.4
oy (59.8 MeV) ’ (5.4)

as published in [AT14b]. The quoted uncertainty includes contributions from
the determination of the number of 11 mesons produced, detector acceptances at
both @ = 48.8MeV (0.8%) and Q = 59.8 MeV (0.5%), as well as uncertainties
introduced during the normalization using the reaction p +d — 3He + 7t° (7.7 %).

In Figure 5.1 (b) the data measured at ) = 48.8 MeV are compared to the data
obtained at the GEM experiment at the same excess energy [BT00]. For this purpose
the WASA-at-COSY data were scaled to the GEM data by a factor of 3.70nbsr—*.
Both data sets show the same asymmetric behavior. While the cosvcvg = 0.95
GEM data point indicates a continued rise of the angular distribution, this is
not observed in the WASA-at-COSY data derived in this thesis. Instead, the new
data indicate a saturation or light decrease of the differential cross section for
this angular range. Considering the large uncertainties of the cos ¥oys = 0.95 data
point, the same behavior is seen in the GEM data set.

Figure 5.1 (c) displays the new @ = 59.8 MeV WASA-at-COSY data together
with the Q = 59.4 MeV ANKE data scaled to the latter by a factor of 1.93nbsr™!.
The ANKE data were fitted with a third order polynomial of the form described
in equation 5.1. The corresponding fit parameters are given in table 5.2. Both the
new WASA-at-COSY data and the ANKE data show a rise in the differential cross
sections with increasing cosvcys and a constant behavior or light decrease for
cos Uoms close to +1. However, the slopes of the two data sets differ slightly. This
needs to be considered when scaling the integral of the ) = 59.8 MeV WASA-at-
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5.1. Angular distributions of the reaction p+ d — *He +n

COSY angular distribution to the integral of the distribution obtained at ANKE
in order to derive a total cross section value at Q = 48.8 MeV (see chapter 5.2).
Compared to the ANKE data, the 23 new data points determined in the scope of
this thesis have much lower uncertainties due to the higher statistics. Therefore,
the very good description of the newly measured angular distribution by the third
order polynomial fit will be used as an input in Monte Carlo simulations for the

search for the 1 meson decay 1 — 7° + e + e~ (see chapter 6.3).

5.1.1. Comparison of the available high statistics data for
excess energies between 20 MeV and 80 MeV

Along with a comparison of the newly determined angular distributions with data
at about the same excess energies, it is reasonable to look at these developments of
the distributions for a wider excess energy range. Hence, the angular distributions
of the high statistics ANKE and WASA/PROMICE data with excess energies
ranging roughly from 20 MeV to 80 MeV are discussed and compared to the newly
derived WASA-at-COSY data [R109, BT02, BT04, A*14b]. Due to their larger
uncertainties, the data published in [AT07] and [BT00], as well as then — vy +y
data from [BT02], are not considered. Furthermore, all angular distributions were

fitted by a third order polynomial of the same type as the new data set:

do

9= ap- |1+ Zai (cos ﬁCMS)i ) (5.5)

i=1
The parameters corresponding to the individual fits are given in table 5.2. In case of
the WASA /PROMICE data measured at the excess energies 20.0 MeV, 38.8 MeV,
and 77.9MeV, the parameters are those derived in [B*02]. Since the ANKE data
at the excess energies 19.5MeV, 39.4 MeV, and 59.4 MeV published in [R*09] were
fitted by polynomial functions parametrized in a different way, a new fit to the
data with the quoted parametrization was performed. In case of the () = 19.5 MeV
ANKE data, the parameter as was set to zero, as no higher order is required to
describe the data (compare to [Rau09]).

In figure 5.2 the angular distributions of the 20.0 MeV WASA /PROMICE data
(filled blue circles) [BT02, BT04] and the 19.5MeV ANKE data (black squares)
[RT09] are plotted. The blue dashed line and black dashed line correspond to the

polynomial fits to the data with the parameters as given in table 5.2.
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5. Results of the p + d — *He + n analysis

Table 5.2.: Parameters of third order polynomial fits of the form given in equation 5.1 to angular distributions determined at WASA-
at-COSY, ANKE, and WASA/PROMICE [A*14b, RT09, BT02, BT04]. For the @ = 39.4 + 0.8 ANKE data parameters of a fourth
order polynomial fit are given in addition.

Experiment Q / MeV ay as as ay X2 /ndf
WASA-at-COSY 48.8 +£0.8 1.300 £ 0.028 —0.211 £0.029 —0.60 £ 0.06 - 3.10
WASA-at-COSY 59.8 +£0.8 1.337 £0.017 —0.277+0.024 —0.65+0.04 - 1.37
ANKE 19.5 £0.8 0.463 £0.012 0.115 4+ 0.023 - - 3.90
ANKE 39.4 +0.8 1.149 £ 0.031 —-0.403 £0.017 —0.54 £0.04 — 6.56
ANKE 59.4 +=0.8 1.72 £0.06 —0.08 +0.05 —0.87 £ 0.08 - 2.17

ANKE (4th order pol. fit) 39.4 4+0.8 1.070£0.032 —0.87 £0.07 —0.48+0.04 0.54+£0.08 4.04

WASA/PROMICE 20.00£0.55 0.33 £0.07 —0.36 +£0.11 —0.10%£0.15 - 0.35
WASA/PROMICE 38.80£0.55 0.81 £0.05 —0.64 £0.07 —0.56=x0.09 - 1.27
WASA/PROMICE 77.90£0.55 1.10 £0.06 —0.48 £0.07 —0.65=x0.10 - 0.75
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Figure 5.2.: Angular distributions of the 19.5 MeV ANKE data (black squares) [R*09]
and the 20.0 MeV WASA/PROMICE data (filled blue circles) [BT02, BT04]. The latter
were fitted by a third order polynomial (blue dashed line) and the ANKE data by a
second order polynomial distribution (black dashed line). The fit parameters are given
in table 5.2. The horizontal bars indicate the angular bin widths.
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5. Results of the p + d — *He + n analysis

While the ANKE data were fitted with a second order polynomial [RT09], the
20.0 MeV WASA /PROMICE data are described by a third order polynomial. Since
the fit parameter a3 = —0.10 4 0.15 agrees with zero within its uncertainties for the
20.0 MeV WASA /PROMICE data, a second order polynomial would be adequate,
as well. Thus, contributions from s- and p-waves are sufficient to describe the shape
of these angular distributions from both measurements. As already mentioned in
chapter 2.3.4, the WASA/PROMICE and ANKE data are in good agreement for
cos¥oms < 0.7, but suggest a different behavior when including higher angular
bins. This is reflected in an opposite sign of the quadratic fit parameter as for the
two data sets and a steeper slope at costcys = 0 of the ANKE fit compared to
the WASA/PROMICE one (parameter a;). Possible reasons might be unknown
systematic effects in either of the two measurements not included in the systematic
uncertainties. For the theoretical interpretation of the angular distributions at
@ = 20 MeV, these differences, especially the opposite sign of ay, might be relevant.
Hence, new measurements with high precision will greatly aid in solving this
question [KM14, Hul7].

Figure 5.3 displays the angular distributions of the new 48.8 MeV WASA-at-
COSY data (red stars) [A*14b] together with the 39.4 MeV ANKE data (black
squares) [RT09] and 38.8 MeV WASA /PROMICE data (filled blue circles) [BT02,
B*04]. The WASA-at-COSY data were scaled to the ANKE data by a factor of
2.78nbsr~ ! and all data sets were fitted by third order polynomial fits (dashed
red, black, and blue lines) with the parameters given in table 5.2.

While the WASA /PROMICE and WASA-at-COSY data can be described well by
a third order polynomial distribution, a third order polynomial fit of the 39.4 MeV
ANKE data with a reduced x?/ndf of 6.56 leads to a worse description than the
fourth order polynomial fit presented in [RT09] (x?/ndf = 1.9). Thus, a fit of the
39.4 MeV ANKE data with a fourth order polynomial of the type given in equation
5.5 was performed in addition. It is plotted as a gray dashed dotted line in figure 5.3.
The corresponding fit parameters are given in table 5.2. All three data sets show the
same behavior of a steep rise of the differential cross section from a nearly vanishing
value for cos cys = —1 to a maximum above cosdoms = 0 whose exact position
differs between the three experiments. Although the third order polynomial fits
suggest a decrease for further increasing cos 9ong, the WASA-at-COSY, ANKE,
and WASA/PROMICE data agree with a constant behavior at large cosdcus

within their uncertainties, as well. Especially the precisely measured 48.8 MeV
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5.1. Angular distributions of the reaction p+ d — *He +n
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Figure 5.3.: Angular distributions of the 39.4 MeV ANKE data (black squares) [R109],
38.8 MeV WASA/PROMICE data (filled blue circles) [BT02, Bt04], and 48.8 MeV
WASA-at-COSY data (red stars) [AT14b]. The WASA-at-COSY data are scaled to the
39.4MeV ANKE data by a factor of 2.78 nbsr~!. All data sets were fitted by third order
polynomial distributions (dashed blue, black, and red lines), and the corresponding fit
parameters are given in table 5.2. A fit by a fourth order polynomial distribution to the
ANKE data is shown in addition (gray dashed dotted line). The horizontal bars indicate
the angular bin widths.
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5. Results of the p + d — *He + n analysis

WASA-at-COSY and 39.4 MeV ANKE data allow for this interpretation. Since the
data of all three measurements cannot be described by second order polynomials,
but require at least a third order polynomial to reach a good agreement between
data and fit (or even a fourth order polynomial in case of the 39.4 MeV ANKE
data), s- and p-waves are not sufficient for a good description of the shape seen in
the data. Higher order partial waves are required.

While the general shape of the 38.8 MeV WASA /PROMICE, 39.4 MeV ANKE,
and 48.8 MeV WASA-at-COSY data is similar, there are differences that are larger
than the given uncertainties. In case of the WASA-at-COSY data, these might
be due to the excess energy about 10 MeV larger. As the WASA/PROMICE and
ANKE data were measured at about the same excess energy (@ ~ 39 MeV), these
two data sets should agree within their uncertainties. Similar to the @ ~ 20 MeV
data sets, these differences might originate from unknown systematic effects of
either of the two measurements not included in their calculated uncertainties. New
measurements with high precision at this energy could help to clarify this [KM14,
Hil7].

Figure 5.4 shows the 59.8 MeV WASA-at-COSY data (red stars) [AT14b]
compared to the 59.4 MeV ANKE data (black squares) [RT09] with the WASA-
at-COSY data scaled to the 59.4 MeV ANKE data by a factor of 1.93nbsr!. In
addition, the 77.9 MeV WASA /PROMICE data [BT02, BT04] are presented as filled
blue circles. All three data sets were fitted by third order polynomial distributions
(dashed red, black, and blue lines) with the parameters given in table 5.2.

The 39.4 MeV ANKE, 38.8 MeV WASA/PROMICE, and 48.8 MeV WASA-at-
COSY data and, as already mentioned in the introduction of chapter 5.1, the
59.4MeV ANKE and 59.8 MeV WASA-at-COSY data as well as the 77.9 MeV
WASA/PROMICE data show a similar increase of the cross section from about
zero for cos¥oys = —1 to a maximum value. While the position of the maximum
is reached at about the same value costomg ~ 0.7 for both the 59.4 MeV ANKE
and the 59.8 MeV  WASA-at-COSY data, the 77.9 MeV WASA /PROMICE data
reaches its maximum already for lower cos Voms =~ 0.5. Furthermore, the slope at
costaoms = 0 and, hence, parameter a; of the fits differ for all three experiments,
ranging from 1.10 £ 0.06 for the WASA /PROMICE data over 1.337 + 0.017 for the
WASA-at-COSY data to 1.72 + 0.06 for the ANKE data. In case of the WASA-at-
COSY data, it was found that a consideration of the finite momentum resolution

of the WASA forward detector has a great impact on the parameter a; (see also
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Figure 5.4.: Angular distributions of the 59.4 MeV ANKE data (black squares) [RT09],
77.9MeV WASA/PROMICE data (filled blue circles) [BT02, B104], and 59.8 MeV
WASA-at-COSY data (red stars) [A114b]. The WASA-at-COSY data are scaled to the
59.4 MeV ANKE data by a factor of 1.93nbsr~!. All data sets were fitted by third order
polynomial distributions (dashed blue, black, and red lines) and the corresponding fit
parameters are given in table 5.2. The horizontal bars indicate the angular bin widths.
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5. Results of the p + d — *He + n analysis

chapter 4.10, figure 4.25). Previous preliminary analysis results which did not
consider this effect led to a lower value of a; = 1.20 £ 0.02 [Pas10]. Therefore, it is
obvious that a correction of this effect is required, as presented in chapter 4.10. It is
not known if something similar was considered for the results published in [B*02] or
[RT09]. In case of the WASA/PROMICE data, an analogical behavior is expected
due to a very similar forward detector design. If not included, this could lead to a
better agreement between the WASA-at-COSY and the WASA /PROMICE data,
although the measurements were performed at different excess energies. For the
ANKE data it is unclear how, if at all, the efficiencies would be effected due to the
very different detector design. Newer analyses of measurements at ANKE which will
include the method for the efficiency determination sketched in chapter 4.10 might
give a better insight to this phenomenon at ANKE although these measurements
were performed at lower excess energies [Fril7].

When comparing the excess energy dependence of the polynomial fit param-
eters of the three experiments, some common trends can be observed. The
WASA/PROMICE, ANKE, and WASA-at-COSY data all show an increase of
parameter a; with rising (). The exact values differ, though, with ANKE observing
the highest a; values and WASA/PROMICE observing the lowest values. The
WASA-at-COSY data are located between the results of those two experiments.
For parameter as no common trend is observed. Except for the 19.5 MeV ANKE
data, all measurements determined negative values of ay. According to the results
from ANKE and WASA /PROMICE, parameter a3 agrees with zero for Q ~ 20 MeV
and decreases to negative values for higher excess energies. The WASA-at-COSY
fit parameters are in good agreement with this observation. For a further, more
detailed discussion of the polynomial fits in the excess energy region 20 MeV to
80 MeV, results from new measurements performed at WASA-at-COSY in 2014 are
required and are currently being analyzed [Hil7].

In figure 5.5 the angular distributions of both WASA-at-COSY data sets are
plotted. Here the 48.8 MeV data (filled blue circles) are scaled to the 59.8 MeV
data by a factor of 0.777! to allow for a better comparison of the shape of the
distribution. The third order polynomial fits are presented as dashed blue and red
lines. Although measured at excess energies differing by about 10 MeV, the two
data sets are in very good agreement. Furthermore, the data can be described very
well by the third order polynomial fits. The good agreement of the two data sets

is also visible when comparing the parameters of the third order polynomial fits
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Figure 5.5.: Angular distributions of the 48.8 MeV (filled blue circles) and 59.8 MeV
WASA-at-COSY data (open red circles) in arbitrary units [AT14b]. The 48.8 MeV data
are scaled to the 59.8 MeV data by a factor of 1.30. The parameters of the third order
polynomial fits to the data (dashed blue and red lines) are given in table 5.2. The
horizontal bars indicate the angular bin widths.
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5. Results of the p + d — *He + n analysis

which agree with each other within their uncertainties under consideration of the
reduced x?/ndf of the two fits. Thus, the two angular distributions suggest no rapid
change of the n meson production mechanisms for these two excess energies.
Compared to the measurements at ANKE and WASA /PROMICE, the WASA-
at-COSY experimental setup has proven to be able to yield angular distributions
with very low uncertainties. Moreover, due to the high laboratory angle and
momentum resolution, a narrow costcys binning can be chosen. Therefore, the
WASA-at-COSY experiment is perfectly suited to obtain angular distributions for
the given excess energy range of 20 MeV to 80 MeV [KM14]. New measurements for
the proton beam momenta 1.60 GeV ¢! to 1.74 GeV ¢!, corresponding to an excess
energy range of 13.6 MeV to 80.9 MeV, were performed at WASA-at-COSY in 2014
to provide differential cross section distributions as well as total cross sections for
15 excess energies. The data are currently being analyzed by N. Hiisken [Hiil7].
Very first analysis results are in good agreement with the results presented here
and even suggest only minor changes of the differential cross section distributions

for the excess energy range from 40 MeV to 80 MeV, if normalized to unity.

5.1.2. Comparison of the determined angular distributions with

theoretical expectations
Comparison with two-step model

In chapter 2.3.3 a two-step model was presented for the theoretical description
of the reaction p +d — 3He + 1. Including final state interaction, it is in very
good agreement with near threshold data [MT07]. For higher excess energies (Q >
12 MeV) no commonly approved theoretical calculations for the two-step model yet
exist which can reproduce the differential cross section distributions observed in
data.

Figure 5.6 compares calculations by Khemchandani et al. [KKJ12, Rau09] to
the WASA-at-COSY results presented in this thesis [AT14b]. For this theoretical
model partial waves s, p, and d were included in the reaction mechanism, whereas
s-waves were used for the final state interaction. It is visible that the theoretical
calculations and the measured data show a different behavior. While the differential
cross section decreases depending on cos Youmg according to the two-step model, the

data show a positive slope of the distribution.
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Figure 5.6.: Angular distributions of the 48.8 MeV (filled blue circles) and 59.8 MeV
WASA-at-COSY data (open red circles) scaled to the 59.4 MeV ANKE data by a factor
of 1.93nbsr~! [AT14b, RT09], compared to theoretical expectations according to two-
step model calculations by Khemchandani et al. [KKJ12, Rau09]. The black solid curve
results from calculations for an excess energy of () = 60MeV, while the black dashed
curve illustrates the results for Q = 40MeV. The horizontal bars of the data points
indicate the angular bin widths.
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Figure 5.7.: Angular distributions of the 48.8 MeV WASA-at-COSY data (filled blue
circles) scaled to the data obtained at GEM at the same excess energy (open green
squares) by a factor of 3.70nbsr~! [A*14b, B*00], compared to theoretical expectations
according to resonance model calculations by A. B. Santra and B. K. Jain (black curve)
[SJO1]. The horizontal bars of the data points indicate the angular bin widths.

As suggested in [Rau09], possible reasons for that might be the changing of
components of the two-step model or the lack of them. However, changes to the
components of the two-step model did not help to solve this issue so far. Another
possible explanation is that different production mechanisms start to play an

important role at excess energies above ) = 12MeV (see next section).

Comparison with resonance model

Betigeri et al. suggested an excitation of a N*(1535) resonance in the intermediate
state of the reaction p+d — 3He+n as the major production mechanism [BT00] (see
chapter 2.3.3). In contrast to the presented two-step model, their model does not
include final state interaction. While it fails to describe the close to threshold data,
it might lead to a better description for higher excess energies. Calculations for a
resonance model with respect to the GEM data were performed by A. B. Santra and
B. K. Jain [SJ01] and are compared to the results obtained with WASA-at-COSY at
@ = 48.8 MeV in figure 5.7. Contrary to the two-step model, the calculations of the
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5.2. Total Cross Sections of the reaction p + d — 3He 4+

resonance model show a positive slope of the differential cross section distribution
as is observed in data. However, while the slope increases with cos vcys according
to the theoretical model, a decrease of the slope is seen in data for cos voums > 0.
Due to the noticeable higher accuracy of the WASA-at-COSY results compared
to the GEM data, these differences cannot be explained by uncertainties. Hence,
at higher excess energies the presented resonance model approach fails to fully
describe the measured data, as well.

A theoretical approach which includes the two-step model with strong FSI close
to the n threshold and the resonance model approach might lead to a better
agreement between data and theory for excess energies () > 12MeV. Since high
precision measurements of the differential cross section, such as those presented in
this thesis, help to verify theoretical models, an increased high precision data base
will help further theoretical investigations. Such measurements were performed for
the excess energy range from 13.6 MeV to 80.9 MeV with WASA-at-COSY in 2014
and are currently analyzed and will be compared to ongoing theoretical calculations
[Hiil7).

5.2. Total Cross Sections of the reaction

p+d— 3He+n

In chapter 5.1 (equation 5.4) the relative total cross section ratio was found to
be oy, (48.8 MeV) /0, (59.8 MeV) = 0.77 + 0.06 [AT14b]. By scaling the WASA-at-
COSY data at an excess energy of 59.8 MeV to the ) = 59.4 MeV ANKE data, a
total cross section for () = 48.8 MeV can be calculated, which can then be compared
to the available total cross section data base. According to the measurements at

ANKE [R*709], the total cross section at ) = (59.4 + 0.8) MeV is
o (59.4MeV) = (388.1 £ 7.1 4 58.0) nb . (5.6)

Here the latter uncertainty of 58.0nb (15 %) originates from the absolute normal-
ization via the pd elastic scattering. As mentioned in chapter 5.1, the shapes of the
angular distributions obtained by ANKE and WASA-at-COSY at about 60 MeV
differ slightly. This has to be taken into account as a systematic uncertainty of
the @ = 48.8 MeV total cross section. For this purpose the angular distributions
of the 59.4 MeV ANKE and 59.8 MeV WASA-at-COSY data were divided into five
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Figure 5.8.: Scaling factors do/dQ (ANKE 59.4 MeV) /do/dS2 (WASA 59.8 MeV) divid-
ed by the global scaling factor 1.93nbsr~! as a function of cos ¥cng. The horizontal error
bars indicate the angular bin width. The weighted mean is plotted as a red line with its
uncertainty (red shaded area) under consideration of the reduced x?/ndf.

equally sized angular bins to extract separate scaling factors for these bins. These
factors were then compared to the global scaling factor of 1.93nbsr™.

Figure 5.8 shows the extracted factors divided by 1.93nbsr~!. The uncertainty of
the weighted mean value of these factors (red line) is used as systematic uncertainty
of the scaling. Considering the reduced x?/ndf of the weighted mean value, it
corresponds to 6.7 % (red shaded area).

Scaling the 59.8 MeV WASA-at-COSY data to the 59.4 MeV ANKE data and
subsequently using the relative normalization factor from equation 5.4, the cross

section at () = (48.8 = 0.8) MeV results in
o ((48.8 £ 0.8) MeV) = (298 = 24 = 49) nb | (5.7)

as published in [A*14b]. The first uncertainty is the statistical one and dominated
by the statistical uncertainty of 7.7% of the extracted n meson production
ratio. Furthermore, it includes the statistical uncertainty of the 59.4 MeV ANKE

data cross section which corresponds to 1.9 %. The second one is the systematic
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Figure 5.9.: Total cross section ¢ as a function of the excess energy () for the reactions
p+d— 3He +1 and d + p — 3He + 1. Uncertainties due to absolute normalization are
not included. Besides the new WASA-at-COSY data (red stars [AT14b]), data from the
experiments SPES-IV (filled gray triangles [B*88]), SPES-II (inverted purple triangles
[M196]), GEM (open green square [BT00]), WASA/PROMICE (filled blue circles [BT02,
B*04]), COSY-11 (open light blue crosses [A*07] and open green triangles [ST07]), and
ANKE (filled black squares [M*07, RT09]) are shown. The WASA-at-COSY data are
arbitrarily scaled to the Q = 59.4MeV ANKE data point. Illustrated by the red solid
curve is a theoretical description of the 1 meson production via an excitation of a N*(1535)
resonance by Betigeri et al., arbitrarily scaled by a factor of 0.75 [BT00].

uncertainty, including the 15 % normalization uncertainty of the 59.4 MeV ANKE
data and the uncertainty from scaling to this data point (6.7 %).

In figure 5.9 the total cross sections of the scaled WASA-at-COSY data (red
stars) are plotted together with data from the experiments SPES-IV (filled gray
triangles [B88]), SPES-II (inverted purple triangles [M796]), GEM (open green
square [BT00]), WASA/PROMICE (filled blue circles [B*02, BT04]), COSY-11
(open light blue crosses [AT07] and open green triangles [ST07]), and ANKE (filled
black squares [MT07, RT09]). Similar to figure 2.6 in chapter 2.3.4, all data points
are shown without uncertainties due to absolute normalization. The uncertainties
of the 48.8 MeV WASA-at-COSY data point include the uncertainty introduced by
the scaling to the 59.4 MeV ANKE data point.

Unlike the 48.8 MeV GEM data point, which indicates a possible increase of

the total cross section, but is still in agreement with a constant cross section
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5. Results of the p + d — *He + n analysis

for the excess energy range from 40 MeV to 80 MeV within its uncertainties!, the
48.8 MeV WASA-at-COSY data point suggests the presence of a distinct change of
the total cross section for excess energies between 20 MeV and 60 MeV. Especially
the extracted total cross section ratio, which does not rely on the scaling to the
ANKE data, shows a variation of the total cross section that cannot be explained
by normalization uncertainties. This behavior is unexpected, since no change in the
angular distributions is observed (compare 5.1.1).

In order to compare the results obtained in this thesis together with the
available data to the resonance model as suggested by Betigeri et al., the calculated
theoretical total cross sections presented in [BT00] were scaled by a factor of 0.75
and are illustrated in figure 5.9 by a red solid curve. As discussed in 2.3.4, the model
fails to reproduce the enhancement close to threshold. While the total cross sections
obtained with ANKE and WASA /PROMICE are compatible with this scaled model
for excess energies larger than about 40 MeV, the scaled model cannot reproduce
the lower cross sections at about 20 MeV measured with the same experiments.
Especially the decrease of the cross section at () = 48.8 MeV presented in this
thesis and published in [AT14b] cannot be reproduced by this calculation.

In summary, the results for the total cross section ratio presented in this
thesis lead to further questions which cannot be answered by theory yet. They
make the energy region starting at about () = 20MeV even more interesting
than predicted in 2009, when the beam time for the presented measurements
was conducted. Therefore, new measurements with high precision both for the
total and differential cross section are crucial in order to quantify new theoretical
approaches. This motivated the beam time performed in 2014 which was dedicated
to high precision measurements of the total and differential cross sections of the
reaction p +d — 3He +1 at 15 excess energies ranging from 13.6 MeV to 80.9 MeV
[KM14]. Modifications made to the WASA-at-COSY detector design and further
optimizations of the data acquisition will allow not only to do a normalization via
the reaction p + d — 3He + 7, but also by using the pd elastic scattering as an
alternative normalization channel for cross checks [Hiil7]. This way, possible, yet
unknown effects due to properties of the normalization channel can be tested. Very
first preliminary analysis results concerning the normalization will be discussed in

the following chapter 5.2.1.

!According to [BT00], the total cross section at Q = 48.8MeV is 0(48.8MeV GEM) =
(573 £ 74 4+ 69) nb. The latter (systematic) uncertainty introduced by an independent absolute
normalization is not included in figure 5.9.
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5.2. Total Cross Sections of the reaction p+d — *He +n

5.2.1. Very first look at the normalization of the new 2014 data

The insights discussed in this chapter regarding the ongoing analysis of the p +
d — 3He + X data recorded in 2014 are very preliminary and may still change
considerably [Hiil7]. They are discussed here to give a hint whether there might
be systematic effects yet unknown in the normalization via the reaction p +d —
3He + mi°. Hence, they will be discussed only qualitatively.

For the relative normalization of the data published in [A*14b], it is assumed
that the differential cross sections of the reaction p +d — *He + 7t° do not change
significantly in the angular range and for the beam energies used. This assumption is
regarded as reasonable, as the phase space volume being in first order proportional

to the square root of the excess energy of this reaction changes by only

Qro(Theam = 1000MeV)  [472.6MeV oL (5:)
Qro(Theam = 980MeV) — V 461.7MeV ~— '

Indeed, the ratios of the 7 meson yields for the angular range —0.92 < cos Yomg <

—0.68 show only a slight linear decrease to lower values of cosdcygs (see chapter
4.11.4). However, the low amount of angular bins might hide a more complex
behavior.

Thanks to the optimizations done for the 2014 beam time, a noticeably smaller
binning can be chosen for the determination of the 71° meson yields [Sit15]. A very
first look at the 71 meson yields for the beam momenta ppeam = 1.670 GeV ¢! and
Pheam = 1.700 GeV ¢!, equaling 1 meson excess energies of 47.3 MeV and 61.7 MeV,
show the same linear behavior for —0.92 < cos¥cmg < —0.68 as observed in the
data published in [A*14D].

The smaller binning also allows the inclusion of meson yields extracted for lower
values of cos¥oms < —0.92. Very first investigations of the yield ratio for these
cos Yo values show a possible deviation from a linear behavior [Hii17]. Since these
angular bins are already very close to the COSY beam pipe, such effects could also
be produced by minor differences between the WASA detector implementation
in Monte Carlo and the actual physical detector setup, resulting in systematic
uncertainties of the detector acceptances. Thus, for the normalization of the data
from 2014 the pd elastic scattering will be used in addition. The precise angular

binning and high statistics for the reaction p +d — 3He + 7" will also help to
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5. Results of the p + d — *He + n analysis

increase the differential cross section data base for this particular reaction. First

test analyses were done as part of the master thesis of K. Sitterberg [Sit15].
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6. Analysis with regard to the 1

meson decay 1 — 70 + et + e~

Studies of rare or forbidden n meson decays are particularly well suited for searching
physics beyond the standard model (see chapter 2.2.1). As mentioned in chapter
2.4, the decay 1 — 7" + et + e, the search for which is a major part of this
thesis, violates the C' parity conservation if it occurs via an intermediate state
virtual photon ( — 7° +y* — ©® + e™ + e7). For the analysis of such rare or
forbidden decays high statistics of 1 mesons produced are very important. During
the operation of WASA-at-COSY two reactions were used to produce large sets
of n mesons for their decays to be studied. These are the reactions p+p — p +
p+nand p+d — 3He + 1. While the first reaction has a noticeably higher
total cross section of (9.8 £ 1.0 £ 1.5) pb at Theam = 1.4 GeV [CT94] compared to
the (388.1 £ 7.1 4+ 58.0) nb cross section at Theam = 1.0 GeV for the latter reaction
[RT09], the signal to background ratio is much better for the p + d fusion reaction
[Cod12]. Furthermore, the higher beam momentum required for the p+p — p+p-+n
production reaction leads to a larger Lorentz boost resulting in a higher fraction
of 1 meson decay products being scattered at lower polar angles. As the mini drift
chamber can only reconstruct the tracks of charged particles with polar angles above
24°, the chance of missed particles increases with a higher Lorentz boost. Hence,
the reconstruction efficiency, especially of decays with charged decay particles, is
lower for 1 mesons produced in p + p collisions than for those produced in p + d
fusion reactions. The analysis of the decay n — ©° 4 e™ +e~, which is presented in
this thesis, is based on data sets using the production channel p+d — 3He+1 (see
chapter 4.1). A previous analysis of the decay n — ©° +e" +e~ by A. Winneméller
was based on about one third of the same data set and was focused on low invariant
masses of the electron-positron pair [Winll]. The p + p — p + p +n data sets are
being analyzed by K. Demmich in regard to the decay 1 — 7° + e + e~ [Dem17].
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6. Analysis with regard to the n meson decay n — 7% 4 et + e~

First investigations of a part of these data sets with respect to this decay channel
confirm the potential of the p +p — p + p + 1 production reaction [Stel7].

Since different 11 meson decays are studied by different PhD students and
postdoctoral researchers using the same p + d — 3He +n data sets, a common
analysis base class for n decay studies has been developed and then subsequently
optimized for this production channel (see chapter 3.5.3). This does include
common optimizations of detector calibration parameters, which are mandatory
for the analysis of rare or forbidden 1 meson decays. As part of this thesis
the calibration parameters of the forward detector have been optimized and
implemented into the common analysis class (see chapter 6.2).

Studies of 1 meson decays in which no clear signals are expected, as in the case
of the decay 1 — m° + et + ™, require a fully correct description of the measured
data by Monte Carlo simulations in order to obtain reliable results. Therefore, high
statistics simulations including physics models for the various reactions and decays
were created (see chapter 6.3) and then used to give a proper description of the data
(see chapter 6.6). With the aid of these simulations optimal selection conditions
for the 1 meson decay of interest were determined (see chapter 6.7) and applied to

the data afterwards (see chapter 7).

6.1. Database

The analysis of the 1 meson decay 1 — 7 + et + et presented in this thesis is
based on two data sets recorded with the WASA-at-COSY experimental setup
in September/October 2008 and August/September 2009, respectively. For the
measurements a proton beam with a kinetic beam energy of about 1GeV was
brought to collision with a deuterium pellet target with the aim to produce n
mesons in the fusion reaction p +d — 3He 4 1. While doing so, a COSY cycle
time of 100s was used. In total 19.7TB of data separated in 1212 files (runs)
were collected in the 2008 beam time and 42.9 TB separated in 2464 runs in 2009.
Not all runs were used for the analysis, as adjustments of the pellet target, the
COSY accelerator, or the WASA detector settings were performed during some
runs. Excluding these runs, 822 runs from the 2008 beam time in the range of run
numbers 10392 to 11 525 and 1842 runs from the 2009 beam time with run numbers
ranging from 13969 to 15944 are used for the analysis. The runs 11302 to 11456
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6.2. Detector calibration

and 15276 to 15296 are excluded, as they were performed at different kinetic beam
energies, namely 1800 MeV and 980 MeV, respectively.

While the 2009 data set was recorded using the same proton beam settings
for all runs recorded, the 2008 data set was collected with two different COSY
operation modes. During the first part of the beam time (runs 10392 to 10965)
the barrier bucket cavity was used to compensate the beam energy loss caused by
the interaction with the pellet target (a procedure that was also used for the whole
2009 beam time). This cavity was not functional during the second part of the
beam time (runs 10966 to 11525), resulting in a time-in-cycle dependency of the
beam momentum ppeam. The exact beam momenta for the different run periods
were determined and will be discussed in chapter 6.2.

The logic trigger conditions utilized for both the 2008 and 2009 data are identical,
while individual detector thresholds might vary. As already mentioned in chapter

4.1, these were:

e at least one geometrically matching hit in the first layer of FRH and FTH,

as well as one matching hit in either the first or second FWC layer,
e at least one hit in each FWC layer, and

e high threshold for the energies deposited in the FWC.

Both data sets were preselected on *He nuclei detected in the forward detector

using a graphical cut in the energy loss spectra (see chapter 4.1).

6.2. Detector calibration

In order to search for rare or forbidden decays such as the n meson decay n —
m’+et +e™, a precise calibration of the different WASA detector components is very
important. As already mentioned at the beginning of chapter 6, the optimization
of the calibration of the various detectors was allocated among PhD students and
postdoctoral researchers analyzing the same data sets. During the studies of the
cross sections of the reaction p 4+ d — 3He 4 1, techniques were developed for the
optimization of the forward detector calibration (see chapter 4). These techniques
were utilized to obtain an optimal calibration of this detector part for the given
beam times as part of this thesis.

While a good calibration had already been achieved for the 2009 data set

runs utilized for the cross section analysis, some of the runs excluded from the
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6. Analysis with regard to the n meson decay n — 7% 4 et + e~

analysis indicated a run dependency of the detector calibration (see chapter 4.3).
Furthermore, a calibration of the 2008 data set had not been performed. In the
following chapters an optimization of the calibration of the different forward
detector components will be presented, starting with the forward proportional
chamber (see chapters 6.2.1, 6.2.2, and 6.2.3). Afterwards a fine tuning of the

formula for the kinetic energy determination will be explained in chapter 6.2.4.

6.2.1. Forward proportional chamber calibration: Shift of the

vertex position

A possibility to statistically distinguish between a signal channel and various
background channels is provided by kinematic fitting (see chapter 2.6). In order to
obtain reliable results of this fit, it is important to not only know the uncertainties
of the measured energy losses of the detected particles with high precision, but
also those of the measured scattering angles. In case of forward scattered particles,
the determination of these angles depends on the hit position in the FPC layers as
well as on the position of the interaction vertex of the COSY beam with the pellet
target. The latter is correlated to the COSY beam orbit whose exact position in
the z-y plane perpendicular to the proton beam depends on the COSY accelerator
settings and is not known a priori. The z position of the vertex, on the other hand,
solely depends on the path of the pellet stream through the COSY beam pipe. As
the orifice of the pellet beam pipe has a diameter of 3mm [HR*04], the path of
the pellet beam through the scattering chamber should not vary by more than a
tenth of a millimeter, since the pressure in the scattering chamber would otherwise
increase leading to unwanted background reactions (see also chapter 3.2.1). Hence,
such an increase of the pressure was avoided during data recording and the vertex
z position can be assumed to be stable at z = 0 mm with an uncertainty of 0.1 mm.
This uncertainty is small compared to the expected target diameter of 3.5 mm at
the interaction point and, thus, can be neglected. To test if the vertex position in
the x-y plane agrees with the assumed position at + = y = Omm, a kinematic
relation of the two-particle reaction p + d — 3He + 1 can be utilized (see chapter
2.3.1). According to this kinematic relation, the laboratory scattering angle ¥1ap
of the helium nuclei has a maximum value Y{’{}; which does not depend on the

azimuthal angle ¢.
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Figure 6.1.: 3He laboratory momenta pr,ap plotted against the corresponding laboratory
angle Jr,ap for the data runs 10705 to 10965 in logarithmic scale requiring a hit in the
sixth element of FRH1 (left) or a hit in the 18th element of FRH1 (right). The black solid

line indicates the extracted maximum J{°{} scattering angle for the sixth element, while

the black dashed line indicates the maximum JP'R5 for the 18th element. Only events

with six neutral particles reconstructed in the central detector are presented.

Assuming the nominal vertex position of (0,0, 0), the polar scattering angles ¥4
of the helium nuclei have been determined from the FPC hit positions. In figure
6.1 the corresponding laboratory momenta of the *He nuclei are plotted against
the angles requiring a hit in the sixth or 18th element of FRH1 (left and right
figure, respectively) for runs 10705 to 10965. In order to extract the maximum
polar scattering angles, projections on the ¥ ap axis for momentum ranges with
a width of 4 MeV ¢! were fitted by Gaussian distributions. The obtained maxima
for Y1 45 for the sixth and 18th! element are indicated by the black solid and black
dashed lines, respectively. A clear deviation of the maxima by about 0.2° is visible
originating from an incorrectly assumed vertex position.

To extract the correct vertex position in the z-y plane, the above mentioned
method was applied to all 24 elements of FRH1 for the various run periods. Figure
6.2 illustrates the determined maxima ¥1ag of the *He nuclei depending on the
azimuthal scattering angle ¢ for runs 10705 to 10965. The data points are fitted

by a sinusoidal function (red curve) of the type:

Elg)é(n) =a-sin (90 + 900) + ﬁmax . (61)

!Note that the mean azimuthal angles of the sixth and 18th element of the FRH differ by 180°.
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Figure 6.2.: Extracted maximum polar scattering angles ¥r,ap of the 3He nuclei for the
reaction p 4+ d — 3He +1 for the data runs 10705 to 10965, depending on the azimuthal
scattering angle . The red curve is a fit by a sinusoidal function.
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6.2. Detector calibration

Table 6.1.: Shift parameters for the global FPC position perpendicular to the COSY
beam pipe as applied in the analysis for the various run periods.

run numbers  z shift / mm y shift / mm

10392 — 10528 —1.07 —1.02
10529 - 10704 —1.06 —1.18
10705 — 10965 —1.53 —0.84
10966 — 11525 —1.64 —0.63
13969 — 15944 +1.44 —1.22

Here the parameter ¥,., corresponds to the actual maximum scattering angle,
while a is the amplitude of the deviation from this value. The observed oscillations
can be corrected for by either shifting the assumed vertex position or by adjusting
the position of the FPC assumed in the analysis. In the first case the influence of
the magnetic field of the solenoid on the helium trajectories has to be considered
first in order to correctly calculate the vertex position. This is not needed for
the second method where a purely geometrical calculation is sufficient. Since the
resolution of the central detector is not high enough to observe the vertex shift using
its information, an additional shift of the central detector component positions
assumed in the analysis is not required for the second method. Hence, it was decided
to apply the second method to the correction [BCHW17].

Table 6.1 lists the x and y shift parameters of the global FPC position for the
various run number ranges calculated from the fits>. While for the beam time
recorded in 2009 one shift parameter set is sufficient and no changes in the vertex
position over the runs 13969 to 15944 were observed, the 2008 data is divided
into four parts. The separation of runs 10392 to 10528 and runs 10529 to 10704
originates from major adjustments of WASA detector settings after run 10528,
leading to different calibration parameters for the two run periods [BCHW17].
The minor adjustments of the COSY beam settings performed between these run
periods lead to only small changes in the vertex position. After run 10704 the
COSY beam target overlap was optimized, which results in a noticeable change in

the interaction vertex position. As the runs 10966 to 11525 were recorded using

2 The actual FPC position does, of course, not vary between the runs, but only the position
assumed in the analysis to compensate the shift of the interaction vertex position.
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Figure 6.3.: Extracted maximum scattering angles Yrap of the 3He nuclei for the
reaction p +d — 3He +n for a sample of data runs recorded in 2009 depending on
the azimuthal scattering angle ¢. The red curves are fits by sinusoidal functions. Left:
The data sample without applying a shift of the FPC position in the analysis. Right: The
data sample after applying a shift of the FPC position in the analysis. The blue dashed
line is a fit by a constant.

a different accelerator setting with a cycle time dependent beam momentum, shift
parameters were determined separately for this run period.

In figure 6.3 the dependencies of the extracted maximum polar scattering angles
Ypap of the *He nuclei on the azimuthal angle ¢ are compared before and after the
application of the FPC shift for the 2009 data (left and right figure, respectively).
While a sinusoidal function is required to describe the uncorrected data (red curve),
a constant fit is sufficient after the correction leading to a reduced x?/ndf of about
1.43 (blue dashed line) compared to x?/ndf ~ 1.25 for a fit with a sinusoidal
function (red curve). Furthermore, the latter would indicate a shift of the vertex
position by less than 0.1 mm, which is the same as the uncertainty of the z position
of the vertex and can be neglected.

After applying the correction, the extracted maximum scattering angle ¥7'{5 of
the helium nucleus can be utilized to calculate the COSY beam momentum using
a relation between Y18} and ppeam derived from relativistic kinematics. For the
run periods 10392 to 10528, 10529 to 10704, and 10705 to 10965 a proton beam

momentum of ppeam = 1.6986 GeV ¢!

was determined, whereas for the runs 13 969
to 15944 a slightly lower beam momentum of ppeam = 1.6970 GeV ¢! was found

to describe the data best®. In case of runs 10966 to 11525, only an average beam

3The quoted beam momentum determined for the 2009 data set differs by less than 1 MeV ¢!
compared to the beam momentum equaling 7}, . = 1000 GeV and used for the cross section
determination in chapters 4 and 5. This can be explained by the higher statistics utilized
for the decay analysis, and, in particular, for the beam momentum determination, and the

difference is well below the uncertainty of the COSY beam momentum of 0.1 % [Mai97].
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momentum can be determined using this method, as the nominal beam momentum
depends on the time in the COSY cycle. It corresponds to 1.694 GeV ¢!. The exact

beam momentum with its cycle time dependency will be presented in chapter 6.2.6.

6.2.2. Forward range hodoscope calibration

To fully reconstruct a detected helium nucleus, information about both its
trajectory and its energy are required. While the first can be determined with the
help of the FPC, for the calculation of the latter the knowledge of the projectile’s
energy loss in the FRH is needed. In case of the reaction p +d — *He + 1 with
a proton beam momentum of roughly 1.7GeV ¢!, the helium nucleus is stopped
in the first layer of the FRH. Hence, for the calculation of its kinetic energy the
measured energy loss in FRH1 and the polar scattering angle are sufficient and
only the calibration of the first of the five FRH layers needs to be optimized.

In chapter 4.5 an optimization of the FRH1 calibration was performed for about
10% of the p +d — 3He + X data recorded in 2009 within the context of the
cross section determination of the reaction p +d — 3He +n at Q = 48.8 MeV and
Q = 59.8 MeV. For the precise cross section determination 10 % of the recorded
data with stable conditions in the sense of the detector calibration were sufficient,
whereas the full data set is required for the analysis of rare or forbidden 1 meson
decays. Furthermore, for the latter analysis a detailed check of the data recorded
in 2008 is necessary, which has not yet been performed. Since a run dependency
of the calibration parameters for the various detector elements has been observed
in chapter 4.3, this needs to be checked and corrected in a first step before a fine

calibration is performed.

Run dependency of the forward range hodoscope calibration

To investigate the run dependency of the FRH1 calibration parameters, a calibra-
tion tool developed by K. Demmich as part of his master thesis was used [Dem13].
The interface of this program is presented in figure 6.4. In the right part the energy
losses recorded for one element of the first layer of the FRH are plotted against
the energy losses in the corresponding two FTH1 elements. Here data points of
particles stopped in FRH1 are drawn in red, whilst those passing through FRH1 are

presented in blue. The black points illustrate the expected mean of the distributions
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Figure 6.4.: Graphical interface for the calibration of the first layer of the forward
range hodoscope developed by K. Demmich. The plots show the energy loss of a particle
in element 2 of the first FRH layer plotted against the energy loss in element 3 of the
first FTH layer (upper plot) and the energy loss in element 4 of the first FTH layer
plotted against the energy loss in element 2 of FRH1 (lower plot), respectively. Entries
from particles stopped in the first FRH layer are shown in red and entries from those
passing through the first FRH layer are presented in blue. Black points correspond to
energy losses according to simulations of *He with different energies. The tool allows to
set calibration parameters for the three detector elements. A detailed description is given
in [Dem13].
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Figure 6.5.: Graphical interface for the calibration of the first layer of the forward range
hodoscope developed by K. Demmich after fitting the data (red and blue points) to the
Monte Carlo simulations (black points).

according to Monte Carlo simulations. In the left part the start parameters p, of

the calibration functions of the type

3

[(AB)= 3 por A" (6.2)
can be set. While in the standard version of the calibration tool ADC (Analog to
Digital Converter) values are used as an input, already calibrated energy losses AE
are used as input here instead. As the data were already well calibrated, only the
linear parameter p; was varied by the fit to adjust the energy deposited in FRH1, as
well as parameters p; and py for FTH1. Changes to these parameters are sufficient
to obtain a good agreement between Monte Carlo and data (see figure 6.5). For a
more detailed description of the calibration program refer to [Dem13].

In order to extract run dependent correction factors for all 24 elements of the
first layer of the FRH, both the 2008 and the 2009 data set were divided into blocks
of 20 runs. For each set of 20 runs and each FRH1 detector element a correction
factor was determined using the above mentioned tool. In figure 6.6 these scaling

factors are plotted against the corresponding mean run number for element 21
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Figure 6.6.: Extracted run number dependent scaling factors for the 21st element of
FRH1 for the 2008 data set (left) and for the 2009 data set (right). The continual segments
are fitted by polynomial functions of up to the second order (red lines).

for the data recorded in 2008 and for the 2009 data set (left and right figure).
If the previous calibration of the FRH1 elements had been ideal and there was
no run dependency, the scaling factors would have been constant at one, which is
clearly not the case. Not only can a run dependency be observed, but it is also
noticeable that all extracted scaling factors are larger than one. This originates
from the fitting procedure utilized by the calibration program, which leads to a
global overestimation of the scaling factors. Since this effect is independent of the
run number, the tool is applicable to studies of the run dependence of the FRH
calibration, while the overall magnitude of the scaling was adjusted by means of an
additional calibration step presented in the following chapter. The discontinuities
observed for both data sets are caused by adjustments of WASA detector settings
done between two runs. In order to extract scaling factors for the whole analyzed
beam times, the different segments were fitted by polynomial functions up to the

second order (red lines).

Elemental fine calibration of the forward range hodoscope

As already done for a part of the analyzed data set recorded in 2009 and described
in chapter 4.5, a fine calibration of the helium nucleus momentum can be achieved
with the aid of its precisely measured polar scattering angle and Monte Carlo
simulations. Instead of the laboratory momenta, the energies AFE deposited in the
first layer of the FRH are corrected. However, they are directly connected to the

helium momenta.
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Figure 6.7.: Left: Laboratory 3He polar scattering angle ¥4 plotted against the
corresponding energy loss in the 21st element of the first FRH layer for the 2009 data set
in logarithmic scale. Right: Energy loss spectrum for 7.68° < ¥r4p < 8.16° (indicated
by the black lines in the left figure) for the data recorded in 2009 (black) and Monte
Carlo simulations of the reaction p + d — *He 4+ 1 with the 11 meson decaying into three
neutral pions (red). The peaks are fitted by Gaussian distributions (black and red curves,
respectively) to extract their peak position. Note that the Monte Carlo simulations are
arbitrarily scaled to the recorded data. In both figures six neutral particles detected in
the central detector were required to reduce the multi-pion background.

In the left of figure 6.7 the measured polar scattering angles ¥ 45 of the 3He
nuclei are plotted against the corresponding energy losses in the first layer of
the FRH for helium nuclei detected in the 21st element of FRH1 for the 2009
data set. For calibration purposes the presented data were preselected requiring
exactly six neutral particles detected in the central detector, mainly expected to
originate from the decay n — 7° + n® + 7® in order to reduce the multi-pion
background. Projections for 945 ranges were compared to those of Monte Carlo
simulations of the reaction p +d — 3He +1 with the 1 meson decaying into three
neutral pions. As an example the energy distributions for 7.68° < 9.5 < 8.16°
(indicated by the black lines) are presented in the right of figure 6.7. Due to the
different beam momenta of the run periods 10392 to 10965, 10966 to 11525,
and 13969 to 15944, separate simulations were created with the beam momenta
determined in the previous chapter. In case of the runs 10966 to 11525, the mean
beam momentum ppeam = 1.694 GeV ¢! was used. For both the data (black) and
Monte Carlo simulations (red) the two peaks in the energy spectra were fitted
by Gaussian distributions (black and red curves, respectively) to extract the peak
positions for the selected angular range. This method was applied to angular ranges

up to Ypap < 9.6° for each of the 24 elements of FRH1. For higher angular ranges
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Figure 6.8.: Scaling factors for the energy losses of the helium nuclei detected in the
21st element of FRH1 for the 2009 data set. The data points are fitted by a function as
described in equation 6.3 (red curve).

the two peaks in the energy loss spectra cannot be separated and, thus, they were
excluded from the calibration process. Similarly, some higher energy losses were
excluded due to too low statistics in the corresponding angular ranges.

To determine elemental fine calibration factors, the ratio of the energy loss as
expected according to simulations and the energy loss as seen in data was plotted
against the energy loss according to the measured data. Figure 6.8 shows such a plot
for the 21st element of FRH1 for the 2009 data set. As expected, all scaling factors
are smaller than one and, hence, compensate the overestimated global scaling
obtained in the previous chapter. The data points were fitted by a function of

the type:
FEaep —
f(Edep) =ag + erf (dpal) —1 (63)

as

with the error function erf (z) defined as

erf (z) = \/2% /Ox eV dy. (6.4)
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Figure 6.9.: Scaling factors for the energy losses of the helium nuclei detected in the
21st element of FRH1 for runs 10705 to 10965. The data points are fitted by a function
as described in equation 6.5 (red curve).

While this fit function is able to describe the distributions of all 24 elements of the
FRH1 very well for the 2009 data set and was found to be stable during the beam
time, an extended function is required for a proper description of the 2008 data
set:

Edep -

F(Eaep) = ao + (erf ( ) - 1) (a5 + a1 - Baey) - (6.5)

Furthermore, due to major adjustments of WASA detector settings after runs
10528, 10704, 10965, and 11 301, the 2008 data set was divided into five parts, for

each of which separate correction functions were determined. Figure 6.9 illustrates

az

the fitted scaling factors for the energy losses in the 21st element of the FRH for
runs 10705 to 10 965.

6.2.3. Forward trigger hodoscope calibration

The helium nuclei produced in the reaction p + d — 3He + X are identified via
their energy losses in the first layer of the forward range hodoscope and in the

first layer of the forward trigger hodoscope. As already mentioned in chapter 4.3,
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Figure 6.10.: Left: Energy loss in the 42nd element of the first FTH layer plotted
against the energy loss of the same particle in the first FRH layer. The red lines indicate
the selected projection range. Right: Energy loss in the 42nd element of the first FTH
layer for the selected FRH1 energy loss range. Data from run number 14091 are shown
in black, while Monte Carlo simulations are presented in red. Note that the latter are
arbitrarily scaled to the data.

the calibration settings of some FTH1 elements show a dependence on the run
number. Therefore, only runs with constant calibration parameters were used for
the analysis presented in chapter 4. Since the analysis of rare or forbidden n meson
decays requires the full available statistic, a run dependent correction of the FTH1
calibration settings was performed for both the full 2008 and the 2009 data set.

Instead of using the FTH1 calibration parameters obtained with the aid of the
calibration tool presented in the previous chapter, the already well calibrated first
layer of the FRH was utilized to derive run dependent scaling factors for the first
layer of the FTH. Figure 6.10 (left) shows the energy loss in the 42nd element
of FTH1 plotted against the energy loss in FRH1 for run 14091. In the energy
range indicated by the red lines, the energy loss in the given FTHI1 element was
compared to the expected energy loss according to Monte Carlo simulations of the
reaction p + d — 3He + 1 as presented in the right of figure 6.10. To obtain a
scaling factor that can be used to correct the FTH1 calibration, the distribution of
the data as well as the one from simulations were fitted by a Gaussian distribution.
The expected energy loss value according to simulations divided by the extracted
peak position can then be used as a scaling factor.

This method was applied to all 48 FTH1 elements for all runs of the 2008 and
2009 data sets. While for the data recorded in 2009 a separate scaling factor could

be determined for each run, a scaling factor for a set of five runs was extracted
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Figure 6.11.: Scaling factors for the 42nd element of the first FTH layer depending on
the run number for the data recorded in 2008 (left) as well as for the data recorded in
2009 (right).

for the runs of the 2008 data set due to lower statistics per run. In figure 6.11
the scaling factors for the energy loss in the 42nd FTHI1 element are presented for
the 2008 and 2009 data sets depending on the run number. These scaling factors
were used in the later analysis to account for the run dependency of the FTH1

calibration.

6.2.4. Reconstruction of the kinetic energy

In chapter 4.5.3 functions were determined with the aid of Monte Carlo simulations
correcting the reconstructed *He momenta to match the generated ones. A similar
correction is required for the n meson decay studies. Due to the layout of the
common PDEtaAnalysisBase class, a correction was applied to the kinetic energies
of the helium nuclei rather than to their momenta. For the aforementioned purpose
Monte Carlo simulations of the reaction p + d — 3He + n were analyzed. The

resulting energy correction function
Egr (*He) = (Byss (*He) — 0.003 714(84) GeV) /0.990 09(36) (6.6)

was applied both to data and Monte Carlo simulations, as the 2008 and 2009 data

sets were calibrated to agree with Monte Carlo simulations (see previous chapters).
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6.2.5. Fine tuning of the FRH1 calibration with regard to the 7

mass

The 1 meson is known to have a mass of m, = (547.862 + 0.017) MeV ¢~2 [PT16].
Since the energy calibration of the forward range hodoscope was performed with
respect to the 1 meson production reaction p +d — 3He + 1, the peak position in
the *He missing mass spectrum corresponding to the 11 meson can be used to check
and further optimize this calibration.

The best agreement between the observed peak position depending on cos 191101\/15
and the 1 meson mass was obtained if a minor correction was applied to the *He

energies deposited in FRH1:

dep dep

Esr (*He) = ESRY (PHe) +0.0024(3) GeV

(6.7)
—0.013(1) - Ef2 (*He) — 0.002(1) GeV - dap
for the 2008 data set and
E5or (*He) = ESR! (*He) +0.0012(1) GeV 65)
—~0.006(1) - ESRT (*He) — 0.002(1) GeV - dpan '

for the 2009 data set. These adjustments of the helium energy are smaller than the
uncertainties of the calibration methods presented in chapter 6.2.2, but lead to a
slightly better agreement of the missing mass peak position with the 1 mass®*.

In figure 6.12 the peak positions in the *He missing mass spectra determined for
the 2008 and 2009 data sets (red triangles and blue inverted triangles, respectively)
are compared to the 1 meson mass (black dashed line) and Monte Carlo simulations
of the reaction p+d — *He +n withn — 7t + 71~ +71° (black squares) depending
on cos ﬁst. All extracted peak positions deviate from m, = 547.862MeV ¢~2 by
less than 500keV ¢~2, except for the two angular ranges below cos ﬁT?MS = —0.6.
Furthermore, for these two angular bins Monte Carlo and data show a different
behavior. While the peak positions in simulations are below the n mass, they are
above it for data. Only very few 1 mesons of all 1 mesons produced in the reaction
p +d — 3He +n are scattered with cos 19HCMS < —0.6 for Q@ = 59.8 MeV (less

than 3 %, see chapter 5.1). Moreover, the angular range —1.0 < cos 19T1cMS < —0.6

4Note that these adjustments were determined by a manual iterative method. Changes of the
parameters by the given uncertainties do not lead to a further improvement.
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Figure 6.12.: Extracted n meson peak position in the 3He missing mass spectra
depending on cos 19“CMS for the 2008 and 2009 data sets (red triangles and blue inverted
triangles, respectively) compared to Monte Carlo simulations of the reaction p + d —
3He +mn with n — 7t + 7~ + ©® (black squares). The horizontal error bars indicate
the bin width, whereas the vertical error bars are purely statistical uncertainties. The
black dashed line indicates the n meson mass position at m, = 547.862 MeV c2. All
shown data samples were preselected with the conditions described in chapter 6.5, and
the second part of the 2008 data set (runs 10966 to 11 525) was analyzed with the beam
momenta as given in chapter 6.2.6.
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Figure 6.13.: 1) meson peak position in the He missing mass spectrum depending on
the time in cycle for runs 10966 to 11525. The red line presents the correct 1 meson
mass position at my = (547.862 & 0.017) MeV ¢~2 [P*16], and the horizontal error bars
indicate the chosen bin width.

is excluded from the later analysis (see chapter 6.6). Thus, the deviations for

cos 19TICMS < —0.6 can be neglected.

6.2.6. Cycle time dependency of the proton beam momentum

As mentioned in chapter 6.1, the COSY beam momentum pyean, varies depending on
the time in cycle for the second part of the 2008 data set (runs 10966 to 11 525).
The assumption of a constant proton beam momentum of 1.694 GeV ¢! in the
analysis results in a variation of the 1 meson peak position in the spectrum of the
3He missing mass depending on the cycle time as presented in figure 6.13.

The dependency of the beam momentum ppeam on the time in cycle Z¢yce can be

described by the function

Pheam (teyate) = 1.6998(1) GeV ¢! — 1.00(30) x 107 GeV e '™ - teyale
—5.6(32) x 107" GeVe s 2 (6.9)

cycle

+6.7(21) x 1077 GeVets™® - 12

cycle »
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Figure 6.14.: Left: Function to describe the dependency of the proton beam momentum
Pbeam ON the time in cycle for runs 10966 to 11 525. Right: 1 meson peak position in the
3He missing mass spectrum depending on the time in cycle for runs 10 966 to 11 525 using
equation 6.9 for the proton beam momentum. The red solid line presents the correct n
meson mass position at my = (547.862 & 0.017) MeV ¢~2 [PT16], and the horizontal error
bars indicate the chosen bin width. A fit by a constant is illustrated by the black dashed
line (x?/ndf = 0.89). The presented data were preselected with the conditions described
in chapter 6.5.

which is illustrated in the left of figure 6.14. Utilizing this function in the analysis
leads to an 1 meson peak position that does not depend on the time in cycle
anymore (see figure 6.14 right). Moreover, the fitted mean value (black dashed
line) deviates from my, = (547.862 & 0.017) MeV ¢=2 [P*16] (red solid line) by only
60 keV ¢~2, which is less than the uncertainty of the 1 peak position depending on
coS ﬁT]CMS (see chapter 6.2.5) and below the uncertainty given by the resolution of
the COSY beam momentum [Mai97].

6.3. Monte Carlo simulations

As mentioned in chapter 3.5.3, a common set of Monte Carlo simulations was
created, which includes models for 1 and ©® decays with angular distributions
known to differ from phase space behavior. This common set was simulated with

. During the work

a constant proton beam momentum of ppeam = 1.700 GeV ¢~
on this thesis the amount of statistics of Monte Carlo simulations was increased
in order to avoid a limitation of the determination of the branching ratio or its
upper limit of the decay channel 1 — 7 4+ e + e~ by the number of simulated
background events. For this purpose millions of events were simulated for all n

meson decays that have been observed so far [P16]. A list of these decays including
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Table 6.2.: List of all simulated background m meson decay channels with their
corresponding number of simulated events.

1 decay channel Number of events simulated
n—v+y 4.0 x 107
n—m+n’ 4.0 x 107
n—-m+vy+y 1.0 x 107
n—nt+r1 + (1 = vy+vy) 3.0 x 107
n—on +1 + (1 et +e +7v) 1.0 x 107
n—mn+n +y 1.0 x 107
n—e +e +vy 1.0 x 107
n—ur+u +vy 1.0 x 107
n—et+e +et+e” 1.0 x 107
n—nt+mn +et e 1.0 x 107

the numbers of simulated events is given in table 6.2. While in case of the decay
channel n — 7t + 7~ + 7Y, which will be utilized for normalization in the later
analysis, separate simulations were created for the two 7° meson decays 7 — y+vy
and 7 — et + e~ 4y, the decay of the m° meson was handled by the Pluto event
generator respecting the 1° decay branching ratios in the other cases.

Additionally, a large set of reactions of the type
p+d—3He+ (n-m)’ withn=1...4 (6.10)

was simulated (see table 6.3). All direct pion production channels were simulated
assuming a distribution according to phase space, except for the two reaction
channels p +d — 3He + n® + n® and p +d — 3He + " + 7, where a
major deviation from phase space behavior is observed, the so-called ABC effect
[ABC60, BACG61, Pél14b] (see chapter 6.3.2). Due to their large cross sections,
these channels greatly contribute to the background of the n — 7 +e™ + e~ decay
analysis. In case of the reaction p +d — 3He + ¥ + 7°, a total cross section was

determined by E. Pérez del Rio based on the same data set as used for the analysis
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Table 6.3.: List of all simulated multi-pion production reactions with their corresponding
number of simulated events. In case of the reaction p + d — 3He + n° + n® additional
6.0 x 10 events were simulated for the efficiency determination (see chapter 7).

Reaction channel Number of events simulated
p+d—3He+n 1.4 x 107
p+d—3He+n"+n° 5.0 x 10% + 6.0 x 108
p+d—3He+ "+ 70+ 5.0 x 107
p+d—=3He+ "+ 70 +7n" 4 n° 3.0 x 107
p+d—3He+nt +m 3.0 x 10°
p+d—3He+7nt +m + 5.0 x 107
p+d—3He+n" +71 + 71 + 7 3.0 x 107
p+d—=3He+nt+mn +7t + 7 3.0 x 107

presented in this thesis and recorded in August/September 2009 [Pé14b, A*15c¢].

It corresponds to
o (*Hen"n") = (2.28 4 0.04 £ 0.40) pb at /s = 3.416 GeV (6.11)

with the first uncertainty being statistical and the latter being systematic. The
overall systematic normalization uncertainty of 30 % is not included in the quoted
cross section. This value exceeds the total cross section of the reaction p +d —
3He +n determined at ANKE [RT09] by a factor of about six:

o (*Hen) = (388.1 4+ 7.1 4 58.0) nb at /s = 3.416 GeV . (6.12)

In addition to the simulations of the background reactions, simulations for the
signal channel n — 7 + e™ 4 e~ were created. These will be presented in more
detail in the following chapter 6.3.1.

Due to the very high luminosities during the beam times in 2008 and 2009, event
overlaps are possible. These can be caused by multiple reactions between the COSY
proton beam and a single deuterium pellet, for example. A method to consider this

effect in Monte Carlo simulations will be discussed in chapter 6.3.3.
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Figure 6.15.: Invariant mass of the ete™ pair in the simulated 1 meson decay n —
7 + et + e”. A distribution of a decay via a virtual photon (black) is compared to
a distribution according to three-particle phase space (shadowed in orange). For both
decays 1 x 10% events were generated.

6.3.1. 1 meson decay 1 — m* + et +e"

As discussed in chapter 2.4, the decay n — 7° + e™ + e~ can theoretically proceed
through different intermediate channels. Besides a decay via a single virtual photon,
which violates C' parity conservation, a decay via two virtual photons conserving
C parity is possible. Therefore, in order to search for the n meson decay n —
¥ + e + e~, Monte Carlo simulations based on these different assumptions were
created.

The simplest assumption is a decay according to three-particle phase space. This
leads to a distribution of the invariant mass of the ete™ pair as illustrated by the
orange shadowed histogram in figure 6.15.

In chapter 2.4.2 it has been shown that the absolute amplitude squared of the
decayn — ' +v* = i’ + et + e is

e2)\2
q*)? + ¢*I%(¢?)

2 2 2 2 2
Avanl” = 5 2¢? (—4m2q® + 16m} E+ E- ) (6.13)
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Table 6.4.: List of simulated 1 — ©° + et + e~ decay models with their corresponding
number of simulated events.

Decay model Number of events simulated
Phase space 1000000
n—m4+y —m+et +e 1250000

assuming vector meson dominance. While the elementary charge e and the factor A
as well as the p meson mass m, and the 1 mass m,, are constants in the Monte Carlo
simulations, the invariant mass g of the ete™ pair, the width I';(¢?) of the p meson,
and the kinetic energies F .+ and E.- in the 1 meson rest frame vary. Implementing
the amplitude squared from equation 6.13 into Pluto leads to an invariant mass
distribution of the ete™ pair as illustrated in figure 6.15 (black line). A clear shift
of the distribution to lower masses compared to the three-particle phase space
simulations is visible.

In table 6.4 the simulated 1 — 7 + e™ + e~ decay models are listed with their
corresponding number of simulated events.

In addition to a decay via one or two virtual photons, a decay via a hypothetical
dark boson in the intermediate state might be possible. This will be discussed in

more detail in the outlook (see chapter 8.3).

6.3.2. Two-pion production p +d — 3He + (7t + 7)°

The direct two-pion production reactions p +d — 3He + (7 + 7[)0 have a total
cross section which is roughly one order of magnitude larger than the total cross
section for p+d — *He +1 at a proton beam momentum of pyegm = 1.700 GeV ¢!
(see introduction of chapter 6.3). Moreover, the two neutral pions from the reaction
p+d — 3He+7m"+7" can mimic the signature of the 1 meson decay n — m'+e* +e~
if one of the two pions performs a Dalitz decay (7° — e™ +e~ +7) and the photon
is missed in the reconstruction. Even though the branching ratio of this 7° decay
channel is just (1.174 £+ 0.035) %, a large number of such reactions were recorded
due to the high cross section of the two-pion production. Hence, high statistics of
Monte Carlo simulations with a correct physics model for the two-pion production

are essential for the n meson decay analysis presented in this thesis.
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Figure 6.16.: Monte Carlo simulations of the reaction p + d — 3He 4+ n® 4+ 70, Left:
Invariant mass of 7’7’ according to three-particle phase space (orange shadowed area)
and to the ABC model from [Pél4a, Pé14b] (black line). Right: Invariant mass of 3Hem"
for simulations according to three-particle phase space and to the ABC model from
[Pél4a, Pé14b] (orange shadowed and black lined histogram, respectively).

As part of her doctoral thesis E. Pérez del Rio further developed a Monte Carlo
simulation program including the production model created by M. Bashkanov for
the reaction p + d — *He + (m+ m)” [Pé14a, Pé14b]. This program was used to
create a large Monte Carlo data sample for the two-pion production with respect
to the d*(2380) resonance and the t-channel AA process. In figure 6.16 (left) the
invariant mass distribution of the two pions according to the model implemented
in Monte Carlo is compared to a distribution according to three-particle phase
space (black lined and orange shadowed histogram, respectively). For the given
beam momentum of ppeam = 1.700 GeV ¢! both the excitation of the d* s-channel
resonance at low masses and the enhancement at higher masses caused by the AA
t-channel are clearly visible. In the right of figure 6.16 the invariant mass of a pion
and the *He nucleus is illustrated. The peak in the distribution for the simulations
that include the ABC effect is caused by a strong A — N7t contribution as predicted
by both production mechanisms. For a more detailed description of the ABC model

used for the Monte Carlo simulations refer to [Pé14b].

6.3.3. Event overlap

As mentioned in the introduction of chapter 6.3, the very high luminosity during
the measurements in 2008 and 2009 can lead to a temporal overlap of two events. In

order to reduce these random coincidences, cuts are applied to the time difference
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Figure 6.17.: Time difference between the *He nuclei detected in the forward detector
and neutral and charged particles detected in the central detector for the 2008 data set
(left and right figure, respectively). Only central detector particles in the time windows
indicated by the red solid lines are used in the data analysis. Particles in the lower and
upper time windows (blue dashed lines) are combined with Monte Carlo simulations to
describe the effect of events overlapping.

between the *He nucleus detected in the forward detector and particles detected in
the central detector. The time cuts applied to the 2008 data set are indicated as
red solid lines in figure 6.17 for the neutral particles and charged particles (left and
right figure, respectively). Nevertheless, a few particles from event overlaps remain
after application of these cuts.

There are two possible approaches to include this effect into Monte Carlo
simulations. In the first approach the particles from random coincidences are
generated by Monte Carlo simulations. This approach can lead to systematic
uncertainties, though, as the distributions of these particles have to be known
precisely in advance. In the second approach particles from the measured data are
used that did not pass the time cut and thus do not originate from the analyzed
event. For this purpose particles from one event lying within one of the two time
windows indicated by the blue dashed lines in figure 6.17 are added to one event
from Monte Carlo simulations. The total width of these time windows is identical
to the width of the time window indicated by the red solid lines. With this method
the proper distributions of the particles” momenta from the random event overlap

are naturally included.
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Figure 6.18.: Missing mass of 3He for the angular range —0.6 < cos 19110MS < —0.4 for
the 2008 data set. Left: Fitted by a Gaussian distribution plus a third order polynomial
(red). Right: After background subtraction (black) compared to Monte Carlo simulations
(red) using the smearing parameters listed in table 6.5.

6.4. Determination of the smearing settings for the

Monte Carlo simulations

In order to obtain reliable results for studies with regard to rare or forbidden n
meson decays, a good agreement between the measured data and Monte Carlo
simulations is of great importance. Therefore, the detector resolution observed in
data must be identical to the one assumed in simulations. In the following chapters
the smearing settings for Monte Carlo simulations will be discussed and compared
to the detector resolution of the measured data for the forward detector as well as
the central detector (chapters 6.4.1 and 6.4.2).

6.4.1. Forward detector smearing settings

The missing mass spectrum of the *He nucleus detected in the forward detector is
perfectly suited to investigate the resolution of the forward detector components
utilized in the analysis, as the energy loss in FRH1 and the polar scattering angle
of the *He derived from hit positions in the FPC are required for the calculation
of the missing mass. For this purpose the standard deviation o of the n meson
peak in the 3He missing mass spectrum was determined for ten cos ﬁT?MS intervals
covering the full angular range. This was done by fitting the spectra with a third
order polynomial added to a Gaussian distribution. In the left of figure 6.18 such
a fit is presented for the 2008 data set for —0.6 < cos ﬂT]CMS < —0.4. The extracted
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Figure 6.19.: Standard deviation o of the 1 meson peak in the 3He missing mass spectra
depending on cos 19“CMS for the 2008 and 2009 data sets (red triangles and blue inverted
triangles, respectively). The horizontal bars indicate the bin width.

Table 6.5.: Monte Carlo smearing parameters for the forward detector.

Data set AE / MeV AE, p.e. /MeV At

2008 0.0025 0.013 85 0.014
2009 0.0025 0.013 85 0.010

standard deviations of the Gaussian fits are shown in figure 6.19 for the 2008 data
set (red triangles) and the 2009 data set (blue inverted triangles) depending on
cos 19T]CMS. A good agreement between the two data sets is visible for cos 19T]CMS close

to 1, whereas minor differences exist for cos 19st

~ 0. Hence, separate smearing
parameters for Monte Carlo simulations were determined for the 2008 and 2009
data sets.

In the standard RootSorter the smearing for the FRH is parametrized by an
absolute energy smearing parameter AF, a relative smearing parameter AFE,, and
the average number of photo-electrons per MeV (p.e. / MeV). These parameters

CMS
197]

cannot account for the deviation seen for cos ~ 0, since for this angular range

the missing mass resolution is mostly limited by the angular resolution. Thus, an
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Figure 6.20.: Standard deviation ¢ of the 1 meson peak in the >He missing mass spectra
depending on cos ﬂT?MS. Left: The 2008 data set compared with Monte Carlo simulations
(red triangles and black squares, respectively). Right: The 2009 data set compared with
Monte Carlo simulations (blue inverted triangles and black squares, respectively). The
horizontal bars indicate the bin width.

Table 6.6.: Monte Carlo smearing parameters for the central detector optimized for the
decay m° — vy + .

AE /| MeV  AE,y p.e. /MeV Scaling factor

0.0005 0.055 0.625 1.142

additional relative smearing parameter for the polar angle Av,, is required for
a good description of the data. A possible reason for the different polar angular
resolutions are changes of the pumping system of the pellet target between the
beam time executed in 2008 and the beam time in 2009. These led to a better
spatial resolution along the COSY beam axis for the 2009 beam time and, hence,
a better polar angular resolution. The Monte Carlo smearing parameters found
to describe the data best are listed in table 6.5 for both data sets. In figure 6.20
the standard deviations of the nm meson peak using these smearing parameters
are compared to the standard deviations observed in the 2008 and 2009 data sets
depending on cos 19ncMS (left and right figure, respectively). A very good agreement
between Monte Carlo simulations and data is clearly visible (see also figure 6.18,
right).
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Figure 6.21.: Invariant mass of two photons for the angular range 0.0 < cos 1911CMS < 0.2
for the 2008 data set (black) fitted by a cocktail of Monte Carlo simulations (red). All
shown data samples were preselected with the conditions described in chapter 6.5.

6.4.2. Central detector smearing settings

While optimal Monte Carlo smearing parameters for the forward detector were
determined as part of this thesis, optimal parameters for the central detector
components were determined by other members of the task force analyzing the data
collected in 2008 and 2009 [BCHW17]. In particular, these are the parameters for
the MDC, the PSB, and the SEC. For the SEC two different smearing parameter
sets were determined. The standard set was optimized with regard to the two
photons from the n meson decay channel n — v 4+ v and a good match of their
invariant mass with the 1 mass, whereas the second set led to a good agreement
of the invariant mass of two photons from the ©° decay m° — vy + vy with the n°
mass. In the decay n — ©° 4+ et + e~ photons originate from the decay of the 7°.
Therefore, the latter set of smearing parameters was used for the analysis (listed
in table 6.6). Besides the parameters AE, AE,, and p.e. / MeV, a linear factor
is required to obtain a good agreement of the energy losses between Monte Carlo
simulations and data. In figure 6.21 the invariant mass of two photons detected in
the central detector of a sample from the 2008 data set is compared to a fit by

Monte Carlo simulations. It can be seen that a good agreement was achieved.
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Figure 6.22.: Invariant mass of the two charged particles detected in the central detector
assuming electron masses for the simulated n meson decays 1 — e + e~ +7 (blue) and
n — " + 7 + 7y (red). The spectrum for the decay n — et + e~ + v is scaled to the
latter with respect to their relative branching ratios [P*16]. A cut at an invariant mass
of 100 MeV ¢~2 is indicated by the black line.

The energy loss information of the SEC is not only used for the determination of
the photon four-momenta, but together with the information provided by the MDC
also for the particle identification of charged particles in the central detector. Since
the scaling factor for the energy loss in the SEC can differ depending on the particle
type, data and Monte Carlo simulations will be compared individually for electrons,
positrons, and charged pions in the following sections. In case of deviations between
data and simulations, correction functions will be determined for the simulations to
obtain a good agreement with the well calibrated energy losses in data [BCHW17].

Furthermore, the other smearing settings will be checked.

e” and e~ adjustments

In the recorded data the energy loss distribution of charged particles measured
in the central detector is dominated by charged pions. In order to investigate the
energy losses of electrons and positrons in the SEC, the 2008 and 2009 data sets

were preselected with the following requirements:
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Figure 6.23.: Energy loss of the charged particles in the SEC plotted against their
momentum times charge in linear scale. Both the data recorded in 2009 (left) and the
Monte Carlo simulations of the 1 meson decay n — et + e~ +7y (right) were preselected
with the conditions given in the text.

e Exactly one negatively charged particle detected in the central detector,
e cxactly one positively charged particle detected in the central detector,
e exactly one neutral particle detected in the central detector,

e and the invariant mass of the electron-positron pair candidate must be less
or equal to 100 MeV ¢ 2.

With these requirements most of the remaining charged particles are electrons and
positrons originating from the  meson decay 1 — et +e~ +y. The invariant mass
of an electron and positron from a Dalitz decay peaks well below 100 MeV ¢~2, while
the invariant mass distribution of charged pions from reactions liken — 7t +7 +vy
or direct pion production and misidentified as an electron-positron pair is spread
over a wider mass range (see figure 6.22).

In figure 6.23 the energy losses of the charged particles in the SEC are plotted
against their respective momentum times charge as reconstructed by the MDC
under the conditions mentioned previously. Neither for the 2009 data set nor for
Monte Carlo simulations of the decay 1 — e + e~ + ¥ pion bands are visible,
while clear positron and electron bands can be identified. Since the MDC had been
well calibrated before, showing a good agreement with Monte Carlo simulations
[BCHW17], projections of the energy losses for various momentum ranges were
used to compare data and simulations. Figure 6.24 illustrates such a projection of
the energy loss in the SEC for the momentum range 0.065 GeV ¢! to 0.083 GeV ¢!
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Figure 6.24.: Energy loss of the negatively charged particle in the SEC for the
momentum range 0.065 GeV ¢! to 0.083 GeV ¢! for data recorded in 2009 and Monte
Carlo simulations (left and right figure, respectively). Each histogram was fitted by a
Gaussian and a second order polynomial distribution (red lines). The contributions of
the polynomials are illustrated by the red dashed lines.

Table 6.7.: Correction functions for the energy losses of electrons and positrons in the
SEC for Monte Carlo simulations to agree with the 2008 and 2009 data sets.

Data set Particle type FEnergy loss correction function

- ESNC —0.0028(6) GeV

- BSEC —0.0029(6) GeV

2008 electron 0.999(8) (
) dep (
) (4) GeV
) (

2008 positron 0.997(8
2009 electron 0.959
2009 positron 0.969

- ESEC —0.0014
- BSEC — 0.0018(5) GeV

for negatively charged particles, both for data and simulations (left and right figure,
respectively), each fitted by a Gaussian and a second order polynomial distribution
(red lines).

Afterwards the mean of the Gaussian fits to the measured data and the
simulations were plotted against each other (see figure 6.25 as an example) in
order to extract the correction functions for the energy losses of the positrons and
electrons in the SEC presented in table 6.7. Applying these functions to Monte
Carlo simulations, a very good agreement of the energy losses of electrons and
positrons in the SEC between data and simulations was obtained, as can be seen
in figure 6.26. Both the peak positions of electrons and positrons in the energy loss

spectra after background subtraction and the peak width show a good agreement.
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Figure 6.25.: Mean energy loss of electrons in the SEC for a given momentum range
determined for the 2009 data set plotted against the mean energy loss according to Monte
Carlo simulations. The data points are fitted by a first order polynomial (red line) and
the bisectrix is illustrated by the black dashed line.
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Figure 6.26.: Energy loss of the negatively and positively charged particles in the
SEC for the momentum range 0.065GeVc ! to 0.083GeV et (left and right figure,
repsectively) after background subtraction. The data recorded in 2009 are presented
in black, while the Monte Carlo simulations (scaled to the data) are shown in red.
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Figure 6.27.: Energy loss of charged particles in the SEC plotted against their
momentum times charge in linear scale. Both the data recorded in 2009 (left) and Monte
Carlo simulations of the reaction p +d — 3He + " + 7t~ + 7i° (right) were preselected
with the conditions given in the text.

7" and T~ adjustments

Similar to the approach applied to the adjustment of the energy losses of electrons
and positrons, the data need to be preselected for studying the energy losses of
charged pions. For this purpose the recorded data were preselected with regard to
the direct 7wt~ n° production and the 1 meson decay 1 — 7™ + 7~ 4+ 7° using the
following conditions:

e At least one negatively charged particle detected in the central detector,
e at least one positively charged particle detected in the central detector,
e at least two neutral particles detected in the central detector,

e and the invariant mass of the two charged particles must be greater than

100 MeV ¢2 assuming electron masses for the charged particles.

In the left of figure 6.27 the energy losses of the pion candidates in the SEC
are plotted against the corresponding momentum times charge after application
of these conditions to the 2009 data set. For comparison the same histogram is
shown in the right part of figure 6.27 for Monte Carlo simulations of the reaction
p+d— 3He+ " + 7 + n° after applying the same cuts. In both cases bands
corresponding to 71" and 71 mesons are clearly visible. Compared to the electron
and positron bands presented in figure 6.23, these are not only wider, but the

continuous background below the bands is larger, too. The differences of the
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Figure 6.28.: Energy loss of the negatively charged particle in the SEC for the
momentum range 0.217 GeV ¢! to 0.225 GeV ¢! fitted by a Gaussian and a third order
polynomial distribution (red lines). The contributions of the polynomials are illustrated
by the red dashed lines. Left: Data recorded in 2009. Right: Monte Carlo simulations of
the reaction p +d — 3He + 7t + 71~ 4+ nV.

background originate from the larger invariant mass range selected for the pion
investigations and the looser conditions on the signature of the reaction products
compared to those applied in the previous section. They are more visible in the
projections of the energy loss in the SEC for the different momentum ranges.
Figure 6.28 illustrates such a projection for the momentum range 0.217 GeV ¢! to
0.225 GeV ¢! for negatively charged particles, both for data (left) and simulations
(right). While all entries in the right histogram originate from the simulated
reaction p+d — 3He+ 7t +71~ +7°, the left histogram contains entries from other
reactions, as well. This leads to a different ratio of the peak to the background for
the data compared to the simulations. In order to match the peak positions in both
spectra, the histograms were fitted with Gaussian distributions and a third order
polynomial (red lines)®.

The mean energy losses of the m~ mesons in the SEC for different momentum
ranges in the 2009 data set plotted against the corresponding energy losses
according to simulations are presented in the left of figure 6.29. Unlike for the

energy losses of electrons and positrons, a linear function is not sufficient to properly

®Note that in case of the simulated reaction p +d — 3He +nt +7t~ + 7, the part of the energy
loss distribution described by a third order polynomial function originates from charged pions,
as well. In case of the measured data, other particles contribute to this background below the
peak in addition. Hence, only the peaks of the distributions are compared as both for data
and MC only charged pions contribute to them.
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Figure 6.29.: Mean energy losses of m~ mesons in the SEC for certain momentum ranges
in the 2009 data set plotted against the mean energy losses according to Monte Carlo
simulations before and after correction (left and right figure, respectively). The bisectrix
is illustrated by the black dashed lines and the correction function given in equation 6.14
is shown in red (left figure).

describe the distribution of the data points. Instead, a continuous combination of

a second order polynomial and a first order polynomial is used:

SEC
f(EES) =a- (BSEC) +b- BSEC ¢ it W) > m
E = o ar(ske) (6.14)
m‘Edep +d lfﬁ<m
with
d:f(El)—m-El,
_ (6.15)
B = m—>b
2a

The corresponding parameters are listed in table 6.8. For the determination of
the given parameters constrains of the fit were set manually to ascertain a not
unphysical behavior outside of the fit range. The parameters are presented with
the last digit being the significant one.

After applying the correction functions, the mean energy losses in simulations
and those determined for the measured data are in good agreement (see figure 6.29,
right). Besides these mean energy losses, the width of the energy distributions
agree very well, as can be seen in figure 6.30 where the energy losses of the

negatively and positively charged particles in simulations and in data are compared
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Table 6.8.: Parameters of the correction function 6.14 for the energy losses of negatively
and positively charged pions in the SEC for Monte Carlo simulations to agree with the
2008 and 2009 data sets.

Data set Particle type a / GeV™! b ¢/ GeV m
2008 e —-0.91 1.14 8.6 x 1073 0.975
2008 s —0.77 1.24 —-39x1073 1.05
2009 Tt —0.52 1.06 9.4 x 1073 0.96
2009 U —0.81 1.22 —4.8x 1073 1.00
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Figure 6.30.: Energy loss of the negatively and positively charged particles in the
SEC for the momentum range 0.217GeV e ! to 0.225GeV et (left and right figure,
respectively) after background subtraction. The data recorded in 2009 are presented
in black, while the Monte Carlo simulations scaled to the data are shown in red.
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in the momentum range 0.217 GeV ¢! to 0.225GeV ¢! after subtraction of the

polynomial function (left and right figure, respectively).

6.5. Preselection and general background reduction

Before the contributions of certain reaction channels to the measured data can be
determined by fitting the data with Monte Carlo simulations, various preselection
conditions have to be applied. This is necessary for a few reasons. In general, a
preselection into so-called ROOT-trees significantly improves the performance of
an analysis, since not all analysis steps have to be done each time for all events and
each analysis iteration. In case of the presented analysis, all simulated reactions
are of the type p + d — 3He + X. Background from non-fusion reactions should
be removed from the data samples. As mentioned in chapters 4.1 and 6.1, first
selection conditions for *He nuclei detected in the forward detector were applied to
the 2008 and 2009 data sets in a first level preselection. To reduce the background
further, additional cuts (described in chapter 6.5.1) were applied.

The reconstruction of particles described by Monte Carlo simulations are known
to have larger uncertainties for particles detected at the geometrical detector edges.
In order to obtain reliable acceptances, those particles detected at the edge of the
detector were excluded from the analysis. In the following chapters the conditions

of the preselection applied both to data and to simulations will be presented.

6.5.1. Selection of 3He

As shown in chapter 6.2, the forward detector is well calibrated both for the 2008
and the 2009 beam time. Furthermore, Monte Carlo simulations and data are in
good agreement. Thus, for data and simulations the same conditions can be used to
select 3He nuclei. For this purpose a graphical cut was applied to the energy loss in
the first layer of the FRH and the corresponding energy loss in the first layer of the
FTH (see figure 6.31). It was required that the detected particle is stopped in FRH1,
as all He nuclei produced in the reaction p+d — 3He +mn are stopped in this layer
according to simulations. While the energy loss of the *He candidate in FRH1 must
be in the range of 0.003 GeV to 0.35 GeV, its energy loss must not exceed 0.003 GeV
in the FRH detector layers two to five. As can be seen in figure 6.31, the 3He band is
located above the black cut line for simulations and data, while protons, deuterons,

and pions are rejected (bands below the cut line in the upper figures). The minor

174



6.5. Preselection and general background reduction

= 0.035 S > 0.035 e T 10°
G 0.03 10° & 0.037 = ' .
=0.02 , , £0.025 10
E £ 002 10°
5. 10 3 - 10
£0.005
Lo, c I : ST .
o o1 02 03 ' & o0 01 02 03 |
energy loss FRH1 / GeV energy loss FRH1 / GeV
= 0.035 .
3 - | 10
50.025 . 108
|_

102

0 01 02 03
energy loss FRH1 / GeV

Figure 6.31.: Energy loss in the first FTH layer plotted against the energy loss of the
same particle in the first FRH layer in logarithmic scale. Particles below the black line are
excluded in the preselection. In the upper left figure data recorded in 2008 are presented,
while data from 2009 and Monte Carlo simulations of the reaction p + d — 3He + 1] are
shown in the upper right and in the lower histogram, respectively.
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6. Analysis with regard to the n meson decay n — 7% 4 et + e~

differences® in the FTH1 detector resolution observed for the 2008 data set, the
2009 data set, and Monte Carlo can be neglected, because in all cases the full
3He band remains after the cut. Moreover, for the normalization another 1 meson
decay is used with the m originating from the reaction p +d — 3He + 1. This
relative normalization is independent of the *He detection efficiency. Additionally,
the energy loss information in the FTH is only required for the 3He selection and not
used for the determination of the particle’s kinetic energy. Therefore, the mentioned
uncertainties have no influence on the cuts utilized in the later analysis.

The WASA forward detector is designed to reconstruct particles with polar
scattering angles in the range of 3° to 18° (see chapter 3.2.3). To avoid systematic
effects at the edge of the detector, the scattering angle ¥, a5 of the helium has to be
in this range. In the analysis it was required that Jpap is in the range of 3° to 17°.
As all 3He nuclei from the reaction p+d — *He+n at the given excess energy have
a polar scattering angle below 11°; applying a stricter cut at 17° instead of at 18°
rejects no signal helium nuclei. In order to keep more events from other reaction
channels for a proper determination of their contribution to the data sample, an
upper border larger than 11° was chosen for the preselection.

A 3He data sample with high purity could be obtained by requiring exactly one

particle fulfilling the above mentioned preselection conditions.

6.5.2. Signature of the decay N — n® + et + e~

To search for the decay n — 7 + e™ + e7, a large data sample and billions of
simulated events needed to be analyzed (see chapter 6.3). The performance of the
analysis can be significantly improved if both the measured data and the Monte
Carlo simulations are preselected into ROOT-trees on the signature of the decay
N — (n® — y+y)+eT+e~. For this purpose at least one negatively charged particle,
at least one positively charged particle, and at least two neutral particles detected
in the central detector were requested in addition to the *He detected in the forward
detector. No strict conditions were demanded because events can overlap due to
the high luminosity during the studied beam times, leading to additional particles
observed in the central detector. Hence, strict conditions would reduce the amount

of possible signal events, as well.

6The differences between the 2008 and the 2009 data set originate from the different and
independent calibration of the FTH for these data sets.
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Figure 6.32.: Time difference between the *He nuclei detected in the forward detector
and neutral or charged particles detected in the central detector for the 2008 data set
(left and right figure, respectively). Only central detector particles in the time windows
indicated by the red lines are used in the data analysis.

In the 1 decay analysis based on the PDEtaAnalysisBase class the type of a
particle detected in the CD is defined by the detectors it produced a signal in.
Neutral tracks must not be recorded in the MDC and must have an energy loss of
at least 20 MeV in the calorimeter, but not more than 1 GeV. A veto on the plastic
scintillator is not requested in the PDEtaAnalysisBase class, as that reduces the
reconstruction efficiency of neutral particles noticeably [BCHW17].

Charged particles must be reconstructed by the MDC, and the direction of their
deflection defines their charge. Furthermore, the energy loss of a charged particle
in the SEC must be at least 20 MeV, and, in case it does not give a signal in the
SEC, it must have deposited energy in the PSB.

Additionally, both for charged and neutral particles conditions on the time
difference between CD and FD are requested, depending on the detectors involved
in their detection. In case of neutral particles, the timing information of the SEC is
used. For charged particles the registration time in the PSB is utilized preferably.
If that information is not available, the SEC time of the track is used instead. In
order to ascertain whether the detected particles originate from the same event, the
difference between the registration time of the *He nucleus in the forward detector
and the time of the particles detected in the CD must be within a given time
window. This window depends on the beam time as well as on the detectors that

registered the particles, as illustrated in figures 6.32 and 6.33".

"Note that for charged particles a hit in the PSB was requested. If the PSB was not hit, the
same time cuts were applied as for the neutral particles.
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Figure 6.33.: Time difference between the 3He nuclei detected in the forward detector
and neutral or charged particles detected in the central detector for the 2009 data set
(left and right figure, respectively). Only central detector particles in the time windows
indicated by the red lines are used in the data analysis.

6.5.3. Momentum cut for charged particles

Reactions like the direct two-pion production p +d — 3He + " + = have a
different signature than the n meson decay of interest. However, split-offs of a
charged particle’s shower in the SEC can be misidentified as separate photon tracks
(see chapter 6.5.5). Although certain cuts are applied to remove these photons,
some misidentified photons remain afterwards. In particular, some events from the
reaction p +d — 3He + ™ 4+ 7t~ pass the selection conditions due to the very high
cross section of the reaction compared to the p +d — 3He + 1 cross section at the
same beam energy®.

According to Monte Carlo simulations, charged particles with large momenta
are often reconstructed with very low energy losses in the SEC for some reaction
channels. Reasons for the observed difference are split-off photons, which carry
most of the charged particle’s energy, as well as energy losses in the dead material
of the SEC or outside of the detector. This effect is only observed for reactions with
a too small or vanishing number of true decay photons, whereas reactions with the
correct signature like p+d — 3He+n withn — 7t +71~ 4+ (n° — y+7v) do not show
this behavior in simulations. This is visible in figure 6.34, where the energy loss of

a charged particle in the SEC is plotted against its momentum times charge for

8 According to [Pél4b, AT 15c], the cross section of the reaction p +d — 3He + n® + 7t is
o (*Hen"n®) = (2.28 £0.04 + 0.40) ub at /s = 3.416 GeV. For a rough estimate of the cross
section of the reaction p +d — 3He + ™ + 7t~ this value can be multiplied by an isospin
factor of two.
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Figure 6.34.: Energy loss of charged particles in the SEC plotted against their
momentum times charge for data recorded in 2008 (upper left), the simulated reaction
p+d — 3He+m" +7~ (upper right), the simulated n decay 1 — 7 +e* +e~ (lower left),
and the simulated 1 decay 1 — n™ + = 4+ 7¥ (lower right) in linear scale. All samples
were preselected on the signature of the decay 1 — m° 4+ e + e~, and a *He nucleus
detected in the FD was required (see chapters 6.5.2 and 6.5.1).
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the simulated reaction p+d — 3He+7t" + 7~ (upper right figure) and the n decay
n— " +7 + ¥ (lower right figure). However, in data no enhancement for high
momenta and low energy losses in the SEC is observed (upper left figure). This is
unexpected, as according to Monte Carlo fits to the data, a large number of events
from the direct two-charged-pion production remains in data after applying all
preselection conditions mentioned in this chapter 6.5 (see chapter 6.6.2) and, thus,
such an enhancement should be seen in data, as well. The difference between data
and Monte Carlo can be explained by energy losses and scattering in the detector
not correctly assumed for charged particles with high momenta. It is reasonable
to reject events with charged particles with such high momenta in the analysis, as
the momentum and energy reconstruction in data and Monte Carlo are in good
agreement for lower momenta. Therefore, a cut at p = 0.25 GeV ¢! was applied to
the charged particles detected in the central detector. Although most electrons and
positrons from the decay n — m°+e*+e~ have lower momenta (see lower left plot of
figure 6.34), this cut reduced the amount of signal events by about 39 % according
to Monte Carlo simulations. While the normalization channel n — ™ +7~ +7° was
reduced to a similar extent (by about 42 %), about 84 % of the direct two-charged-
pion production events were rejected by this condition according to simulations.
Systematic checks with respect to the above mentioned cut will be performed in
chapter 7.1.3.

6.5.4. Conversion cut

Not all reconstructed electrons and positrons have to originate from the primary
interaction vertex of the COSY proton beam and the deuteron pellet target.
Photons may interact with the 1.2 mm thin beryllium beam pipe surrounding the
interaction vertex and converge to an electron-positron pair. Since the probability
for this is in the order of 1%, these conversion electrons and positrons introduce
an additional background. For example, the n meson decay n — vy + y with one
converging photon and a split-off photon (see chapter 6.5.5) passes the signature
cut applied to the data (see chapter 6.5.2).

Figure 6.35 illustrates the decays n — e + e~ +vy and 1 — y +v. The electron
and positron originate from the primary decay vertex in the first case, whereas they
are produced in a conversion event of one photon in the beam pipe for the latter

case.
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beam pipe et beam pipe e

Figure 6.35.: Schematic diagram of the decay 1 — e™ + e~ + v (left) and the decay
N — Y +y with conversion of one decay photon to an electron-positron pair (right). The
curvatures of the electron and positron tracks are determined by the magnetic field of
the solenoid.

Different techniques to reduce the background caused by conversion are available.
The method chosen in the PDEtaAnalysisBase class is based on two properties of
the conversion positrons and electrons. The most intuitive property is the vertex
position of the electron-positron pair in the z-y plane. If the charged particles
originate from conversion in the beam pipe, this radial distance from the primary
vertex should be about 30 mm, which corresponds to the radius of the beam pipe.
In order to calculate the radial distance of the electron-positron vertex, the point
of closest approach of the electron and positron helices reconstructed by the MDC
is determined.

The second information utilized for the rejection of conversion electrons and
positrons is the invariant mass of the electron-positron pair under the assumption
that these particles originate from a conversion in the beam pipe. For true
conversion particles this invariant mass should be compatible with zero.

In figure 6.36 the radial distance of the electron-positron vertex from the beam
axis is plotted against the invariant mass of the electron-positron pair assuming an
origin at the beam pipe for the two simulated decays 1 — et + e~ + v (left) and
N — Y + v (right). While the majority of electrons and positrons from the first
decay have a radial vertex position below 28 mm and their invariant mass at the
beam pipe is above 10 MeV, the radial vertex of the electron-positron pair from
the two-photon decay is above 28 mm and their invariant mass at the beam pipe is
smaller. Hence, in the analysis presented in this thesis the graphical cut indicated
in both figures by the red lines was applied to reject the conversion electrons and
positrons. Figure 6.37 shows the same histogram for a data sample recorded in
2008. Tt is visible that the graphical cut can separate the conversion electrons and

positrons from primary vertex electrons and positrons very well.
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Figure 6.36.: Radial distance of the electron-positron vertex from the beam axis plotted
against the invariant mass of the electron and positron at the beam pipe for the simulated
decays 1 — eT + e~ + 7y (left) and n — y + v (right). Events above and to the left of
the red lines are rejected, whereas events inside the graphical cut remain. All presented
samples were preselected requiring at least one positively and one negatively charged
track reconstructed in the CD, as well as a 3He nucleus detected in the FD (see chapter
6.5.1).

60
50
40

30

20

10

radial distance from beam axis / mm

0.01 002 003 004 005 006
invariant mass e*e” at beam pipe / (GeV/c?)

Figure 6.37.: Radial distance of the electron-positron vertex from the beam axis plotted
against the invariant mass of the electron and positron at the beam pipe for a data sample
recorded in 2008. Events above and to the left of the red lines are rejected, whereas
events inside the graphical cut remain. The data were preselected requiring at least one
positively and one negatively charged track reconstructed in the CD, as well as a *He
nucleus detected in the FD (see chapter 6.5.1).
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Figure 6.38.: Schematic diagram of a particle entering the calorimeter. Detector
elements with an energy deposit above threshold are represented by orange squares,
whereas those with an energy deposit below threshold are drawn in white. Left: A
recorded cluster without a split-off. Right: An event with a split-off cluster in addition
to the main cluster.

6.5.5. Split-off reduction

Particles with high energy entering the calorimeter produce a particle shower. The
major production mechanisms of these showers are the conversion of photons to
electron-positron pairs and bremsstrahlung. In case of charged pions the energy is
mainly deposited by ionization.

During shower reconstruction the various hits in the calorimeter are grouped into
clusters. It is possible that hits originating from the same shower are separated
into two clusters. The second cluster has a lower deposited energy and can be
misidentified as an additional neutral particle. This particle is called a split-off.
In figure 6.38 such a split-off event is illustrated in comparison to a correctly
reconstructed particle. While in the latter case all detector elements in which an
energy of Egep > Egnresn Was deposited are adjacent to each other (left figure),
at least one element is geometrically separated from the main cluster in case of a
split-off event (right figure).

An example of a decay passing the signature cut (see chapter 6.5.2) due to a
split-off cluster is the 1 meson decay n — e + e~ +y. The split-off track can
either originate from a charged particle or a photon. In both cases the energy of

the split-off cluster is small, as well as the angle between the parent track and
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Figure 6.39.: Energy loss of a reconstructed neutral particle in the calorimeter plotted
against the angle between its track and the track of a charged particle detected in the
central detector for the simulated decays n — m” + et + e~ andn — et + e~ + 7y (left
and right figure, respectively). Neutral tracks with entries below the black cut line are
rejected from the analysis. All samples were preselected on the signature of the decay
N — m 4et +e”, and a 3He nucleus detected in the FD was required (see chapters 6.5.2
and 6.5.1).

the fake particle. Therefore, these properties can be used to separate the split-off
photons from true decay photons.

Figures 6.39 and 6.40 show the energy of a neutral track deposited in the
calorimeter plotted against the angle between this track and either a charged or a
second neutral track, respectively, for the simulated decays n — 7 +e* + e~ and
N — e" + e~ +vy. While most events are above the black cut line in case of the
signal simulation, it is the opposite for the decay 1 — e* +e~ +y. In the presented

analysis neutral tracks and particles X with

pspe _ 1:45° x GeV

01 1
o <) 00 3GeV , (6.16)

with Z(nt., X) being the angle between the neutral track and the particle X detected
in the CD, were rejected.

If a reconstructed track is a split-off of a charged track, the invariant mass of
the charged and the neutral particle offers a further possibility to reject these
misidentified photons. Assuming an electron mass for the charged particle, the
invariant mass is expected to be small in comparison to the invariant mass of an
electron or positron and a photon from the signal decay 11 — 7’ +e* +e~. Especially
the contribution of reactions with charged pions like the 11 decay n — nwt +71~ + vy

to the background can be reduced.
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Figure 6.40.: Energy loss of a reconstructed neutral particle in the calorimeter plotted
against the angle between its track and the track of a second neutral particle detected
in the central detector for the simulated decays — 7 + et + e~ andn — et +e~ +vy
(left and right figure, respectively). Neutral tracks with entries below the black cut line
are rejected from the analysis. All samples were preselected on the signature of the decay
N — m +et +e”, and a 3He nucleus detected in the FD was required (see chapters 6.5.2
and 6.5.1).
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Figure 6.41.: Invariant mass of one neutral particle and one charged particle detected
in the CD for the simulated decays n — 7° + et 4+ e~ and n — 7" + 7~ +v (black and
blue histogram, respectively), assuming an electron mass for the charged particle. Note
that the histogram of the signal decay is arbitrarily scaled to the latter. The red line
illustrates the cut applied in the analysis. All samples were preselected on the signature
of the decay 1 — 7° + et 4+ e~, and a 3He nucleus detected in the FD was required (see
chapters 6.5.2 and 6.5.1).
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In figure 6.41 the invariant mass of a reconstructed photon and a charged particle
is plotted for the simulated decaysn — 7° +e™ +e~ and n — 7t + 1~ +7y (black
and blue histograms). The peak in the invariant mass distribution of the decay
n — " + 7 + vy at low masses corresponds to split-off events. Therefore, events
with an invariant mass below 35 MeV ¢~2 were rejected from the analysis (illustrated
by the red line).

6.5.6. Further preselection conditions

In chapter 6.6 the preselected 2008 and 2009 data sets will be fitted by Monte
Carlo simulations. These fits are based on six different histograms. It is reasonable
to limit the range of the utilized spectra to an appropriate one. Thus, the following

conditions were applied to the data and Monte Carlo simulations:
e The 3He missing mass must be in the range of 0.45 GeV ¢=2 to 0.60 GeV ¢ 2,

e the invariant mass of two photons, one negatively and one positively charged
particle reconstructed in the CD must be below 1.0 GeV ¢2, assuming an

electron mass for the charged particles,

e the invariant mass of two photons reconstructed in the CD must be below

0.5GeV ¢ 2,

e the invariant mass of one negatively and one positively charged particle
reconstructed in the CD must be below 1.0 GeV ¢ 2, assuming an electron

mass for the charged particles,

e the smallest invariant mass of one charged particle and one photon of all
four combinations possible for the signature of two photons, one negatively
and one positively charged particle must be in the range of 0.035GeV ¢~2 to

0.5 GeV ¢ 2, assuming an electron mass for the charged particle, and

e the missing mass squared (p, + pa — Pspe — P+ — pe—)2 must be in the range
of —0.1(GeV/c?)? to 0.2 (GeV /2.

With these preselection conditions it is ascertained that all signal events remain
and a sufficient range outside a possible signal region is available for a proper
determination of the contributions of the different background reactions to the
data.
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6.6. Data description with Monte Carlo simulations

For the determination of the optimal selection conditions in the search for the decay
n — m’+et4e it is important to know the fraction of the different p+d — 3He+X
background reactions contributing to the data. While the branching ratios of most
N decay channels are well known [P*16] and the angular distribution of the reaction
p +d — 3He + 1 was determined with high precision as part of this thesis (see
chapter 5.1), the differential cross sections are known only with high uncertainties
or not at all in case of the multi-pion production. Hence, the data were divided

ﬁSMS in which Monte Carlo simulations were fitted

into ten angular ranges of cos
to the data.

It is important to note that the energy calibration of the first layer of the FRH was
optimized with regard to the 1 meson production reaction p+d — 3He +m. For an
excess energy of about 60 MeV this equals energy losses of the 3He nuclei in FRH1 of
up to 0.3 GeV. 3He ions originating from a multi-pion production reaction can have
a higher energy loss in the FRH and, thus, their energy losses are reconstructed
with larger uncertainties. Most of these events have a 3He scattered in the angular
range 0.6 < cos¥§M5 < 1. On the other hand, only very few *He from the 7
meson production reaction are scattered in this angular range, namely less than
3% (see chapter 5.1). Thus, to avoid systematic uncertainties, the angular range

0.6 < cos PG <1 (=1 < cos I ™M® < —0.6) was excluded from the analysis.

6.6.1. Extraction of the number of p +d — 3He + 1] events in

data for the different angular ranges

As the 1 decay n — 7t + = + ©° has the same signature as the signal decay
n — 7 + et + e~ of one positively charged, one negatively charged, and two
neutral particles from the 7° decay, it is utilized for the normalization. Before the
number of events from the normalization channel will be determined, the number
of reconstructed p + d — 3He + 1 reactions was extracted from *He missing mass
spectra depending on cos 9. SM3.

For this purpose the background in the missing mass spectra was fitted by a third
order polynomial. An example for such a fit is presented in the left of figure 6.42
for the angular range —0.4 < cos 19nCMS < —0.2 for the 2008 data set. The selected
background environment is indicated by the black data points. After subtraction

of the polynomial background from the data, the remaining peak was fitted by
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Figure 6.42.: Missing mass of *He for the angular range —0.4 < cos 19“CMS < —0.2 for
the 2008 data set. Left: Background fitted by a third order polynomial (red curve). The
fit range is indicated by the black points. Right: Peak fitted by a Gaussian distribution
after background subtraction (red curve). The left and right red dashed lines indicate the
+30 environment.

Table 6.9.: Number of extracted p + d — >He + 1) reactions depending on cos 19“CMS for
the 2008 and 2009 data sets after preselection.
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6.6. Data description with Monte Carlo simulations

a Gaussian distribution, and the events within the +30 environment of the fit
were counted and corrected to 100 % (see figure 6.42, right). In order to obtain
the systematic uncertainties of the fit, the fit ranges were varied by up to 30 MeV,
and the determined uncertainties were considered for the later analysis instead of
the purely statistical uncertainties, if larger than the statistical uncertainties. The
extracted numbers of p +d — 3He +1 reactions are listed in table 6.9° and will be
used as a constraint with the determined uncertainties for the fit of the data with

Monte Carlo simulations as described in chapter 6.6.2.

6.6.2. Fitting of data spectra with Monte Carlo simulations

It is important to mention that the contributions of the different background
channels to the data will be determined under the assumption of no contribution
from the signal decay. This assumption is reasonable because of the current upper
limit for the branching ratio of the signal of 4 x 1075 [P*16], which results in an
upper limit of 130 events expected in the full data set after preselection assuming a
total number of produced 1 mesons of 3 x 107 [AT16b]. This number is well below
the uncertainty of the number of reconstructed p +d — 2He + 1 reactions after
preselection of about 600 events. Nevertheless, to avoid a bias of the fit, only every
second data run (= about 50 % of the data) was utilized to extract the different
background contributions. For these runs the number of produced n mesons was
determined as described above. After the contributions of the various background
reactions to the data were extracted by the Monte Carlo fit described in this
chapter, these were corrected for the number of p + d — 3He + 11 reactions in
the full data set. This method was applied to both the 2008 and the 2009 data set.

The description of the preselected data by Monte Carlo simulations is based on
five quantities. These are listed in the following, and the corresponding histograms
are illustrated in figure 6.43 for the 2008 data set and the angular range —0.4 <
coS ﬁT?MS < —0.2.

9The ratio of the extracted number of events for the 2009 data set compared to the number
for the 2008 data set is about 1.75 for —0.6 < cos ﬁT?MS < 0.4, whereas it is about 1.95 for
0.4 < cos ﬁT?MS < 1.0. Note that such differences can be explained by the different resolutions
of the 2008 and 2009 data sets as well as by differences of the beam momenta and the amount
of event overlap, leading to differences of the acceptance corrections that can vary depending
on cos 19“CMS. These acceptance corrections were not considered for the numbers presented
here.
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Figure 6.43.: Fit of Monte Carlo simulations to the 2008 data set for the angular
range —0.4 < cos ﬂT?MS < —0.2. Only the five reactions with the highest contribution to
the fit are illustrated in detail (see color code, upper left). Upper right: invariant mass
of two oppositely charged and two neutral CD particles. Middle left: invariant mass of
two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. The charged CD particles were treated as electron and positron candidates. All
data samples were preselected with the conditions described in chapter 6.5.
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6.6. Data description with Monte Carlo simulations

Invariant mass of efe yy

For the signal decay 11 — 7 + et + e~ the invariant mass of the electron, positron,
and two photons is equal to the n mass m, = (547.862 4 0.017) MeV ¢=2 [PT16].
However, the width of an observed signal peak is limited by the resolution of the
central detector. In case of the decay 1 — 7+ + 7~ +n°, which fulfills the signature
conditions as well, a peak at a lower mass is expected in the invariant mass of the
electron-positron pair candidate and the two neutral particles. This peak is clearly
visible in the upper right of figure 6.43 (blue histogram). Other reactions with a

different signature show no clear peak in the invariant mass of ete yy.

Invariant mass of yy

The second quantity used for the Monte Carlo fit is the invariant mass of two
photons. For reactions and decays involving a 7 meson a peak at the 7° mass
myo = (134.9766 + 0.0006) MeV ¢~2 is observed in the invariant mass spectrum of
two photons, as (98.823 £ 0.034) % of the 7° mesons decay to two photons [P*16]
(see figure 6.43, middle left, blue, orange, magenta and green histogram). Reactions
and decays not involving a 7 meson contribute to a continuous background below
the ¥ peak. Because of the preselection no further peak is expected in this invariant

mass spectrum (see chapter 6.5).

Invariant mass of ete™

The invariant mass of a pair of electron-positron candidates detected in the CD
is an important quantity to distinguish between the different models of the decay
N — m'+et+e” (see chapter 6.3.1). Furthermore, it allows for a separation between
various background reaction channels. For instance, reactions with a Dalitz decay
like T — e™ 4+ e~ 4y or reactions with an electron-positron pair originating from
conversion tend to have low values for the invariant mass of eTe™ (see figure 6.43,
middle right, magenta and green histogram), whereas reactions with charged pions
tend to higher invariant masses (blue, light blue and orange histogram). Moreover,
the shape of the distributions differ between the various reactions with charged

pions involved.

191



6. Analysis with regard to the n meson decay n — 7% 4 et + e~

Smallest invariant mass of ey

As the fourth quantity utilized for the data description the invariant mass of
one charged and one neutral particle detected in the CD was chosen. Only the
smallest invariant mass of the four possible combinations is used. Similar to
the other quantities the charged particle was treated as an electron or positron.
Although the invariant mass distributions of ey show only minor differences for
the various reactions, these variations are sufficient to further distinguish these

reaction channels (see figure 6.43, lower left).

Squared missing mass of 3Heete™

Because of energy and momentum conservation the squared missing mass of the *He
nucleus, the electron, and the positron peaks at the squared 7 mass for the signal
decay 1 — ©° + et + e, In case of the direct wHm~7® production and the decay
n — nt + 7 + 7, a peak at a higher mass is visible due to the mass difference
between a charged pion and an electron for pions that were misidentified as an
electron and a positron (see figure 6.43, lower right, blue and orange histogram).
The direct two-pion production p +d — 3He+ 7" 4+ 7~ only has the *He nucleus
and two charged pions in the final state. Hence, the squared missing mass of these
three particles is expected to peak at zero. Due to the mass differences of electrons
and charged pions, a peak at a higher squared mass is visible (see figure 6.43,
lower right, light blue histogram). For the direct 77t production and the n decay
N — n°+ 7’ 4+ 7¥ continuous distributions are observed (see figure 6.43, lower right,

green and magenta histogram).

A combination of the above mentioned spectra can be utilized for a fit of the
preselected data with a cocktail of Monte Carlo simulations. Since no exact
signature was required for the preselection, n¢omp > 1 combinations fulfilling the
signature conditions are possible for each event with additional particles. Therefore,
for data as well as simulations each entry in a histogram from a combination of four
particles of an event, which was not rejected by the preselection, was weighted by
the inverse number of possible combinations of this event (1/n¢omp), which passed
the preselection. In this way the sum of all entries per one event in a histogram is

always equal to unity.
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6.6. Data description with Monte Carlo simulations

§ 400 5_ data sample 2008
2 350 —— MC:n - 1" 7 7
0 - . 0 0 0
S 300F MC:n > nnln
~ -~ MC:direct n° n
E 250 MC: direct n* 7
= 200 MC: direct n* " n°
- — MCfit
150
100
50
I S ﬁ'7“1‘wwmw

046 048 05 052 054 056 058 0.6
missing mass *He / (GeV/c?)

Figure 6.44.: Missing mass of 3He for the angular range —0.4 < cos ﬂT?MS < —0.2 for
the 2008 data set fitted by Monte Carlo simulations. Only the five reactions with the
highest contribution to the fit are illustrated in detail (see color code).

Histograms of the five quantities were created for data and simulations for eight
angular bins in the range —0.6 < cos 19”0MS < 1. All 40 data histograms were fitted
by simulations at the same time. This was done separately for the 2008 and the
2009 data set. As the branching ratios of the most common 1n meson decays are
well known, these were used as constraints for the fit respecting their uncertainties
according to [PT16]. Furthermore, the numbers of p +d — 3He + n events as
extracted in chapter 6.6.1 were used as constraints respecting their determined
uncertainties. While the branching ratios of the 1 meson decays are independent of

19ncMS and, thus, global parameters were used for them, the parameters for the

cos
direct pion productions were determined for each angular range, since their angular
distributions are unknown.

In chapter 6.3 it was discussed that events can overlap. Thus, a Monte Carlo
sample was created with regard to event overlap. The ratio of pure events and
events overlapping with particles from another event is unknown and was hence
left as a free parameter of the fit. However, this ratio is independent of the angular
range and must be varied as one global factor.

Figure 6.43 illustrates the five histograms for the angular range —0.4 <

cos ﬁ]?MS < —0.2 for the 2008 data set fitted by Monte Carlo simulations (black
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6. Analysis with regard to the n meson decay n — 7% 4 et + e~

and red histograms). In addition, the contributions of the two n decay channels
n - a+n +71° and n — 7+ 7° + 7 as well as of the direct pion
production reactions p +d — 3He + i + 7%, p+d — 3He + " + 7, and
p+d — 3He + " + 1 + n¥ are presented (blue, green, magenta, light blue
and orange histograms). The corresponding figures for the other seven angular
bins and for the 2009 data set can be found in appendix B.2. It is visible that the
combined cocktail of Monte Carlo simulations and simulations with event overlap
leads to a good description of the data histograms. This can also be seen in the
3He missing mass spectra, which were not used for the Monte Carlo fit, but only
for the determination of the numbers of produced n mesons (see figure 6.44 and
appendix B.2). The minor differences in the fit and the data can be explained by
the uncertainties of the calibration of the detector elements.

The contributions of the different reactions to the data after preselection
according to the fits by Monte Carlo simulations are listed in tables 6.10 and 6.11
for the 2008 and the 2009 data set, respectively. It is worthwhile to mention that the
extracted contribution of the direct 7® production corresponds to a total cross
section that is about four to five times larger than the p4+d — *He+n cross section
at the same beam energy if the reconstruction efficiencies according to Monte Carlo
simulations are considered. This factor is compatible with the total cross section of
the reaction p+d — *He+7+7" as determined by E. Pérez del Rio [Pé14b, A*15¢].
The largest deviation is seen for the angular range 0.8 < cos 19“CMS < 1 where
according to the Monte Carlo fit no contribution of the direct m°7° production is
seen in the 2008 data set. The mean value of the above mentioned factor over all
angular bins and both data sets except for the mentioned range of the 2008 data
set equals 4.7 £ 0.5.1° For a discussion of the deviations, especially in the angular
range 0.8 < cos 19T]CMS < 1 for the 2008 data set, see chapter 7.1.2.

The numbers of reconstructed p +d — 3He 4+ 7" + 7~ reactions determined
after preselection would suggest a cross section for this reaction which is up to
200 times larger than the cross section of p +d — *He + 1. This is an order
of magnitude larger than expected!!. This discrepancy can be explained by the
differences of the signature required in the preselection and the signature of the

reaction p +d — 3He + " + 7t=. Only events of this reaction channel with

For a determination of the mean value the factors extracted for each angular range were
weighted by the number of events in data without an 1 meson produced.

HFor a rough estimate the cross section of p +d — 3He +7t° + 7* as determined by E. Pérez del
Rio was multiplied by an isospin factor of two [Pé14b, AT 15c].
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6.6. Data description with Monte Carlo simulations

Table 6.10.: Numbers of events of the different reactions in the 2008 data set after
preselection according to the fit by Monte Carlo simulations with their statistical

uncertainties.

1 decay channel Number of events
n—y+y 15 *33
n— 4+ n 3647 £ 88
n—m+y+y 1.8 *13
n—ont+m1 + (1 = v+vy) 79029 4409
n—on+mn + (1 s et+e +7v) 148 +18
n—nt+mn 4y 335  +27
n—ef+e +y 15 8
n—pt+u 4y 0.08* 557
n—et+e +et+e 0.07 358
N—ont+mn +et +e” 2.8 151
Reaction channel Number of events
p+d—3He+n 0
p+d—3He+n+n° 18866 4+ 199
p+d—3He+ 7"+ 70 + 7 1796  +£62
p+d—3He+n® +7n +7n° + 7O 0
p+d—3He+nt +m 31708 +258
p+d—3He+n" + 7 +7° 44989 £ 308
p+d—3He+n"+7mn +7° + 7 0
p+d—=3He+nt 4+ +7mt + 7 0
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6. Analysis with regard to the n meson decay n — 7% 4 et + e~

Table 6.11.: Numbers of events of the different reactions in the 2009 data set after
preselection according to the fit by Monte Carlo simulations with their statistical
uncertainties.

1 decay channel Number of events
n—v+vy 32 33
n—n 4+ +n° 6819  £117
n—-m+y+y 3.3 133
n—ont+1 + (1 —=v+7y) 142303 4537
n—on"+m1 + (1 —=et+e +7vy) 303 +25
n—mnt4+m +y 635 £36
n—et+e +vy 31 T
n—u e +y 0.17*53
n—et+e +et +e” 0.12 +218
n—ont+m +et +e 57 133
Reaction channel Number of events
p+d—3He+n 0

p+d—3He+n’+n° 41564 4291
p+d—3He+ 7 + 7m0+ nO 02 *2%
p+d—3He+ 7"+ 70+ 70 + 70 0

p+d—3He+nt +m 63769 4+ 360
p+d—3He+7n" +7 + 7 85000 4416
p+d—3He+nt +m +7 + 70 0

p+d—=3He+nt +n +7t + 7 0
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two additional, misidentified photons can fulfill the signature requirements leaving
only a very small amount of 77t~ production events according to simulations
and, hence, leading to a very small reconstruction efficiency. Furthermore, the
preselection conditions described in chapter 6.5 reduce the efficiency even more.
The amount of reconstructed events heavily depends on the knowledge of the
probability of split-off reactions with properties not common for these kinds of
events. The properties of such special reactions within the WASA detector are only
known with large uncertainties. Nevertheless, if no events from the direct 77t
production remain after applying all selection conditions according to Monte Carlo
simulations, there is no systematic effect in case of an upper limit determination
for the branching ratio of the decay 1 — e™ + e~ + 7t° (see chapter 7).

According to the Monte Carlo fits, the n meson decays contributing most to
the data aren — nt + = + 7 with n® - vy +v, n — n® + n® + %, and
n — 7" + 7w + 7. The highest contributions from the direct pion production are
the reactions p + d — 3He + " + 1~ + i with the same signature as the signal
decay and p +d — 3He + " + 7 as well as p +d — 3He + ni° + i° because of
their very high cross sections. When comparing the components of the 2008 data
set and those of the 2009 data set, the factor between the event numbers of one
reaction is about two for the n decays and these three pion production reactions.
Smaller deviations of this factor from two can be explained by the different amount
of event overlap during the two beam times: According to the fit, 61.7759 % of the
events in the 2008 data set have contributions from event overlap, whereas this
value is 71.4708% for the 2009 data set'?. The largest deviations are seen for
the direct m°7nt® production. While 0.2725 events are seen in the 2009 data set,
(1796 £ 62) events contribute to the 2008 data set according to the fit by Monte
Carlo simulations. A discussion of the systematic uncertainties of the extracted

contributions will be presented in chapter 7.1.2 in detail.

6.7. Selection conditions and optimization

In this chapter selection conditions for the reaction p+d — 3He +1 and the decay
N — (1 -y +v)+e" + e will be presented. These will be applied after the
preselection conditions described in chapter 6.5.

The identification of the signal reaction is based on the following quantities:

12For the determination of the quoted uncertainties see chapter 7.1.2.
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Figure 6.45.: Energy loss of charged particles in the SEC plotted against their
momentum times charge for the simulated decays 1 — 7° 4+ et + e~ (left) and
N — " + 7 + 7 (right). Both samples were preselected with the conditions presented
in chapter 6.5. The selection conditions utilized in the analysis are illustrated by the red
solid lines, whereas the red dashed lines indicate the cuts used during optimization of the
other selection conditions (see chapter 6.7.1).

e The 3He missing mass (mx) to select the reaction p +d — 3He + 1,

e the invariant mass of two photons, a positron, and an electron candidate

(Meeyy) to identify the decay n — (m° =y +v) +et +e7,
e the invariant mass of two photons (m,,) to ascertain the decay ™y 4y,
e the invariant mass of an electron and a positron candidate (mee),

e the x? probability of the kinematic fit with the hypothesis p + d — 3He +
et +e” +v+vy (prob.), and

e the energy loss of the charged decay particles in the calorimeter (Egg)c) and
the corresponding reconstructed momentum (p) utilized for the discrimina-

tion of electrons, positrons, and charged pions (particle identification, PID).

While the selection conditions for mx, Meeyy, My, Mee, and prob. were optimized
with a software as described in chapter 6.7.1, those for the PID had been determined

beforehand!3.

13Please note that all Monte Carlo plots presented here and in the following chapters were created
with smearing settings obtained for an optimal agreement with the 2008 data set and without
event overlap, if not stated otherwise. The corresponding plots for the 2009 data set and for
simulations that include event overlap, respectively, show only minor differences. Hence, the
presented plots for MC are sufficient for a valuation of the illustrated conditions.
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6.7. Selection conditions and optimization

As already discussed in chapter 6.5.3, an enhancement at low energy losses in the
SEC and high momenta was observed in Monte Carlo simulations for the reaction
p+d — 3He+7m" +7~ if at least one positively charged, one negatively charged and
two neutral particles detected in the CD were requested. Such an enhancement was
not seen in data. Because of these deviations between simulations and measured

data, charged particles with momenta above 0.25 GeV ¢~*

were rejected. In order
to avoid systematic effects due to remaining pions of this reaction with momenta
below this value, the selection conditions for the PID were chosen manually. In
figure 6.45, showing the energy loss in the SEC of a charged particle plotted against
its momentum times charge for the simulated decays n — 7° + e + e~ (left) and
n — " + 7 + ©° (right), these conditions are illustrated by red solid lines. All
charged particles above the upper and below the lower cut line were rejected for

the analysis. These are particles with:

E50¢ > 1.200¢- p+ 0.010 GeV or (6.17)
Egg)c < 0.996 ¢ - p — 0.044 GeV if negatively charged, and (6.18)
E50¢ >1.220¢- p+ 0.015GeV or (6.19)
Egg)c < 0.980¢-p— 0.038 GeV if positively charged, respectively. (6.20)

The chosen conditions are stricter than conditions obtained by an optimization
algorithm to ascertain that after application of all cuts ideally no charged pions
remain. For the optimization of the other selection conditions looser requirements
were utilized, illustrated by the red dashed lines in figure 6.45. In detail, the upper
cut lines were shifted by +5 MeV, while the lower cut lines were shifted by —5 MeV
(see chapter 6.7.1).

6.7.1. Optimization procedure

The selection conditions for mx, Meeyy, Myy, Mee, and prob. were determined with
the aid of an optimization algorithm. First ideas of an optimization algorithm
with respect to the decay n — 7° + e™ + e~ were discussed in a former diploma
thesis [Ber09], and a first version was utilized in the analysis of the 2008 data
set by A. Winnemoller [Winll1]. The algorithm is purely based on Monte Carlo
simulations, which were preselected with the conditions presented in chapter 6.5.
In order to avoid a systematic bias of the result, only 40 % of the events of the

simulated background reactions were utilized for the optimization, whereas the
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6. Analysis with regard to the n meson decay n — 7% 4 et + e~

other 60 % were used to determine the efficiency of the found cuts'. In case of
the direct '7t° production, additional 6 x 10® events were simulated and analyzed
for the efficiency determination, as this reaction is the main contributor to the
remaining events after applying all cuts (see chapter 7).

The cut optimization algorithm is based on the relative amount of events Sy =
N§U /NE™ of the decay n — 0+et+e™ remaining after all cuts (N$™) in relation to
the number of events after preselection (N§™) and the relative amount of events
Br = N§™/NE® from all background reactions remaining after all cuts (Ng§").
For the latter the number of events in data after preselection according to the
Monte Carlo fit presented in chapter 6.6 are used as reference (N5°). In order to
determine the optimum selection conditions, the signal-to-background ratio must
be maximized, while at the same time as many signal events as possible should
remain. This condition can be tested for each set of cuts by the evaluation function

G =S f;; . (6.21)
In case of an observation of the decay of interest, a maximization of this function

leads to an optimal significance

Ns
vV NB

with the number of observed signal events Ng and the number of observed

S = (6.22)

background events Ng.

In [Winll] the optimization was realized with a software that varied only one
cut at once to find the maximum of G, while the other cuts were fixed. This process
was performed for all cut variables. As the individual cuts change the shape of the
distributions of the other quantities used for the event selection, the procedure was
repeated until conversion was reached.

The maximization algorithm utilized in this thesis is based on the minimization
tool Minuit available in the ROOT framework [BR9I7]. It allows to optimize all
selection conditions at the same time. Together with a storage of the quantities
of interest in a binary file format the performance of this algorithm is higher by
orders of magnitude compared to the software used in [Winll]. Instead of about
two weeks for five to six iterations, the algorithm requires less than one hour with

over 1000 iteration steps.

14See chapter 6.3 for the list of simulated reactions.
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Figure 6.46.: x? probability of the kinematic fit with the hypothesis p +d — 3He +
et +e” +v + vy for the simulated decay n — (n° — vy +7v) + et + e~. The minimum
probability of 0.05 requested in the cut optimization is indicated by the red dashed line.
The sample was preselected with the conditions presented in chapter 6.5.

Due to the higher statistics of the Monte Carlo simulation pool compared to the
measured data, it is not reasonable to optimize the selection conditions until an
absolute minimum of background events remain according to simulations. Instead,
all combinations of selection conditions with a total amount of less than 0.2 events
after all cuts according to the scaled Monte Carlo simulations were treated as
if 0.2events from all background reactions remained. Note that the limit for the
precision of the cut optimization algorithm can be set to different values between
zero and one event. Here 0.2 events was chosen as a limit, as 0.2 events equal one to
four unscaled events'® of the simulated reaction p+d — 3He+n° +7°, which is the
main background for the analysis with regard to the decay n — 7° +e* + e~ (see
chapter 7). A value equaling less than one such unscaled Monte Carlo event is not
reasonable for the limit of the precision of the optimization algorithm. However, it
should be noted that limits for the precision in the range of 0.1 events to 0.5 events

were found to lead to identical selection conditions.

150.2 events equal one event for simulations of the reaction p +d — 3He + 7¥ + 7¥ with event
overlap scaled to the 2009 data set, whereas 0.2 events equal four events for simulations of the
reaction p +d — 3He + 7t° + nt® without event overlap scaled to the 2008 data set.
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For the optimization process the selection conditions for the various quantities
were limited to reasonable ranges. In case of the y? probability of the kinematic fit
with the hypothesis p+d — *He +et 4+ e~ 4+ v +7y, a minimum probability of 0.05
was requested (see figure 6.46). This value is lower than a typical cut value of 0.1 as
used in [Cod12], for example, but rejects events of the reaction p+d — 3He+mn with
the decay n — (1° — v +7v) +e" +e~ that were reconstructed with four-momenta
deviating significantly from the generated values.

It is important to note that the kinematic fit utilized for the presented analysis
is purely based on kinematics without further constraints on the reaction particles.
The error parametrization necessary for the kinematic fit was performed as part
of the common base class PDEtaAnalysisBase by other members of the task force
analyzing the data collected in 2008 and 2009 [BCHW17] and, hence, will not be
discussed here. Further details about kinematic fits are given in chapter 2.6.

After applying a preliminary cut for the y? probability of the kinematic fit at
0.05, limits for the selection conditions of the other quantities used in the analysis
were defined. For this purpose the corresponding histograms of the simulated
signal decay n — 7° + et + e~ were fitted by Gaussian distributions, and the
maximum selection ranges allowed for the cut optimization were limited to the
+3.30 environment of the Gaussian distribution. This equals about 99.9% of the
events. Figure 6.47 illustrates the distributions for the *He missing mass (upper left
figure), the invariant mass of two photons and an electron-positron pair candidate
(upper right figure), and the invariant mass of two photons (lower figure) fitted by
Gaussian distributions (red solid curves). The related maximum selection ranges

are indicated by red dashed lines and correspond to:

0.539GeVc 2 <mx <0.557GeVe?, (6.23)
0.461 GeV ¢ 2 < Migeyy < 0.646 GeV ¢ ™2, and (6.24)
0.092GeVc? <m,, <0.185GeVc 2. (6.25)

For the invariant mass of an electron-positron pair candidate only a minimum
mass is requested in the later analysis (see chapter 6.7.2). As the distribution of
the signal decay n — m° +e™ + e~ starts at 0 GeV ¢~2, no further restrictions were
implemented into the cut optimization algorithm. This is the case both for a decay
according to three-particle phase space and for a decay via a virtual photon (see

figure 6.48, orange shadowed and black lined histogram, respectively).
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Figure 6.47.: 3He missing mass (upper left), invariant mass of two photons and an
electron-positron pair candidate (upper right), and invariant mass of two photons (lower
figure) for the simulated reaction p+d — *He+n withn — (n° — v +v) +e" +e~. The
spectra were fitted by a Gaussian distribution (red solid curves), and the corresponding
+3.30 environments of the Gaussians are illustrated by red dashed lines. The sample was
preselected with the conditions presented in chapter 6.5, and a minimum y? probability
of 0.05 for the kinematic fit was requested.
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Figure 6.48.: Invariant mass of an electron-positron pair candidate for the simulated
decay 1 — 70 + et + e~ assuming a decay according to three-particle phase space
(shadowed in orange) and a decay via a virtual photon (black line). The samples were
preselected with the conditions presented in chapter 6.5, and a minimum y? probability
of 0.05 for the kinematic fit was requested. The distribution for a decay via a virtual
photon has been arbitrarily scaled to the other distribution.
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Table 6.12.: Selection conditions for the analysis with regard to the decay n —
(7[0 —vY+7v) +et + e, assuming a decay according to three-particle phase space and
for a decay via a virtual photon.

3He missing mass (mx) 0.5414GeV e 2 <mx < 0.5561 GeV ¢ 2
Invariant mass of ete Yy (Meeyy) 0.507 GeV ¢ 2 < Meeyy < 0.646 GeV ¢
Invariant mass of yy (myy) 0.0923 GeV e 2 <my, <0.1574GeV ¢ ?
Invariant mass of ete™ (M) Mee > 0.096 GeV ¢ 2
x? probability of kinematic fit (prob.) prob. > 0.05

Particle identification of
electron candidate 0.996 ¢ - p — 0.044 GeV < E5EC < 1.200¢ - p + 0.010 GeV

P

positron candidate 0.980c¢-p — 0.038 GeV < E5EC < 1.220c¢ - p + 0.015 GeV

P

As already discussed at the beginning of chapter 6.7, the selection conditions for
the electron and positron identification were fixed in the cut optimization software.
The obtained selection conditions for all quantities will be presented and discussed

in the following chapter 6.7.2.

6.7.2. Selection conditions

The optimization of the selection conditions described in chapter 6.7.1 was
performed separately for a signal decay 1 — 7° + e* + e~ assuming a decay
according to three-particle phase space and for a decay via a virtual photon. For
both cases the same set of selection conditions was found to have the best value for
the evaluation function G = Sy - g—‘;. These conditions are listed together with the
manually chosen selection conditions for the PID in table 6.12 and will be discussed
in the following.

In figure 6.49 the 3He missing mass is plotted for the simulated reaction p +d —
3He + 1 with 1 — 7® + e™ + e~ (upper left), the simulated reaction p + d —
3He + n° + 7° (upper right), and for the 2008 and 2009 data sets (lower left and
lower right, respectively). The range selected for the analysis is indicated by red cut
lines. While the majority of events from the reaction p +d — 3He 41 remain after
application of the selection condition, most events from the direct pion production
are rejected.

A cut on the invariant mass of two photons and an electron-positron pair

candidate allows to reduce the contributions from the decay n — wt + 7 +
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Figure 6.49.: *He missing mass for the simulated reaction p + d — 2He 4+ n with
n — m° + et + e~ (upper left), the simulated reaction p +d — 3He + n® + n® (upper

right), and for the 2008 and 2009 data sets (lower left and lower right, respectively). Only
events within the red lines are accepted in the analysis. All presented data samples were

preselected with the conditions given in chapter 6.5.
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Figure 6.50.: Invariant mass of two photons and an electron-positron pair candidate
for the simulated decays 1 — (n° — v +7v) + et + e~ (upper left) and n — nt + 71~ +
(1 — v +7v) (upper right), as well as for the 2008 and 2009 data sets (lower left and
lower right, respectively). Only events within the red lines are accepted in the analysis.
All presented data samples were preselected with the conditions given in chapter 6.5.
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Figure 6.51.: Invariant mass of two photons for the simulated decay n — 7° + et + e~
(upper left), the simulated reaction p 4+d — *He + 7t + 7t~ (upper right), and the 2008
and 2009 data sets (lower left and lower right, respectively). Only events within the red
lines are accepted in the analysis. All presented data samples were preselected with the
conditions given in chapter 6.5.

(" — vy +7vy) to the data, whereas most events from the signal decay m —
(1 = v +7v) + e +e remain (see figure 6.50, upper right and upper left). Due
to the difference between the charged pion and electron mass, the invariant mass
distribution peaks at a lower mass than the n mass for the background decay. This
peak is visible in the 2008 and 2009 data sets, as well (see figure 6.50, lower left
and lower right, respectively).

In order to identify the decay m° — v + v and to reduce the contributions from
reactions without a produced 7t°, a cut on the invariant mass of two photons around
the 7° mass myo = (134.9766 £ 0.0006) MeV ¢~2 is applied [PT16]. As illustrated
in figure 6.51, most events with a produced 7 meson remain after application of

the found selection conditions indicated by the red lines.
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Figure 6.52.: Invariant mass of an electron-positron pair candidate for the simulated
decay n — m +et +e~ via a virtual photon (upper left) and assuming a decay according
to three-particle phase space (upper right), the simulated reaction p +d — *He 4+ n® +m°
(middle), and the 2008 and 2009 data sets (lower left and lower right, respectively).
Events with an invariant mass below the mass indicated by the red line are rejected in
the analysis. The presented data samples were preselected with the conditions given in
chapter 6.5.

209



6. Analysis with regard to the n meson decay n — 7% 4 et + e~

D E D 6
g g 10
S | S 10°
S0 < 10*
s | < 103
3) ) g
s | 2 10
2 e
w0
0 02 04 06 038 1 0O 02 04 06 038 1
kinematic fit probability kinematic fit probability
2 10°) 2 10°,
Q d ] :
S 10°- S 10
%1&% %1&§
S0 S0
2 i ) i
% 10* % 10*
1= 1
0 02 04 06 08 1 0 02 04 06 08 1
kinematic fit probability kinematic fit probability

Figure 6.53.: x? probability of the kinematic fit with the hypothesis p +d — 3He +
et + e~ +7v + v for the simulated decays 1 — (m° — v +7v) +e" + e~ (upper left) and
n—7n" +n + (7’ =y +7) (upper right), and for the 2008 and 2009 data sets (lower
left and lower right, respectively). The minimum probability of 0.05 requested in the
analysis is indicated by the red line. All samples were preselected with the conditions
presented in chapter 6.5.

Figure 6.52 illustrates the distribution of the invariant mass of an electron-
positron pair candidate. Both for the simulated decay n — 7’ +e* +e~ via a virtual
photon (upper left) and assuming a decay according to three-particle phase space
(upper right), the majority of events has an invariant mass above 0.096 GeV ¢ 2,
whereas the distribution of the simulated reaction p +d — 3He + i° + i° peaks
close to 0GeV ¢™? (middle figure). Hence, the cut at a minimum invariant mass
of 0.096 GeV ¢~2 rejects most events from this background reaction, which is also
visible in data (lower left and lower right figure). The enhancement at higher masses
originates from reactions with charged pions (see chapter 6.6.2).

According to the cut optimization algorithm, a minimum y? probability of the

kinematic fit of 0.05 in combination with the other selection conditions is sufficient
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Figure 6.54.: Energy loss of charged particles in the SEC plotted against their
momentum times charge for the simulated decays n — 7 + et + e~ (upper left) and
n — mt + 7 + 7 (upper right) as well as for the 2008 and 2009 data sets (lower left
and lower right, respectively) in linear scale. All data samples were preselected with the
conditions presented in chapter 6.5. The selection conditions utilized in the analysis are
illustrated by the red lines.

to suppress most background reactions. In figure 6.53 the according distributions
are presented for the simulated decays 1 — (1 — vy +7vy) +e™ + e~ (upper left
figure) and n — 7t + 7 + (7 — vy +v) (upper right figure), and for the 2008
and 2009 data sets (lower left and lower right figure, respectively). While for the
signal decay the probability distribution is flat for higher probabilities, a continuous
decrease of the distribution can be observed for the data recorded in 2008 and 2009,
as expected from background reactions.

The last condition utilized in the analysis with regard to the decay n — 7 +
et + e is the cut for the electron and positron identification. It is based on the
energy loss of the charged particles in the SEC and their momentum and shown

in figure 6.54. The chosen selection conditions, indicated by the red lines, allow to
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reduce the contributions from reactions with charged pions to the data, whereas

the majority of events from reactions with electrons and positrons remain after the

selection conditions are applied.
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7. Results and systematics of the
analysis of the 1 meson decay
nomdtet +e”

After the optimal selection conditions were determined (see chapter 6.7), they were
applied both to the measured data and a Monte Carlo test sample. This test sample
consisted of 60 % of all simulated background reactions listed in tables 6.2 and 6.3,
whereas the optimization was based on the other 40%. In case of the reaction
p+d — 3He + n® + n¥, additional 6 x 10® events were simulated and analyzed to
further reduce the statistical uncertainty for this background reaction.

In table 7.1 the numbers of events remaining for the 2008 and 2009 data sets are
compared to the numbers of events expected according to Monte Carlo simulations.
In total three events of the data pass the preselection and selection conditions
described in chapters 6.5 and 6.7.2, and the expected number of background events
is 1.988 events'. These about two events originate from the direct °7° production,
whereas contributions from other reactions can be neglected (see table 7.1, lower
part). As this number is compatible with the three events seen in data, there is no
observation of the decay n — 7 + et + e~ and, hence, no branching ratio for this
decay will be determined, but an upper limit for the branching ratio.

Figure 7.1 illustrates the distributions of the quantities utilized for the event
selection for the remaining events. The data are shown in black, and the Monte
Carlo events, scaled according to the fit described in chapter 6.6.2, are presented
in red. In addition, the selection conditions from table 6.12 are indicated by the
blue dashed lines.

For comparison the missing mass, invariant mass and kinematic fit probabil-
ity distributions of the remaining events for the simulated signal decay n —

(1 =y +7v) + e + e are shown in figure 7.2, both for a decay via a virtual

!The statistical and systematic uncertainties of this number are determined in chapter 7.1.2.
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7. Results and systematics of the analysis of the n meson decay n — 7%+ et + e~

Table 7.1.: Numbers of events remaining after applying the preselection and selection
conditions given in chapters 6.5 and 6.7.2. In the lower part of the table simulated
reactions with more than zero events left are listed in detail. The numbers for the
simulated reactions were scaled to the data according to the fit given in chapter 6.6.2.
The statistical and systematic uncertainties of the numbers of remaining Monte Carlo
events are discussed in chapter 7.1.2.

Number of events

Beam time 2008 2009 total
Data 1 2 3
Monte Carlo 0.755 1.233 1.988
pure 0.470 0.703 1.173
with event overlap 0.285 0.530 0.815
Direct 7 production 0.755 1.232 1.987
pure 0.470 0.702 1.172
with event overlap 0.285 0.530 0.815
n—et+e +et+e 228 x107* 344 x107* 572 x107*
pure 54 x107° 32 x10® 86 x107°
with event overlap  1.74 x107% 3.12 x107* 4.86 x 10™*
n—-m+vy+y 3.37 x107* 4.68 x107* 8.05 x 107*
pure 3.37 x107* 468 x107* 8.05 x107*
with event overlap 0 0 0
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Figure 7.1.: Distributions of the different selection quantities for the measured data
and Monte Carlo simulations, scaled according to the fit described in chapter 6.6.2, after
application of the preselection and selection conditions given in chapters 6.5 and 6.7.2
(black and red histograms, respectively). The selection conditions are illustrated by blue
dashed lines. Upper left: 3He missing mass. Upper right: invariant mass of two oppositely
charged and two neutral CD particles. Middle left: invariant mass of two neutral CD
particles. Middle right: invariant mass of two oppositely charged CD particles. Lower
left: x2 probability of the kinematic fit. Lower right: Energy loss of charged particles in
the SEC plotted against their momentum times charge.
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Figure 7.2.: Distributions of different selection quantities for the simulated decay n —
(7'[0 —vY+7v)+et +e assuming a decay via a virtual photon (black) and according to
three-particle phase space (shadowed in orange, scaled to the former) after application
of the preselection and selection conditions given in chapters 6.5 and 6.7.2. The selection
conditions are illustrated by blue dashed lines. Upper left: *He missing mass. Upper
right: invariant mass of two oppositely charged and two neutral CD particles. Middle
left: invariant mass of two neutral CD particles. Middle right: invariant mass of two
oppositely charged CD particles. Lower: x? probability of the kinematic fit.
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Figure 7.3.: Energy loss of charged particles in the SEC plotted against their momentum
times charge for the simulated decay n — (7 — vy +7v)+eT +e~ for a decay via a virtual
photon (left) and according to three-particle phase space (right) after application of the
preselection and selection conditions given in chapters 6.5 and 6.7.2. The histograms are
presented in linear scale.

photon (black histograms) and for a decay according to three-particle phase space
(histograms shadowed in orange). The histograms utilized for the PID for both
decay models are presented in figure 7.3. For most quantities the distributions do
not differ for the two decay models. The invariant mass of the electron-positron
pair is an exception, as expected by the different models (see chapter 6.3.1). The
difference in this distribution leads to a higher efficiency for the decay via one
virtual photon of

egrtual — (0,023 31(7) (7.1)

compared to
R — ().018 44(7) (7.2)

for the decay according to three-particle phase space for the analyzed angular range
—0.6 < cos¥yg < 1.0. The given uncertainties are purely statistical.

In order to calculate an upper limit for the branching ratio of the decay n —
¥ +et +e7, the decay 1 — 7" + = + 7¥ is used for normalization. According to
the MC fits presented in chapter 6.6.2, there are (79 029 £ 409) events of the decay
n— 7 +7 +(n° — vy +7y) in the 2008 data set after preselection for the angular
range —0.6 < cos ¥y < 1.0 and (142303 & 537) events in the 2009 data set. A

detailed list of the numbers of observed events of this decay channel for the various
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angular ranges can be found in appendix B.3, tables B.1 and B.2, together with
the individual efficiencies eg. According to these numbers, in total
NPt o = (6.509 £ 0.018) x 10° (7.3)
1 mesons were produced in the 2008 and 2009 beam time that decayed via n —
it + 7 + (1 =y +7y) with —0.6 < cos Iy < 1.0.
For a proper determination of an upper limit the systematic uncertainties of the

presented measurements and analyses have to be taken into account. This will be

done in the following chapter 7.1.

7.1. Investigation of systematic effects

As discussed in chapter 2.8 the upper limit for the relative branching ratio

I'm=7n’4+et+e7)/T(n— " +7 +nY) can be calculated by

Im—=n'+et+e)

I'm—mnt+m +nY)

_ M= (M ovy+y)t+e+e) T —v+7y)

I mt4m + (P —=v+y) (M —=v+7y) (74)
M= (= vy+y)+e +e) _ Ns.up
F(T]—>7T+—|—7T*—|—(7TO _>Y+Y)) Nproduced g

n—mta—no

with the number Nﬁfﬁﬁfﬁiﬂo of produced n mesons decaying vian — 7t + 7 +
(® — v +v), the efficiency for the signal decay eg, and the upper limit for the
number of signal events Ng,,. The upper limit Ng., depends on the number
of events observed in data as well as on the number of events expected for the
background according to simulations. Furthermore, for a proper determination of
the upper limit Vg ,,;, statistical and systematic uncertainties have to be considered.
These can be separated into uncertainties by multiplicative effects, namely an
uncertainty of the signal efficiency and an uncertainty of the number of 1 —
it + 7 + (n° — v +y) events (see chapter 7.1.1), and an uncertainty by offset
effects, which is an uncertainty for the number of events expected from background
reactions (see chapter 7.1.2). In addition, to exclude systematic effects due to the
choice of selection conditions, effects introduced by different conditions will be

investigated (see chapter 7.1.3).
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Figure 7.4.: Left: Residual a%[g — odata depending on cos 1911CMS for the 2008 and 2009

mx
data sets (red triangles and blue inverted triangles, respectively). Right: Residual m, —

myy*" depending on cos 19]1CMS for the 2008 and 2009 data sets (red triangles and blue

inverted triangles, respectively). The horizontal error bars indicate the bin width, whereas
the vertical error bars are statistical uncertainties.

7.1.1. Signal efficiency and number of n — " + 7t + ¥ events

The determination of reconstruction efficiencies depends on the precise knowledge
of the detector resolution, as a different detector resolution can lead to a different
efficiency. In the analysis presented in this thesis the efficiencies were determined
by Monte Carlo simulations. The smearing parameters of these simulations were
optimized to agree with the detector resolutions seen in data (see chapter 6.4). Since
these parameters and the detector resolution can only be determined with a certain
precision, the smearing parameters of the simulations will be varied to identify the
influence on the efficiencies for the signal decay n — (7 =y +7v) +e" + e~ and
the normalization channel 1 — 7™ + 71~ + (¥ — y +y). It is important to note
that the uncertainties of these two efficiencies are not independent and, therefore,

will be investigated simultaneously.

Forward detector smearing parameters

In chapter 6.4.1 the MC smearing parameters for the forward detector were set
to obtain a good agreement of the *He missing mass resolution of the n meson
peak between simulations and data. Nonetheless, there are minor deviations of the
standard deviation o,,, between Monte Carlo and data depending on cos ﬁT]CMS,
illustrated in the left of figure 7.4 for the 2008 and 2009 data sets for the analyzed

angular range —0.6 < cos 19“CMS < 1.0 (red triangles and blue inverted triangles,

as
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Table 7.2.: Monte Carlo smearing parameter sets FDgpear for the forward detector.

FDgnear AE / MeV  AFEwq pe. /| MeV  At,q (2008) Aty (2009)

0 0.00250  0.013 85 0.014 0.010
+ 0.00265  0.014 60 0.015 0.011
— 0.00230  0.012 105 0.013 0.009

respectively). The mean of the residuals are Ao = 0.26 MeV ¢~ for the 2008
data set and Ao = 0.13 MeV ¢~2 for the 2009 data set.

In order to test the systematics introduced by this uncertainty, the smearing
parameters for the FD were varied to achieve a 3He missing mass resolution which is
larger (+) or smaller (—) by Ao, = 0.26 MeV ¢~2. Table 7.2 lists the corresponding
parameters. The FDgear set marked by 0 is the default one and used in the main

analysis.

Central detector smearing parameters

For the central detector the same MC smearing parameters were used for the
2008 and 2009 data sets. A test of these parameters was done by investigating the
standard deviation o,,,, of the 7° meson peak in the distribution of the invariant
mass of two photons. As the difference of 7, ., between the 2008 and the 2009 data
set is larger than the deviation between data and simulations, this is used as the

uncertainty. It is

oo = 18.0MeV ¢
o209 — 16.8 MeV ¢ 2 (7.5)
Myy
= Aoy, = 1.2MeV 2.

Similar to the FD parameters, the CD smearing parameters were varied to obtain
a standard deviation oy, that is larger (4) or smaller (—) by Aoy, = 1.2MeV ¢~
(see table 7.3, left). The CDgypear set marked by 0 is the default one and used in
the main analysis. Unlike for the FD, only the parameter for the average number
of photo-electrons per MeV (p.e. / MeV) was varied, since it is the main smearing

parameter for the central detector.
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Table 7.3.: Left: Monte Carlo smearing parameter sets CDgpear for the central detector.
Right: Monte Carlo scaling parameter sets CDgactor for the central detector.

CDgmear AFE / MeV  AE,y p.e. / MeV CDfactor  Scaling factor

0 0.0005 0.055 0.625 0 1.142
+ 0.0005 0.055 0.494 + 1.150
— 0.0005 0.055 0.816 — 1.134

Central detector scaling factor

Besides parameters for the detector smearing, a scaling factor for the energy loss in
the SEC is used for the Monte Carlo simulations. For the investigation of systematic
effects the 7 meson peak in the invariant mass spectrum of two photons is checked
again. Its position should be constant and independent of cos 19nCMS. In the right
of figure 7.4 the residual my, — myy*"
coS 19T]CMS < 1.0 for the 2008 and 2009 data sets (red triangles and blue inverted

triangles, respectively). Both for the 2008 and the 2009 data set a variance larger

is plotted for the angular range —0.6 <

than the statistical uncertainties was observed. While the mean deviation for the
2008 data is 0.9 MeV ¢~2, it is 0.4 MeV ¢2 for the 2009 data set.

To investigate the systematic effect of this deviation, the scaling factor was varied
to achieve a mean peak position that is larger (+) or smaller (—) by 0.9 MeV ¢~2. In
the right of table 7.3 the corresponding factors are listed. The CDy,ior set marked

by 0 is the default one and used in the main analysis.

Since the systematic effects mentioned above can correlate, all possible combina-
tions of FDgpear; CDgmear, and CDgactor Sets were tested, and the corresponding
signal efficiencies and numbers of events of the decay n — tr + 71 + (1° — v +v)
were determined. These are listed in detail for the decay n — (1" =y +y)+eT+e™
via a virtual photon and for a decay according to three-particle phase space in
tables B.3 and B.4 in appendix B.4. To obtain the systematic uncertainty, the
factor 1/ (eg - Nyoymtn-n0) Was calculated, as well as its relative deviation A, from
the value of the standard set (0 0 0).
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Figure 7.5.: Relative deviation A of the factor 1/ (es - Nyy_yptn-no) for the different
combinations of FDgpear, CDgmear and CDg,ctor Sets from the value for the standard set
(0 0 0) for the decay n — (7‘[0 —Y+7v)+e" +e via a virtual photon and for a decay
according to three-particle phase space (left and right, respectively).

Figure 7.5 shows the corresponding distributions for the signal decay via a virtual
photon and according to three-particle phase space (left and right, respectively).

The relative variance for the decay via a virtual photon is

: 1
Varrtual (6 ) = 0.059, and (7.6)
S

rel
M, n—nta—nl

1
VarPhise < ) = 0.057 (7.7)
£g

el Nn—>7t+7r*710
for a decay according to three-particle phase space. These will be treated as
systematic uncertainties for the upper limit determination.
Number of n — " + 7~ + ¥ events

The number of n — 7" + 7w + 7 events in the 2008 and 2009 data sets
was determined after preselection (see chapter 6.6). To investigate systematics
introduced by the preselection, less strict conditions were utilized instead for

comparison, namely:

e For the energy loss of the neutral particles in the SEC a minimum energy of
10 MeV was requested instead of 20 MeV,

e no conditions for the momenta of the charged CD particles were applied,

e no conversion cut was utilized, and
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Figure 7.6.: Missing mass of 3He for the angular range —0.4 < cos 1911CMS < —0.2 for the
2008 data set. Left: Background fitted by a fourth order polynomial (red curve). The fit
range is indicated by the black points. Right: Peak fitted by a Gaussian distribution after
background subtraction (red curve). The left and right red dashed lines indicate the +30
environment. The data were preselected with the conditions described in this chapter.

e 1o conditions to reduce background from split-off events from charged as well
as from neutral particles were used. This also includes the cut on the invariant

mass of a photon and a charged particle.

For the extraction of the numbers of p +d — 3He + 1 events in the 2008 and
2009 data sets the same procedure as described in chapter 6.6.1 was used: The
background below the 1 meson peak in the *He missing mass distributions was fitted
by a polynomial for eight angular ranges ranging from —0.6 < cos ﬁT?MS < —0.4 to
0.8 < cos 19ncMS < 1.0. For the fit a fourth order polynomial was utilized, as it leads
to a slightly better description than a third order polynomial due to the larger
background (see left of figure 7.6). After the background was subtracted, the peak
was fitted by a Gaussian distribution and all events within the +3¢ environment
were counted (see right of figure 7.6).

In order to correct these numbers for the reconstruction efficiency, Monte Carlo
simulations of the various 11 meson decays were analyzed with the same conditions
and fitted by Gaussian distributions to count the number of events within the +30
environment. These numbers were compared to the generated ones to receive the
reconstruction efficiencies for each decay channel, and the efficiency corrections
were applied to the numbers seen in data according to the branching ratios of
the n decays listed in [P716]. According to this analysis, there were in total
(2.808 £ 0.007) x 10"  mesons produced via the reaction p +d — 3He + 1 in
the angular range —0.6 < cos 19“0MS < 1.0 in the analyzed 2008 and 2009 beam
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Table 7.4.: Unscaled numbers of events for the simulated reaction p+d — 3He+m? +
remaining after applying the preselection and selection conditions given in chapters 6.5
and 6.7.2, and the corresponding confidence intervals according to Poisson statistics.

Monte Carlo 2008 Monte Carlo 2009
pure with overlap pure with overlap
Number of events 14 5 13 4

Poisson interval 10.3 to 18.8 2.8 to 8.4 9.4 to 17.7 2.1to 7.2
(CL = 68.27 %)

times. As the branching ratio for the decay n — n™ + 7~ + n® is (22.92 + 0.28) %
and (98.823 £ 0.034) % for the decay ° — vy +y [P*16], the number of produced
N mesons that decayed vian — 7t + 71~ + (n° — v +y) can be calculated as:

Nproduced,sys _ (636 + OOS) % 106 . (78)

n—mta—no

This number differs by 2.3% from the (6.509 & 0.018) x 10° 1 mesons, as deter-
mined in equation 7.3 at the beginning of chapter 7. Because this difference cannot
be explained by statistical uncertainties and systematic uncertainties of the fitting
procedures alone, it is treated as an additional systematic uncertainty for the upper

limit determination.

7.1.2. Number of remaining p + d — 3He + 7" + 7t” events

As discussed at the beginning of chapter 7, about two events from the direct
'’ production are estimated to remain in data after all preselection and
selection conditions were applied, whereas no significant contributions from other
background reactions are expected. Therefore, in this chapter the uncertainties for
the number of p + d — 3He + 7t° + 7t events will be discussed.

Statistical uncertainty

The first uncertainties that need to be considered originate from the limited
statistics of the Monte Carlo simulations. In table 7.4 the unscaled numbers of
events of the simulated reaction p +d — 3He + t° + 7¥ that pass all cuts are listed

together with the CL = 68.27 % confidence interval according to Poisson statistics.
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7.1. Investigation of systematic effects

In the program used for the upper limit determination the uncertainties due to

Poisson statistics are considered.

Systematic uncertainty

As already mentioned in chapter 6.6.2, there are systematic uncertainties for the
number of p+d — 3He+7’ 47" events in the preselected data sets extracted by the
Monte Carlo fit in addition to the statistical uncertainties. It is important to note
that the fit parameters of the various simulations are correlated. Since these are
several parameters, the uncertainties were not calculated directly, but a different
method was chosen.

After the optimal fit with the best x?., was found for a given angular range,
the scaling parameter for the m°n® production was fixed to a slightly different
value than the optimal one. Afterwards the optimization of the fit was repeated to
determine a new minimal ngs. This was done separately for all angular ranges for

various values of the 7" fit parameter. All fit parameters with

Xzys - Xlzoest < 1 (79)

were considered for the determination of the systematic uncertainty. The maximal
deviations of the numbers N'3°, calculated using these parameters from the
numbers N0 determined with the optimal fit parameters are defined as the
positive and negative fit uncertainty A Ng.

Tables 7.5 and 7.6 list the resulting fit uncertainties ANg; for the extracted
numbers of events Npono for the reaction p +d — *He + n° 4+ 7 depending on
cos ﬁT]CMS for the 2008 and 2009 data sets. In case this uncertainty was larger than

the corresponding statistical uncertainty ANg., the systematic uncertainty

ANyer = /ANE — ANZ, (7.10)

was considered for the total systematic uncertainty. Otherwise ANy, is equal to
zero and left blank in the tables. Note that blank entries for ANg, in table 7.6
correspond to uncertainty values below 20 events equaling the chosen minimal step
size for the systematic tests of the fit parameters. This value is well below the
statistical uncertainties AN, and, thus, was neglected.

In addition to the uncertainties of the 7’ fit parameters, the parameter for

the contribution of events with event overlap was investigated, both for the 2008
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Table 7.5.: Extracted number of events N o0 for the reaction p+d — 3He +7° +7° for
the 2008 data set depending on the angular range with the statistical uncertainty A Ngiat,
the uncertainty ANg; due to uncertainties of the fit parameters and the systematic
uncertainty ANgyq1 resulting thereof, as well as the systematic uncertainty ANgyso
introduced by differences between the fits of the 2008 and 2009 data sets.

COS 'l?T]CMS NWOHO ANstat ANﬁt ANsys,l ANsys,Z

—0.6 - -0.4 3388 483 +67 - -

—83 —67 - -
—04--0.2 3219 483 +71 - -
—83 —71 - =
—-02- 0.0 2981 +79 +68 - -
-79 —68 - -
0.0- 02 2928 479 +77 - -
-79 -7 - -
02- 04 2663 +75 +77 +17 -
—75 -97 —60 -

04- 06 1956 +65  +266  +258 +356
—-65 =230 —221 -

06- 08 1731 +60  +213  +205 +774
-60  —197  —187 -

0.8- 1.0 0 +1.1 +30 +30 +665
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7.1. Investigation of systematic effects

Table 7.6.: Extracted number of events N, 0,0 for the reaction p+d — 3He +n® + 70 for
the 2009 data set depending on the angular range with the statistical uncertainty A Ngat,
the uncertainty ANg; due to uncertainties of the fit parameters and the systematic
uncertainty ANgys1 resulting thereof, as well as the systematic uncertainty ANgyso

introduced by differences between the fits of the 2008 and 2009 data sets.

cosﬁT]CMS Npono ANgat ANje  ANggsp  ANgyso
—-0.6 ——-0.4 6137 4113  +104 - —
—113 —26 - -
—04--0.2 5715 +107 - - -
—107 —26 — —
—0.2- 0.0 5495 +106 - - -
—106 —26 - -
0.0- 0.2 5408 +105 - - -
—105 —48 - -
02- 04 5122 +102  +105 +28 -
—102 —21 - —
04— 0.6 5528 +106  +116 +48 -
—106 —58 - —852
0.6 - 0.8 5774 +108 - - -
—108 - - —1785
0.8—- 1.0 238 +69 +114 +91 -
—-69  —103 —76  —2386
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Table 7.7.: Extracted number of events N,o,0 for the reaction p +d — 3He + 7¥ + 7i°
and Npoqon0 for the reaction p +d — 3He +7t° +7° + ¥ for the 2008 and 2009 data sets
depending on the angular range. The last column shows the ratio between the 2008 and
2009 data set for the reaction p +d — *He + nt® + n°.

2008 data set 2009 data set

CMS N_o,.0(2009)
COSﬁn Nﬂoﬁo Nﬂoﬁoﬂo Nﬁoﬂo Nﬂoﬂoﬁo 7]\[“0”0(2008)

—0.6 - —0.4 3388 0 6137 0 1.8170:58
—0.4--0.2 3219 0 5715 0 1.7810:56
—0.2- 0.0 2981 0 5495 0 1.8415:08
0.0- 0.2 2928 0 5408 0 1.8510:08
02— 04 2663 0 5122 0 1.9270:08
04— 06 1956 356 5528 0 2.837034
06 08 1731 774 5774 0.2 3.3754
08— 1.0 0 665 2386 0 -

and the 2009 data set. For this purpose the same method as described above was
used: The parameter for the contribution of event overlap was fixed to various
values and the fit optimization was redone. Only parameters of fits that fulfilled
equation 7.9 were used for the uncertainty determination. As already mentioned

in chapter 6.6.2, the parameter for the event overlap contribution in the 2008 data

set par200s, = 61.7 % has an uncertainty of 749 %, whereas the parameter for the
2009 data set is parZ)on., = 71.470% %. The resulting uncertainty for Nyoqo is less

than 80 events, which is below the statistical uncertainty for both the 2008 and the
2009 data set. Therefore, this uncertainty can be neglected.

As stated in chapter 6.6.2, the contributions of the reaction p +d — 3He + 7° +
7 + 7° to the data according to the fits by MC simulations differ for the 2008
and 2009 data sets. Moreover, there are deviations of the p + d — 3He + nt® + n®
contributions between the two data sets for some angular ranges. In table 7.7 the
numbers of events for both reactions are listed for the 2008 and 2009 data sets
depending on cos M5, In case of the reaction p +d — *He + 7 + 7 4+ 7, the
number of events N0 is zero for all angular ranges in both data sets, except
for the angular ranges 0.4 < cosﬁfMS < 0.6, 0.6 < COSQ?T?MS < 0.8, and 0.8 <
CoS 19ncMS < 1.0 in the 2008 data set. On the other hand, for the same angular
ranges the ratio Nyon0(2009)/N,0,0(2008) increases, whereas it is constant for the

other angular ranges. These deviations are unexpected, as the branching ratios for

228



7.1. Investigation of systematic effects

3 3
-‘E: 12?<10 E 30§<10
S5 10- S 250
s 8 £ 20
S 6 S 15
s 4 s 10
° 2 © 5
002 01 0 01 02 %2 01 0 01 02
nuisance parameter A,,,, nuisance parameter A,y

Figure 7.7.: Distributions of the nuisance parameters Aoggs and Agggg for the systematic
uncertainty of N, o0 in the 2008 and 2009 data sets (left and right, respectively).

both pion production reactions should be independent of the beam time. Since the
extracted numbers of events for these two reactions are obviously correlated for
these angular bins, the determined number N 000 was treated as an additional
systematic uncertainty ANgyo of the number Npoqo. It is possible that either the
number N,o,0 for the 2008 data set is too small by N,o0.0, or that the number
Nrono for the 2009 data is too large by

Nyororo(2008)
N, 0,0 (2008) + Nﬂonoﬂ0(2008> .

ANgys2(2009) = —Npoq0(2009) - (7.11)
The corresponding uncertainties are listed in the last column of tables 7.5 and 7.6.

Since the systematic uncertainties ANg1 and ANgo are asymmetric, they
cannot be added in quadrature to obtain the total systematic uncertainty of N,o0.
Instead, the overall distribution of the nuisance parameters Aogog and Aggge, Which
correspond to the relative systematic uncertainties of Nyo,0, were determined with
the aid of Monte Carlo simulations for the 2008 and the 2009 data set, respectively
(see figure 7.7). While a distribution for a Gaussian uncertainty would be symmetric
around zero, these distributions show a clear asymmetric behavior. Hence, no total
systematic uncertainty for N, o0 will be given here, but the obtained distributions
of these two nuisance parameters will be considered for the upper limit calculation

in chapter 7.2.
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7.1.3. Variation of the selection conditions

In chapters 6.5 and 6.7.2 the preselection and selection conditions utilized in the
analysis were presented. To investigate possible systematic effects introduced by the
choice of preselection and selection conditions, different conditions were tested and
will be discussed in this chapter. In detail, one condition was varied at once and the
number Ng,, of remaining events in the 2008 and 2009 data sets was compared
to the number Ny of remaining events according to Monte Carlo simulations.
Since minor deviations are expected due to the limited statistics of both data and
simulations, the variable k was used as an indicator for possible systematic effects.

It is defined as:
Ndata - NMC

N \/ANgata + ANI%/[C |
The uncertainties ANgata and ANy are given by the CL = 68.27 % confidence

interval according to Poisson statistics. In case of the MC simulations, the

K

(7.12)

uncertainties for the individual reactions were included with respect to their fit
parameter used for scaling to data. Deviations with || < 2 can be explained
by statistical uncertainties and can be neglected, while larger deviations will be
discussed. The systematic tests of the selection conditions were done separately for
the 2008 and 2009 data sets.

3He scattering angle 9 ag

The first cut that was investigated were the selection conditions for the *He
scattering angle Jpap. As the minimal scattering angle is limited by the COSY
beam pipe, the conditions for this angle were varied from 2° to 4°, while the upper
cut was fixed at the value used in the main analysis (17°). Tables B.6 and B.7 in
appendix B.5 list the resulting numbers for the 2008 and 2009 data in detail. |x|
remains below two for all conditions. Therefore, no systematic effect needs to be

considered.

Energy loss Eq4, of neutral and charged particles in the SEC

Typically stricter selection conditions result in a lower number of events remaining.
However, the conditions used for the minimal energy loss of neutral and charged
particles are applied before the check for split-off or conversion events. Since

particles originating from split-off events typically have a low energy loss, fewer
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Figure 7.8.: Energy loss of charged particles in the SEC plotted against their momentum
times charge after applying all preselection and selection conditions described in chapters
6.5 and 6.7.2, except for the cut on the momentum of charged particles and the PID cut.
The latter is illustrated by black lines, while the standard momentum cut is presented by
red lines. The red shaded area indicates the range used for the systematic checks. Left:
Monte Carlo simulations scaled according to the fit to data (see chapter 6.6.2). Right:
Combined plot for the 2008 and 2009 data sets.

events will be rejected by a cut used for the reduction of split-off events if a higher
minimal energy loss is requested beforehand. Hence, a higher requested minimal
energy loss can lead to an increasing number of events remaining after applying
all selection conditions. Tables B.8, B.9, B.10, and B.11 in appendix B.5 list the
corresponding values for the 2008 and 2009 data sets. No systematic effect is visible

that needs to be considered.

Momentum p of charged particles

As discussed in chapter 6.5.3, a cut on the momentum p of charged particles
was introduced to reject particles with higher momenta, because the energy loss
distributions for these particles differ between MC and data. Thus, for systematic
checks the condition for this cut was altered in the region indicated by the red
shaded area in figure 7.8. Tables B.12 and B.13 in appendix B.5 list the resulting
values for the 2008 and 2009 data sets. While |k| is below two for most tested
conditions, it is x = 2.1 for the momentum cut at 0.37 GeV ¢! for the 2009
data set. But this cut value is already far above the chosen selection condition of
p < 0.25GeV ¢!, whose purpose it is to reject events with systematic uncertainties.
In order to test whether this deviation further increases for higher cut values, the

selection condition p < 0.50 GeV ¢! was investigated in addition. The resulting

231



7. Results and systematics of the analysis of the n meson decay n — 7%+ et + e~

60

50

40

30

20

10

radial distance from beam axis / mm

001 002 003 004 005 0.6
invariant mass e*e” at beam pipe / (GeV/c?)

Figure 7.9.: Radial distance of the electron-positron vertex from the beam axis plotted
against the invariant mass of the electron and positron at the beam pipe for a data sample
recorded in 2008. Events above and to the left of the red lines are rejected, whereas events
inside the graphical cut remain. For a systematic check the cut was varied within the
range indicated by the red shaded area. The presented data were preselected requiring
at least one positively and one negatively charged track reconstructed in the CD and a
3He nucleus detected in the FD (see chapter 6.5.1).

k = 2.1 for the 2009 data set is identical to the one for p < 0.37 GeV ¢!, Therefore,
no systematic effects introduced by the cut of the momentum of charged particles

need to be considered for the upper limit determination.

Conversion

In the preselection electrons and positrons from conversion of photons at the
COSY beam pipe were rejected by the graphical cut, illustrated in figure 7.9 by
the red lines (see chapter 6.5.4 for further details). This cut is defined by three
prominent points, namely (x¢ = 0.015GeV ¢72, 35 = 0.0 mm), (z; = 0.008 GeV ¢~2,
y; = 14.32mm), and (x5 = 0.016 GeV ¢2, d = 28.0mm). In order to investigate
a possible systematic effect, different values for xg, 1, x2, and d were tested as
indicated in figure 7.9 by the red shaded area and listed in tables B.14, B.15, B.16,
and B.17 in appendix B.5. No systematic effect was found.
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Figure 7.10.: Energy loss of a reconstructed neutral particle in the calorimeter plotted
against the angle between its track and the track of a second neutral particle detected
in the central detector (left) and plotted against the angle between its track and the
track of a charged particle detected in the central detector (right) for the simulated decay
N — et +e~ +v. Neutral tracks with entries below the black cut line are rejected from the
analysis. The black dashed lines indicate the range of tested parameters for the systematic
checks. All samples were preselected on the signature of the decay 1 — n° +et +e~, and
a *He nucleus detected in the FD was required (see chapters 6.5.2 and 6.5.1).

Split-off events

For the rejection of split-off events two different selection conditions were utilized
in the preselection (see chapter 6.5.5). The first one was based on the energy loss of
a neutral particle and the angle between its track and the track of either a second
neutral particle or a charged particle (see figure 7.10), whereas the second cut was
based on the invariant mass of one neutral and one charged particle (see figure
7.11). Both conditions were varied for a systematic test within a certain range as
indicated by the black dashed curves in figure 7.10 and the red shaded area in
figure 7.11, respectively. The results for all tested cuts are given in tables B.18,
B.19, B.20, B.21, B.22, and B.23 in appendix B.5. Since |x| < 2 for all investigated
conditions and cut values, no systematic effects need to be considered for the upper

limit determination.

3He missing mass

A cut on the *He missing mass was used in the analysis to select the reaction
p+d — 3He +n (see chapter 6.7.2). In order to investigate the systematics of this
selection condition, the upper and lower cuts were varied independently within the

range indicated by the red shaded areas in figure 7.12. The corresponding values are
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Figure 7.11.: Invariant mass of one neutral particle and one charged particle detected
in the CD for the simulated decays n — m° + et +e~ andn — nt + 7~ + 7 (black and
blue histogram, respectively), assuming an electron mass for the charged particle. Note
that the histogram of the signal decay is arbitrarily scaled to the latter. The red line
illustrates the cut applied in the analysis, while the red shaded area indicates the range
of cut values tested for the investigation of possible systematic effects. All samples were
preselected on the signature of the decay n — 7 + e 4 e, and a *He nucleus detected
in the FD was required (see chapters 6.5.2 and 6.5.1).
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Figure 7.12.: 3He missing mass distributions after application of the preselection and
selection conditions described in chapters 6.5 and 6.7.2, except for the cut on mx. Left:
Monte Carlo simulation cocktail scaled according to the fit described in chapter 6.6.2.
Right: Data measured in 2008 and 2009. The standard selection conditions used in the
analysis are illustrated by red lines, while the cut range utilized for systematic tests is
indicated by the red shaded areas. The blue dashed lines present the conditions used for
an additional check of the 2008 data set.

given in tables B.24, B.25, B.26, and B.27 in appendix B.5. For most cut values it
is || < 2, except for two tested selection conditions, in particular 0.5374 GeV ¢ =2 <
mx < 0.5601 GeV ¢=2 and 0.5374GeV ¢=2 < mx < 0.5581 GeV ¢ 2, for which it is
k = 2.1 in case of the 2008 data set. Although it is |x| > 2 for these cut ranges,
this can possibly still be explained by statistical effects. To check this, a selection
condition with a range wider by 260 MeV ¢~2 than the maximal tested range was
investigated for the 2008 data set, namely 0.5294 GeV ¢=2? < mx < 0.5681 GeV ¢ 2
(indicated by the blue dashed lines in figure 7.12, see table B.25 in appendix
B.5). Utilizing this condition, 2.4 events are expected to remain according to MC
and eight events remained after applying all cuts in data. The corresponding
k = 1.4 is well below two. Since the received r values for 0.5374 GeV c™? <
mx < 0.5601 GeV ¢~ 2 and 0.5374 GeV ¢72 < mx < 0.5581 GeV ¢2 are only slightly
above two and this deviation vanishes if the cut range is increased, this fluctuation
can be explained by statistical effects and was not considered for the upper limit

determination.

Invariant mass of ete vy

The next selection condition investigated for possible systematic effetcs is based on

the invariant mass of an electron-positron pair candidate and two neutral particles
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Figure 7.13.: Distributions for the invariant mass of an electron-positron pair candidate
and two neutral particles after application of the preselection and selection conditions
described in chapters 6.5 and 6.7.2, except for the cut on meeyy. Left: Monte Carlo
simulation cocktail scaled according to the fit described in chapter 6.6.2. Right: Data
measured in 2008 and 2009. The standard selection conditions used in the analysis are
illustrated by red lines, while the cut range utilized for systematic tests is indicated by
the red shaded areas.

(see chapter 6.7.2). The standard conditions indicated by red lines in figure 7.13
were varied in the range illustrated by the red shaded areas. The corresponding
values are listed in tables B.28, B.29, B.30, and B.31 in appendix B.5. Since |x| < 2
for all tested conditions, no systematic uncertainty needs to be incorporated for the

upper limit determination.

Invariant mass of yy

Similar to meeyy, the tested selection conditions for the invariant mass of two
photons show no systematic effect (see tables B.32, B.33, B.34, and B.35 in
appendix B.5). Figure 7.14 presents the standard conditions used in the analysis

(red lines) as well as the investigated cut range (red shaded area).

Invariant mass of eTe™

The cut on the invariant mass of an electron-positron pair candidate was used in the
analysis to suppress events from background reactions with ete™ in the final state,
especially from the direct 71°7° production (see chapter 6.7.2). The investigated cut
values are given in tables B.36 and B.37 in appendix B.5 and are illustrated by
the red shaded areas in figure 7.15. For the 2009 data set no systematic effect was

found, whereas for the 2008 data set x values of up to Kk = 2.2 were received for cut
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Figure 7.14.: Distributions for the invariant mass of two neutral particles after
application of the preselection and selection conditions described in chapters 6.5 and
6.7.2, except for the cut on my,. Left: Monte Carlo simulation cocktail scaled according
to the fit described in chapter 6.6.2. Right: Data measured in 2008 and 2009. The standard
selection conditions used in the analysis are illustrated by red lines, while the cut range
utilized for systematic tests is indicated by the red shaded areas.
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Figure 7.15.: Distributions for the invariant mass of an electron-positron pair candidate
after application of the preselection and selection conditions described in chapters 6.5 and
6.7.2, except for the cut on mee. Left: Monte Carlo simulation cocktail scaled according to
the fit described in chapter 6.6.2. Right: Data measured in 2008 and 2009. The standard
selection condition used in the analysis is illustrated by the red lines, while the cut range
utilized for systematic tests is indicated by the red shaded areas.
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Figure 7.16.: Distributions for the y? probability of the kinematic fit with the hypothesis
p+d — 3He+et +e~ +v+7v after application of the preselection and selection conditions
described in chapters 6.5 and 6.7.2, except for the cut on the y? probability. Left: Monte
Carlo simulation cocktail scaled according to the fit described in chapter 6.6.2. Right:
Data measured in 2008 and 2009. The standard selection condition used in the analysis
is illustrated by the red lines, while the cut range utilized for systematic tests is indicated
by the red shaded areas.

values below 32 MeV ¢~2. However, these x values are not significantly larger than
two, and the corresponding cut values are less than a third of the standard cut
value of 96 MeV ¢ =2 presented by the red lines in figure 7.15. Thus, these deviations

were not considered for the upper limit determination.

x? probability of the kinematic fit

For the event selection in the analysis a minimal x? probability of the kinematic fit
of prob.™™ = 0.05 was requested (see chapter 6.7.2). In figure 7.16 this condition is
presented by the red lines. The red shaded area indicates the range of conditions
tested for the investigation of systematic effects, and the corresponding values are
listed in tables B.38 and B.39 in appendix B.5. Both for the 2008 and the 2009 data
set it is |x| < 2 except for prob.™™ = 0. The larger deviations between data and MC
for this cut value can be explained by events that were incorrectly reconstructed
and should not be used in an analysis. Since the chosen cut at prob.™™ = 0.05 is
well above zero and all cuts with prob.™™ > 0 do not show a deviation between
data and MC that cannot be explained by statistics, this effect was not considered

for the determination of systematic uncertainties.
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Figure 7.17.: Energy loss of charged particles in the SEC plotted against their
momentum times charge after application of the preselection and selection conditions
described in chapters 6.5 and 6.7.2, except for the PID cut. Left: Monte Carlo simulation
cocktail scaled according to the fit described in chapter 6.6.2. Right: Data measured in
2008 and 2009. The standard selection conditions used in the analysis are illustrated by
the red lines, while the cut ranges utilized for systematic tests are indicated by the red
shaded areas.

Particle identification

The identification of electrons and positrons was realized in the analysis by a
graphical cut depending on the energy loss of a charged particle in the SEC, its
momentum, and its charge (see chapter 6.7.2). In detail, the used selection condition
can be parametrized by:

lo+l1~p§E§5)C§uo+u1-p (713)

with independent conditions for negatively charged particles (neg) and positively
charged particles (pos) as presented by the red lines in figure 7.17. For the
investigation of the systematics of the PID the parameters for the upper and
lower graphical cut lines were performed separately. This was done by varying the
selection conditions within the range indicated by the red shaded areas in figure
7.17. The corresponding parameters for the upper cut are listed in tables B.40,
B.41, B.42, and B.43 in appendix B.5, whereas the parameters for the lower cut
are given in tables B.44, B.45, B.46, and B.47 in appendix B.5. In all cases it is
|k| < 2, and thus no systematic effect was found that needs to be considered for

the upper limit determination.
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7. Results and systematics of the analysis of the n meson decay n — 7%+ et + e~

Table 7.8.: Numbers of events for the simulated reaction p4+d — 3He+7"+7° remaining
after applying the preselection and selection conditions given in chapters 6.5 and 6.7.2,
unscaled and scaled to data.

Number Nyoq0 Unscaled (™) Scaled to data (4t2)
2008, pure (manos p) 14 0.470
2008, with overlap (m200s,0) 5 0.285
2009, pure (mano9p) 13 0.702
2009, with overlap (m2009,0) 4 0.530

7.2. Branching ratio of the decay 1 — % +e™ + e~

F(n—>7‘(0+e++e_)
Tont tra )
according to equation 7.4, the upper limit for the number of signal events Ng

For the calculation of the upper limit of the branching ratio

needs to be determined. This was done with an algorithm written by A. Kup$é¢
[Kup17]. It calculates the posterior pdf based on equations 2.71 and 2.73 in chapter
2.8.1.

While the systematic uncertainty of the signal reconstruction efficiency eg is
Gaussian distributed for the analysis presented in this thesis, the systematic
uncertainty for the number of background events is asymmetric. Therefore, the

pdf fi (b, 0p) in equation 2.73 was replaced by:

gr(b) = [ s, + m3sia o] - (14 Fraoos (baoos))

data data 1 b (7 14)
+ {m2009,p + m2009,o} * (14 frzo00 (b2009))

with the distributions fi,,.s(b2008) and fa,oe (b2009) 0of the nuisance parameters Aggos
and Agggo for the 2008 and the 2009 data set, respectively (see chapter 7.1.2, figure
7.7). The numbers mg3es |, m9aes . mgits . and mgis  are the numbers of events
for the simulated reaction p +d — 3He + 7 4+ 7° scaled to data according to
the fit described in chapter 6.6.2 and remaining after applying the preselection
and selection conditions given in chapters 6.5 and 6.7.2. Note that numbers with
the index p correspond to remaining events from pure Monte Carlo simulations
without event overlap and numbers with the index o to events from simulations
with event overlap included. All numbers are listed in table 7.8 together with the

corresponding unscaled numbers (index ™).
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7.2. Branching ratio of the decay n — 7%+ et 4+ e~

Table 7.9.: Summary of all systematic uncertainties for the analysis of the decay n —
m + et + e~ via one virtual photon and for a decay according to three-particle phase
space as obtained in chapter 7.1.

Systematic uncertainty Virtual photon Three-particle phase space
Signal efficiency (o) 0.059 0.057

Number Nyt -0 (ONuomm) 0.023 0.023

Number NE% (fs00s (b2008)) see chapter 7.1.2, figure 7.7, left
Number NA% (fs000 (b2009)) see chapter 7.1.2, figure 7.7, right

Due to the limited statistics of the Monte Carlo simulations, the numbers
of expected events have statistical uncertainties. These can be incorporated by

expanding equation 7.14 to:

b . mg(a)‘(t)% P P b/ mg(a)’(t]g,o P mc b/
gb’,/\( ) = (Mg M300s Y 2008,p) T e (mzoos o1 Y2008, o)
m2008,p mM2008,0

) (1 + f>\2008 (b2008))

data data

2009 M3009

P ;0 mc A

+ [ - P(mi000 13 bao00.p) + e~ P(M5000 03 02000.0)
M3609,p M3009,0

’ (1 + f>\2009 (b2009>> :

(7.15)

Here the functions P(m;b’) are Poisson probability density functions of the type:

b/
P(m;b') = e_mTZ' : (7.16)

In addition to the uncertainties of the signal reconstruction efficiency and the
number of remaining background events, the systematic uncertainty oy, . of the
number Ny im0 of 1 = T 4+ 71 + m° events in data has to be considered for
the calculation of Ng.,. This is obtained by including the pdf fw,,.(1, 0N )
with the mean 1 and the standard deviation oy, . in equation 2.73. The resulting

conditional pdf, which respects all mentioned uncertainties, is given by:

n’ b / / / / n|S€ b gb/ ( )f€(17 UE)anorm(17 O-Nnorm>db/d)\d€dNn0rm °
(7.17)
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7. Results and systematics of the analysis of the n meson decay n — 7%+ et + e~

Here the differentials db' and d\ are short forms for

db’ = dbhops dbhoos,o 2009 5 Ab2009,0 21 (7.18)
d\ = d)\googd/\goog . (719)

Utilizing equations 7.14 and 7.17, the numbers of expected events listed in table
7.8, the systematic uncertainties given in table 7.9, and the fact that three events
remain in the combined 2008 and 2009 data set, the upper limit Ng,, for the

number of signal events was calculated to
Ngwp = 4.97 (CL=90%), (7.20)

both for the decay n — 7° + e™ + e~ via one virtual photon and for a decay
according to three-particle phase space if the statistical uncertainties of the Monte
Carlo simulations for the reaction p +d — 3He + 7t° + 7t° are not considered.

In the case that the statistical uncertainties of the Monte Carlo simulations for
the reaction p +d — 3He + ¥ + ni® are included and equation 7.15 is used, the

resulting upper limit is
Ngyp = 4.82 (CL=90%). (7.21)

The lower value compared to equation 7.20 results from the properties of Poisson
distributions for small numbers. In order to give a conservative upper limit for the
branching ratio, equation 7.20 was used.

With this upper limit Vg, the relative branching ratio was calculated as:

F'm—=m+et +e7) i _ Ns up B 4.97
I'(n—mh +m +n0) NProdueed ;- egrival 6509 x 106 x 0.023 31

F'n—=m+et +e7) i s
virtual 398 % 10 CL = 90 %
L(n—mh +m +7) ( 2

(7.22)
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for the decay via one virtual photon and

I'M—=7+ef +07) e - Ns.up B 4.97
I'(m— mt +m +no) yproduced o ophase 6 509 % 106 x 0.018 44

n—mta—no S

I'Mm— 7 +et +e7),
A€ <414 x107° CL =90 %
I'(n— 7t +7m +70) ( 0)

(7.23)

for the decay according to three-particle phase space.

Inserting the branching ratio %W = 0.2292(28) [P*16] gives

FMm—m’+ef+e)
I'(n— all)

virial = 759 % 1075 (CL = 90%) (7.24)

for the decay via one virtual photon and

'm—n’+et+e)
T (1 — all)

phase - 949 x 107 (CL =90 %) (7.25)

for the decay according to three-particle phase space, which is smaller than the
current upper limit of 4 x 107° (CL = 90 %) [P"16] by a factor of four to six.
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8. Summary and outlook

The studies presented in this thesis are separated into two major topics. In the first
part of the thesis the production reaction p + d — 3He + 1 was investigated and
differential cross sections as well as the total cross section ratio were determined for
the excess energies () = 48.8 MeV and ) = 59.8 MeV. The second topic covered the
search for the C parity violating decay n — 7 +e* 4-e~. As a result, it was possible
to determine a new upper limit for the branching ratio of this decay channel. All

measurements utilized for the analyses presented in this thesis were obtained with
the WASA-at-COSY experimental setup.

8.1. Analysis of the production reaction

p+d—3He+n

The analysis of the production reaction p +d — 3He + 1 presented in this thesis
was based on a part of the data collected in the beam time of 2009. These data
runs were collected at the two excess energies () = 48.8 MeV and ) = 59.8 MeV.
In order to determine the differential cross section distributions of this reaction,
the data were divided into 23 angular bins ranging from cos 19T]CMS = —0.92 to
oS ﬁT]CMS = (.92 and the numbers of events were extracted with the 3He missing
mass method. For this purpose the data were fitted by Monte Carlo simulations of
the reaction p +d — 3He +1 and background reactions. The resulting differential
distributions for both excess energies could be obtained with high precision and are
in good agreement with each other. Especially the differential distribution at @) =
48.8 MeV was determined with a much higher precision than the results extracted
in a previous experiment [BT00]. It was found that polynomials of third order
are sufficient to describe the forward peaking shape of the distribution both at
@ = 48.8 MeV and at () = 59.8 MeV.

Apart from the differential cross section distributions, the ratio of the total cross

sections for the reaction p +d — 3He +n was extracted for the two excess energies

245



8. Summary and outlook

@ = 48.8 MeV and () = 59.8 MeV by a relative normalization utilizing the reaction
p +d — 3He + 7t°. The ratio

oy (48.8 MeV)

S ) 0.77 +0.06 8.1
o (59.8 MeV) (8.1)

determined in this thesis does not agree with an enhancement of the total cross
section at ) = 48.8 MeV,, as possibly indicated by data measured with GEM [B*00],
but suggests the presence of a distinct change of the total cross section for excess
energies between 20 MeV and 60 MeV. This variation might indicate a change of the
production mechanisms involved. As part of this thesis the results of the analysis
have been published in the European Physical Journal A in 2014 [AT14b].
Because of the open questions introduced by the results obtained in this thesis for
the total cross section ratio and the differential cross sections, new measurements
were performed with WASA-at-COSY in 2014 at 15 excess energies ranging from
13.6 MeV to 80.9MeV [Hiil7]. The goal of these measurements is to extract
differential distributions for further excess energies with the same high precision as
the results presented in this thesis. Furthermore, changes to the WASA detector
setup and further optimizations of the data acquisition for these measurements will
allow for an alternative normalization by using the pd elastic scattering for cross
checks. Very first preliminary results for the differential cross section distributions
are in good agreement with the results of this thesis. Nonetheless, the analysis of

these data and the normalization are ongoing.

8.2. Analysis of the decay 1 — i’ +e™ + e~

The analysis with regard to the 1 meson decay channel n — 7° 4+e* +e~ was based
on the full p +d — ®He +1 data set recorded in the beam times of 2008 and 2009
at an excess energy of () = 59.8 MeV. The goal of this analysis was the search for
a C parity violating decay process and the determination of either the branching
ratio of this decay or the upper limit thereof. As a result of this thesis a new upper
limit for the decay n — 7 +vy* — 7® + e™ + e~ and the decay n — 7° + et + e~
according to three-particle phase space was determined.

The analysis was based on the common analysis base class PDEtaAnalysisBase,
which had been developed together with fellow researchers. This base class includes

optimized calibrations for all WASA detector components. As part of this thesis
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8.2. Analysis of the decay n — 7% + et + e~

an optimal calibration of the forward detector for the full data sets was obtained
and implemented in the base class, allowing for an ideal reconstruction of the *He
nuclei four-momenta.

For the analysis two different variants of the decay channel n — n®+e* +e~ were
simulated, namely a decay via one virtual photon and a decay according to three-
particle phase space. In addition, several billion events of Monte Carlo simulations
were created for the various background reactions. This way limitations of the
extracted results by the statistics of the simulations were avoided.

In the first step of the analysis both the measured data and the simulations
were preselected with regard to a pure p + d — 3He + X data sample with
the signature of the decay of interest and suppressing events with contribution
of conversion reactions and split-off events. Afterwards a part of the data was
fitted by Monte Carlo simulations to extract the contributions of the different
background reactions to the data. The determined ratios of the reactions were
utilized in an algorithm that optimized selection conditions with regard to the
signal decay n — m° + e™ + e~. While these optimizations were based on 40 % of
the MC pool, the efficiency determination was performed with the remaining 60 %
of the simulation pool. Thereby a bias of the received result could be avoided.

Including all systematic effects and normalizing to the decay channel n — 7™ +
= + 7, a new upper limit for the branching ratio of the decay 1 — ©® + et +e~

was determined, which is

F'm—m+et+e)
I'(n — all)

virtual < 7.52 % ]_0_6 (CL =90 %) (82)

for the decay via one virtual photon and

I'm—n'+et4+e)

phase —6
< 9.49 x 10 CL =90 8.3
T (n — all) 8 ( %) (8.3)

for the decay according to three-particle phase space. For both cases the obtained
upper limit of the branching ratio is smaller than the current best upper limit of
4 x 107° (CL = 90 %) [PT16] by a factor of four to six. Therefore, a publication of
these results is currently in preparation [B*17].

Apart from the p+d — 3He+n data sets utilized for the analysis presented in this
thesis, data were collected for the reaction p+p — p+p+n with WASA-at-COSY.

These data sets contain a larger number of produced 1 mesons, but have a higher
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8. Summary and outlook

Figure 8.1.: Schematic diagram of the 1 meson decay 1 — 7° + et 4 e~ for a decay via
a hypothetical C violating dark boson U.

relative background and a lower reconstruction efficiency for the decay analysis in
comparison to the p+d — *He +n data. An analysis of the p+p — p+p-+n data
sets with regard to the decay n — 7° + e + e is currently being performed by
K. Demmich [Dem17] and is based on the methods developed during this thesis.
In parallel, a part of the collected data has been investigated by J. Stepaniak in a
first analysis, confirming the potential of the high statistics p+p — p+p-+1 data
sets [Stel7].

8.3. Outlook: the C violating decay
n—-m+U—-nl+e +e

In this thesis an upper limit for the decay n — 7 + e* + e~ was determined for a
decay via one virtual photon and for a decay according to three-particle phase space
(see chapter 7.2). However, besides the C' parity violating decay n — 7° +y* —
m° 4+ et 4+ e~ and the C parity conserving decay n — m° +v* +vy* = i’ +et +e7,

a decay via a hypothetical dark boson U in the intermediate state with a mass
my < My — Mo ~ 413 MeV ¢ (8.4)

might be a possibility (see figure 8.1). Since this dark boson, which decays to an
electron-positron pair, has negative C' parity, the decay would violate the C' parity

conservation, similar to the decay via one virtual photon.
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8.3. Outlook: the C violating decay n — m’ + U — 7% + et + e~

For the Monte Carlo simulation of the decay n — ©° + U — nt® + et + e~ the
decay amplitude squared from equation 2.55 can be used with
()] e?eiA? (%)’

= : (8.5)
(¢)? (q2 - m%)z +¢*12(¢?) (@2 —m3)* + ¢°T%

with the coupling constant ¢ and the width I'y of the U boson [Wirl7]. For the
calculation vector meson dominance was assumed, which is dominated by the p
meson for the given ¢ range. As ¢ is in the range of the expected U boson mass
my, the width I'y has to be considered in the calculations and equation 8.5. The

resulting decay amplitude squared is

2
’A(n —>710+U—>7t0—|—e++e_)‘
2.4)2 2\2
- € — (g ) — 267 (—4m2q* + 16m2Ep B, ) .
(q2 - m%) + ¢°T2%(¢?) (¢> —mg)” + ¢TI

(8.6)

While the mass my of the U boson is unknown and can vary in the range from
0MeV =2 to 413 MeV ¢ 2, the dark boson is expected to have a width 'y in the
order of eV according to theoretical investigations [Wirl7]. Because this is in the
same order as the width of the 7° meson, the hypothetical dark boson can be
assumed to decay at about the interaction vertex of the COSY beam with the
deuterium pellets, too.

As an example the decay for an assumed U boson mass of my = 150 MeV ¢ 2

will be discussed in the following. For the simulations a width of I'y = 100keV ¢~2
was used, which is above the expected width, but well below the resolution of
the WASA central detector. Figure 8.2 shows the invariant mass distribution of
the electron-positron pair for the simulated decay 1 — 7 + U — 7¥ + et +
e~ as generated (shadowed in orange) and after reconstruction and applying the
preselection conditions as presented in chapter 6.5 (black histogram). Obviously,
the width of the reconstructed invariant mass is solely limited by the resolution of
the WASA detector. For the analysis in total 121306 events were generated with
Monte Carlo!, and the same preselection and selection conditions as described in

chapters 6.5 and 6.7.2 were used. Since a peak at the mass my = 150 MeV ¢ 2 is

'For technical reasons a minimum number of generated events was required in Pluto instead of
an exact number of events.
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Figure 8.2.: Invariant mass of the eTe™ pair of the simulated  meson decay n —
™+ U — n®+ et + e with a U boson mass of my = 150MeV ¢=2 and a width of
I'y = 100keV ¢2. The generated distribution is illustrated by the orange shadowed area,
while the reconstructed distribution after applying the preselection cuts presented in
chapter 6.5 is shown in black. Note that the generated distribution is arbitrarily scaled
for more visibility.

250



8.3. Outlook: the C violating decay n — m’ + U — 7% + et + e~

Z~ 800 P
© I L2 I
> i S
(] - [}] O
= 600 2 08
<« i < 06
‘E’ 400 s 06:
3 s 04
g 200 202
I T N R S R S A0 Y A
0 01 02 03 04 0 01 02 03 04
invariant mass e*e’ / (GeV/c?) invariant mass e*e’ / (GeV/c?)

Figure 8.3.: Invariant mass of the ete™ pair after application of the preselection and
selection conditions given in chapters 6.5 and 6.7.2. Left: Monte Carlo simulations of
the decay n — m° + U — ©i¥ + eT + e~. Right: Data and Monte Carlo simulations of
all background reactions, scaled according to the fit described in chapter 6.6.2, after
application of the preselection and selection conditions given in chapters 6.5 and 6.7.2
(black and red histogram, respectively). The additional selection conditions for m. are
illustrated by blue dashed lines.

Table 8.1.: Numbers of events for the simulated reaction p+d — *He+7’+7° remaining
after applying the preselection and selection conditions given in chapters 6.5 and 6.7.2
and in this chapter, unscaled and scaled to data.

Number Nyoqo Unscaled (™) Scaled to data (91%)
2008, pure (mapos p) 12 0.400
2008, with overlap (m200s,0) 4 0.240
2009, pure (mgoog’p) 11 0.602
2009, with overlap (mapg9.0) 4 0.530

expected for the signal decay, the invariant mass of ee™ was requested additionally
to be in the range of 100 MeV ¢=2 to 200 MeV ¢ 2.

In figure 8.3 this condition for me, is represented by blue dashed lines. According
to the Monte Carlo simulations of the background reactions (weighted to the data,
see chapter 6.6.2), about 1.772events are expected to remain from the reaction
p+d — 3He + n® + i after applying all preselection and selection conditions
including this cut, while one event is seen in data. A detailed list for the numbers

of remaining events for the simulated reaction p+d — 3He +m° +7°, unscaled and
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Figure 8.4.: Relative deviation A, of the factor 1/ (eg - Nn—>7r+n—7r0) for the different
combinations of FDgpear, CDgmear and CDg,ctor Sets from the value for the standard set
(0 0 0) for the decay n — (n° =y +7v) + et + e~ via a dark boson.

scaled to data, is given in table 8.1. The efficiency for the simulated signal decay

n—n'+U—n+e" + e was determined to be
e5% = 0.03702(30) . (8.7)

The systematic uncertainties of the analysis with regard to the decay 1 — m° +
U — ni® + e* + e are identical to those determined in chapter 7.1 for the number
of remaining events from the reaction p + d — *He + n° + ©® and the number of
events from the decay n — 7" + = + 7° used for normalization (see also table
7.9 in chapter 7.2), whereas the systematic uncertainty of the signal efficiency eg
introduced by uncertainties of the detector resolution and the statistical uncertainty
of remaining 71" events differ. In order to obtain the systematic uncertainty of
£d®™ due to uncertainties of the WASA detector resolution, the same method as
described in chapter 7.1.1 was used.

Table B.5 in appendix B.4 lists the resulting numbers for the tested detec-
tor smearing sets, and in figure 8.4 the relative deviations A, of the factor
1/ (es - Nyoymtn—n0) are plotted for these sets. The relative variance for the decay

via a dark boson is

1
Vardark = 0.061 8.8
Hrel <€S : Nn%n'*‘n—ﬂ()) ( )

and was treated as the systematic uncertainty of 3.
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8.3. Outlook: the C violating decay n — m’ + U — 7% + et + e~

Utilizing equations 7.17 and 7.14 in chapter 7.2 as well as the above mentioned

information, the upper limit Né{?g‘ for the number of signal events was calculated

to
Nk =306  (CL=90%). (8.9)

S,up

This results in an upper limit for the relative branching ratio of

M= +et +e ) Ngax 3.06

I'(m—mt 4 +m0) — produeed Foodark 6,509 x 10° x 0.037 02

nomta—mo €

T 0 + -
=7 +e" +e gk _ 1 97y 10-5 (CL = 90 %)
I'm—nt +7n +n0)

(8.10)

for the decayn — m°4+U — n+eT4e~ with my = 150 MeV ¢2. The corresponding

absolute branching ratio is

I'm—=n'4et+e)

T (o all dark =291 x107%  (CL =90%) (8.11)
a
if the branching ratio %W = 0.2292(28) [P"16] is inserted in equation

8.10.

This result for the decay 1 — 7° 4+ U — 7t 4+ eT + e~ with my = 150 MeV ¢ 2
shows the potential of the WASA-at-COSY experimental setup for the search for a
C violating decay with a dark boson U involved. Therefore, it is planned to utilize
the higher statistics p + p — p + p + 1 data collected with WASA-at-COSY not
only for the search for a C' parity violating decay n — 7 + et + e~ via one virtual

photon, but also for a decay via a hypothetical dark boson U [Dem17].
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A. Appendix A: p+d— 3He + n

cross section analysis

A.1. Investigation of the influence of beam

momentum shifts on the resulting cross section

In this chapter the influence of a minor shift of the beam momentum assumed in the
data analysis will be discussed. For this purpose the results presented in chapter 5,
which were obtained assuming a beam momentum of ppeam = 1.673 GeV ¢! (and,
thus, a beam energy of Theam = 980 MeV and an excess energy of () = 48.8 MeV),
are compared to analysis results under the assumption of a beam momentum of
Pheam = 1.670 GeV ¢! (corresponding to a beam energy of Tieam = 977.3 MeV and
an excess energy of () = 47.3 MeV).

In case of the determination of the 1 meson angular distribution, a shift of
the beam momentum by about 3MeV ¢! (0.2%) can lead to a deviation of the
determined efficiencies for the various angular bins by up to 1.6 %. The extracted
angular distributions (shown in table 5.1, chapter 5.1) were obtained with an
uncertainty of the beam momentum of 0.1 %, which results in an uncertainty of
the acceptance of 0.8%. The uncertainties given in table 5.1 vary from 3.2 % to
33 % and are dominated by the statistical uncertainty of the measured data and
the uncertainty related to the extraction procedure of the number of produced
7 mesons. Hence, the angular distributions derived with an excess energy of
@ = 47.3MeV instead of 48.8 MeV do in fact agree with the distribution derived
with the original assumption within the given uncertainties. Furthermore, the larger

uncertainty of the beam momentum does not significantly influence the overall

uncertainty.

According to equation 4.11, the extracted 1 meson cross section ratio depends
on the obtained 1 meson yields, the 7 meson yields at cos 197(13?\/13 = —1, and the
cross section ratio of the reaction p +d — 3He + 7 at cos ¥fys = —1. As shown
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for the differential 1 meson yields, a shift of the beam momentum by 0.2 % has
no significant impact on the total 1 meson yield. In case of the reaction p +d —
SHe + 1Y, the acceptances for () = 48.8 MeV and @ = 59.8 MeV corresponding to a
much larger beam momentum change agree within their uncertainties, as has been
shown in chapter 4.11.3.

Using the fit function to the differential cross sections for cos 9% g = —1 derived

in chapter 4.11.4 (see figure 4.31), a differential cross section ratio

0 (Theam = 977.3 MeV)
70 (Theam = 1000 MeV)

= 0.903 £ 0.010 (A.1)

can be extracted. Within the uncertainties this ratio agrees with the one obtained

in chapter 4.11.4, namely equation 4.10

70 (Theam = 980 MeV)
70 (Theam = 1000 MeV)

= 0.914 =+ 0.009 . (A.2)

With this differential cross section ratio a cross section ratio for a beam energy of

977.3MeV can be calculated as
oy (47.3MeV) O (Theam = 977.3MeV)  Nyo (Theam = 1000 MeV)

oy (59.8MeV) 00 (Toeam = 1000MeV)  Nyo (Thoam = 977.3 MeV)

N, (47.3MeV)

N, (59.8 MeV) (A.3)
N, (47.3 MeV)
N, (59.8 MeV)

= (0.903 £ 0.010) - (8.6 = 0.6) -

=0.76 = 0.06 .

By scaling the @ = 59.8 MeV WASA-at-COSY data to the Q = 59.4 MeV ANKE
data [RT09] as described in chapter 5.2, a total cross section for @@ = 47.3 MeV

could be calculated as
o (47.3MeV) = (294 + 24 + 48) nb. (A.4)

Compared to the published cross section o ((48.8 £ 0.8) MeV) = (298 + 24 £ 49) nb
[AT14Db] this value deviates by just 4nb, which is much smaller than both the
statistical and the systematic uncertainty. Therefore, changes to the resulting cross
sections and subsequent conclusions as published in [A*14b] and presented in this

thesis due to a possible shift of the beam momentum by 0.2 % can be neglected.
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A.2. Lists of runs used for the p +d — 3He + 1) cross

section analysis

Table A.1.: List of all used Q = 59.8 MeV runs.

run_ 14403
run_ 14451
run_ 14457
run_ 14463
run_ 14469
run_ 14530
run_ 14601
run_ 14671
run_ 14734
run_ 14802
run_ 14873
run_ 14936
run_ 15000
run_ 15064
run_ 15129
run_ 15192
run_ 15252
run_ 15334
run_ 15396
run_ 15459
run_ 15525
run_ 15616
run 15682
run_ 15743
run_ 15808
run_ 15869
run_ 15941

run_ 14414
run_ 14452
run_ 14458
run_ 14464
run_ 14475
run_ 14540
run_ 14611
run_ 14682
run_ 14751
run_ 14812
run_ 14883
run_ 14946
run_ 15010
run_ 15074
run_ 15139
run_ 15202
run_ 15262
run_ 15344
run_ 15406
run_ 15469
run_ 15535
run_ 15626
run 15692
run_ 15753
run_ 15818
run_ 15879

run_ 14424
run_ 14453
run_ 14459
run_ 14465
run_ 14485
run_ 14554
run_ 14621
run_ 14692
run_ 14761
run_ 14830
run_ 14894
run_ 14956
run_ 15022
run_ 15086
run_ 15151
run_ 15212
run_ 15272
run_ 15356
run_ 15416
run_ 15482
run_ 15545
run_ 15637
run 15702
run_ 15763
run_ 15828
run_ 15890

run_ 14434
run_ 14454
run_ 14460
run_ 14466
run_ 14497
run_ 14564
run_ 14635
run_ 14702
run_ 14771
run_ 14840
run_ 14904
run_ 14970
run_ 15034
run_ 15098
run_ 15161
run_ 15222
run_ 15303
run_ 15366
run_ 15427
run_ 15492
run_ 15555
run_ 15648
run 15713
run_ 15773
run_ 15838
run 15904

run_ 14444
run_ 14455
run_ 14461
run_ 14467
run_ 14507
run_ 14574
run_ 14645
run_ 14712
run_ 14781
run_ 14850
run_ 14916
run_ 14980
run_ 15044
run_ 15109
run_ 15171
run_ 15232
run_ 15314
run_ 15376
run_ 15438
run_ 15505
run_ 15565
run_ 15660
run 15723
run_ 15788
run_ 15848
run_ 15915

run_ 14450
run_ 14456
run_ 14462
run_ 14468
run_ 14517
run_ 14591
run_ 14655
run_ 14722
run_ 14791
run_ 14860
run_ 14926
run_ 14990
run_ 15054
run_ 15119
run_ 15181
run_ 15242
run_ 15324
run_ 15386
run_ 15448
run_ 15515
run_ 15575
run_ 15672
run_ 15733
run_ 15798
run_ 15859
run_ 15931
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A. Appendix A: p+d — 3He + 1 cross section analysis

Table A.2.: List of all used Q = 48.8 MeV runs.

run_ 15277 run 15279 run 15281 run 15283 run 15285
run_ 15287 run_ 15288 run 15289 run 15290 run 15291
run_ 15292 run 15293 run 15294 run 15295 run_ 15296
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B. Appendix B: 1 — et +e

decay analysis

B.1. Calculations for the amplitude of the decay
n—-oml+y*—>n+e +e

The expression (py + pr)" Ouw(ete™) (py + pa)" " used for the calculation of the
absolute amplitude squared in chapter 2.4.2 can be calculated as described in the

following. For the calculation the following variables were used:

e the four-momentum p, , and the mass m,, of the n meson,

e the four-momentum p, , of the 7° meson,

e the four-momentum p;w the mass m,, and the energy F.+ of the positron,
e the four-momentum p, ,, the mass me, and the energy E.- of the electron,

and

e the four-momentum sum p,, = p;fu + Pe

Furthermore, the expression (py + pr)"* O (ete™) (py + pﬂ)“/ was solved in the 1

rest frame and the following relations were used:

(p5)? = (o) = mg, (B.1)
Py =my, (B.2)
G = Doy (B.3)
dp = Pnp = Prp
= P+ Py = 2P0 = Gu = 2P — Py (B.4)
ppE = my Eex , and (B.5)
(Pn + P)" G (P + Pr)" = (0 +pr)* . (B.6)
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

With these relations (py + px)" O (ete™) (py + pa)” " was calculated as described
below.

(pn + pn)u O (e+e_) (pn + pn)ul

+ - +
DPe,uPe,u (pe _pe> (pe _pe) / /
= (py + pr)” 2e*p; [_ <guu’ - Mg - ) - - 2 = (oo + pr)”
p? p?
2 + _\12
+ e + -
_ 9e2y? (_ (oo + pr)? + [P0 zzw)p] [y +pr) (fe pe)] )
p? p?
—\12 —\12
o+ pr) (05 4, o+ Pr) (P — D2
P (_ (5o + pa)” + [(Py + Pr) (2 )I” [(pn + pr) (2 ) )
p? P2
= 2¢%p? (— (png + pﬁ)2
TP+ 2((py + ) 93] [(Pn + pr) 23] + | 050
p?
W—z [(py + Px) D3] (P + ) P ) + [(p 17 pgf)
P2

pn—l-pﬂ 244

[(pn 4 pr) D] [(py + Pr) pe]>
p?

e (
2% ( (2o — po)? + 412 pe)piz]gg[@pn - pe)pe]>
— 2%
(-
e (

4Ap? + dpype — P2 + 4

2papd — (0& + p2) pE] 20002 — (pd + 12 ) P2 ]>
P2

4m +4dmy (Eer + Eo-) — D

e

(20 B — (m2 + plpo)] [2mn Be- — (m2 + pipe )])
P

= 2¢%p? (—4m121 + 4my (Egr + Eo-) — p?

(2 Eer — 3 (m2 + 2pf p; +m?)] [2my Bee — 3 (m2 + 2ptp; +m?)]

+4 2
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B.1. Calculations for the amplitude of the decay n — 7% +~* — 7% + e + e~

= 262pz (—4mﬁ + 4my, (Ee+ + Eef) — pg

+4

[2myEee — L (0 + 907 [2mnEe — L (07 mﬂ)
P2

2my Ber — 32| [2mq Be- —

= 2e2¢> (—élmf1 +4my (Ber + Eo-) — ¢* + 4 2

°)

4

= 2¢%¢? (—élmf1 +4my (Ber + Eo-) — ¢* + 4 7

= 2¢%q <4m+/qu§gz

16m EE+E

42 Eer Be- — mng® (Ber + Eo-) + 1)

= | (py + pa)" Oppe(ete™) (py + po) = 22 ( Am2q® + 16m; Eer E- )

—Mﬂf)

(B.7)
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

B.2. Monte Carlo fits to the 2008 and 2009 data
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Figure B.1.: Fit by Monte Carlo simulations (red) to the 2008 data set (black) for
the angular range —0.6 < cos 19“CMS < —0.4. Upper left: 3He missing mass. Upper
right: invariant mass of two oppositely charged and two neutral CD particles. Middle
left: invariant mass of two neutral CD particles. Middle right: invariant mass of two
oppositely charged CD particles. Lower left: invariant mass of one charged and one
neutral CD particle, smallest combination. Lower right: squared missing mass of *He
and two oppositely charged CD particles. For the charged CD particles an electron mass
was assumed. All data samples were preselected with the conditions described in chapter
6.5. For fit details see chapter 6.6.
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B.2. Monte Carlo fits to the 2008 and 2009 data
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Figure B.2.: Fit by Monte Carlo simulations (red) to the 2008 data set (black) for
the angular range —0.4 < cos ﬁT?MS < —0.2. Upper left: 3He missing mass. Upper
right: invariant mass of two oppositely charged and two neutral CD particles. Middle
left: invariant mass of two neutral CD particles. Middle right: invariant mass of two
oppositely charged CD particles. Lower left: invariant mass of one charged and one
neutral CD particle, smallest combination. Lower right: squared missing mass of >He
and two oppositely charged CD particles. For the charged CD particles an electron mass
was assumed. All data samples were preselected with the conditions described in chapter
6.5. For fit details see chapter 6.6.
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Figure B.3.: Fit by Monte Carlo simulations (red) to the 2008 data set (black) for
the angular range —0.2 < cosﬁT?MS < 0.0. Upper left: 3He missing mass. Upper
right: invariant mass of two oppositely charged and two neutral CD particles. Middle
left: invariant mass of two neutral CD particles. Middle right: invariant mass of two
oppositely charged CD particles. Lower left: invariant mass of one charged and one
neutral CD particle, smallest combination. Lower right: squared missing mass of 3He
and two oppositely charged CD particles. For the charged CD particles an electron mass
was assumed. All data samples were preselected with the conditions described in chapter
6.5. For fit details see chapter 6.6.
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B.2. Monte Carlo fits to the 2008 and 2009 data
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Figure B.4.: Fit by Monte Carlo simulations (red) to the 2008 data set (black) for the
angular range 0.0 < cos ﬂT?MS < 0.2. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter

6.6.
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Figure B.5.: Fit by Monte Carlo simulations (red) to the 2008 data set (black) for the
angular range 0.2 < cos ﬂT?MS < 0.4. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter
6.6.
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Figure B.6.: Fit by Monte Carlo simulations (red) to the 2008 data set (black) for the
angular range 0.4 < cos ﬂT?MS < 0.6. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter

6.6.
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Figure B.7.: Fit by Monte Carlo simulations (red) to the 2008 data set (black) for the
angular range 0.6 < cos ﬂT?MS < 0.8. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter

6.6.
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B.2. Monte Carlo fits to the 2008 and 2009 data
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Figure B.8.: Fit by Monte Carlo simulations (red) to the 2008 data set (black) for the
angular range 0.8 < cos ﬂT?MS < 1.0. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter

6.6.
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Figure B.9.: Fit by Monte Carlo simulations (red) to the 2009 data set (black) for
the angular range —0.6 < cos ﬂT?MS < —0.4. Upper left: 3He missing mass. Upper
right: invariant mass of two oppositely charged and two neutral CD particles. Middle
left: invariant mass of two neutral CD particles. Middle right: invariant mass of two
oppositely charged CD particles. Lower left: invariant mass of one charged and one
neutral CD particle, smallest combination. Lower right: squared missing mass of 3He
and two oppositely charged CD particles. For the charged CD particles an electron mass
was assumed. All data samples were preselected with the conditions described in chapter
6.5. For fit details see chapter 6.6.
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Figure B.10.: Fit by Monte Carlo simulations (red) to the 2009 data set (black) for
the angular range —0.4 < cos ﬁT?MS < —0.2. Upper left: 3He missing mass. Upper
right: invariant mass of two oppositely charged and two neutral CD particles. Middle
left: invariant mass of two neutral CD particles. Middle right: invariant mass of two
oppositely charged CD particles. Lower left: invariant mass of one charged and one
neutral CD particle, smallest combination. Lower right: squared missing mass of >He
and two oppositely charged CD particles. For the charged CD particles an electron mass
was assumed. All data samples were preselected with the conditions described in chapter
6.5. For fit details see chapter 6.6.
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Figure B.11.: Fit by Monte Carlo simulations (red) to the 2009 data set (black)
for the angular range —0.2 < cos 19nCMS < 0.0. Upper left: 3He missing mass. Upper
right: invariant mass of two oppositely charged and two neutral CD particles. Middle
left: invariant mass of two neutral CD particles. Middle right: invariant mass of two
oppositely charged CD particles. Lower left: invariant mass of one charged and one
neutral CD particle, smallest combination. Lower right: squared missing mass of 3He
and two oppositely charged CD particles. For the charged CD particles an electron mass
was assumed. All data samples were preselected with the conditions described in chapter
6.5. For fit details see chapter 6.6.
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Figure B.12.: Fit by Monte Carlo simulations (red) to the 2009 data set (black) for the
angular range 0.0 < cos ﬂT?MS < 0.2. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter
6.6.

273



B. Appendix B: 1 — 7 + e* + e~ decay analysis

%1200 =~ 6007
o (3] r
1000 S 500
[) () F
= 800" = 400"
< r
S 600" < 300~
£ 400 S 200
K r P g
S 200 S 100- ‘, “
] L | Dttt s E‘ ‘ l‘«,,fﬁ L ‘.“4.“”_7 .
0.45 0.5 0.55 0.6 0 02 04 06 0.8 1
missing mass *He / (GeV/c?) invariant mass e*e’yy / (GeV/c?)
% 700 © 500/
> 3 >
2 600 2 400
~ 2000 <
= 400° < 300/
£ 300 £ 200
S 200: >
3 100 ) S 100 ‘.
0 01 02 03 04 05 0 02 04 06 08 1
invariant mass vy / (GeV/c?) invariant mass e*e’/ (GeV/c?)
%G 600 < 300
~ 400~ = 200?
= 300~ < 150~
g r NE E
g 200" o 100~
3 100, S 50 ,
0 01 02 03 04 05 01-005 0 0.05 0.1 0.15 0.2
invariant mass ey / (GeV/c?) missing mass® *Hee*e / (GeV/c?)

Figure B.13.: Fit by Monte Carlo simulations (red) to the 2009 data set (black) for the
angular range 0.2 < cos ﬂT?MS < 0.4. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter
6.6.
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Figure B.14.: Fit by Monte Carlo simulations (red) to the 2009 data set (black) for the
angular range 0.4 < cos ﬂT?MS < 0.6. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter
6.6.
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Figure B.15.: Fit by Monte Carlo simulations (red) to the 2009 data set (black) for the
angular range 0.6 < cos ﬂT?MS < 0.8. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter

6.6.
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B.2. Monte Carlo fits to the 2008 and 2009 data
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Figure B.16.: Fit by Monte Carlo simulations (red) to the 2009 data set (black) for the
angular range 0.8 < cos ﬂT?MS < 1.0. Upper left: 3He missing mass. Upper right: invariant
mass of two oppositely charged and two neutral CD particles. Middle left: invariant mass
of two neutral CD particles. Middle right: invariant mass of two oppositely charged CD
particles. Lower left: invariant mass of one charged and one neutral CD particle, smallest
combination. Lower right: squared missing mass of 3He and two oppositely charged CD
particles. For the charged CD particles an electron mass was assumed. All data samples
were preselected with the conditions described in chapter 6.5. For fit details see chapter
6.6.
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Table B.2.: Number of events of the i decay 1 — 7™ + 7~ + Aﬁo — v +7v) in the 2009 data set depending on the angular range.

The observed numbers Nobserved

279

o are separated in events without event overlap and events with event overlap. For both cases the
corresponding efficiencies ep according to Monte Carlo simulations are given. The given uncertainties are purely statistical.

n—mta—

pure events events with event overlap

B.3. Number of n — nt + 7~ + 7° events

cos ¥ %Zm Zovmmﬂmﬁ* o R Zowmmﬂma o B Zwamwwa:o
—0.6 - —-04 5046 £ 71  0.1123(4) 7431 +86  0.066 34(32) 156 925 + 1554
—0.4 - -0.2 7462+ 86  0.09655(31) 111814106 0.05786(24) 270502 + 2198
—-0.2 - 0.0 8693 +93  0.07794(23) 13098 + 114 0.04698(18) 390 309 + 2937
0.0- 0.2 9025+ 95 0.06261(18) 13758 £ 117 0.03828(14) 503 523 £ 3702
02— 04 8860 +94  0.04887(15) 13731+ 117 0.03036(12) 633 577 £ 4691
04- 06 7994 +£89 0.03630(12) 126524 112 0.02299(10) 770 558 4 5997
0.6 - 0.8 5832+ 76  0.02570(10) 9327 £97 0.01649(8) 792597 £ 7178
0.8—- 1.0 3120+ 56  0.01385(7) 5094 +71  0.00905(6) 788133 £ 9693
—0.6 — 1.0 560324237 0.04550(19) 86271 +294 0.02806(10) 4306124 + 15265




B. Appendix B: 1 — 7 + e* + e~ decay analysis

B.4. Investigation of systematic effects: Tables for

the Monte Carlo smearing

Table B.3.: Combinations of FDgpear, CDsmear and CDgactor sets with the corresponding
efficiencies eg for the decayn — (1 — v +v)+et+e™ via a virtual photon in the angular
range —0.6 < cos ﬁT]CMS < 1.0, the number Ny _,+ -0 of produced n mesons decaying via
the channel n — 77 + 7 + (Tto — v +7Y) in the angular range —0.6 < cos 19“0MS < 1.0,
the quotient 1/ (€5 Nyy_yptn—n0), and the relative difference A,q of this quotient from
the quotient determined for the set (0 0 0), which is listed in the last row of the table.
In addition, the relative variance for the quotient is given.

Set
FDuwar CDamear CDiactor &5 Nyominn0 o Aua
+ 0 0 0.0235 6.55 x 106 6.50 x 107¢  —0.0136
— 0 0 0.0239 6.47 x 106  6.46 x 1076  —0.0197
0 + 0 0.0221 6.59 x 106 6.86 x 1076 0.0409
+ + 0 0.0222 6.51 x 105 6.92 x 1076 0.0494
— + 0 0.0226 6.49 x 10° 6.81 x 1076 0.0339
0 — 0 0.0258 6.40 x 10 6.06 x 107¢  —0.0798
+ - 0 0.0256 6.50 x 106  6.00 x 107¢  —0.0894
— — 0 0.0259 6.39 x 106 6.05 x 1076 —0.0826
0 0 + 0.0239 6.46 x 106 6.48 x 1076 —0.0171
+ 0 + 0.0234 6.47 x 10° 6.60 x 1076 0.0019
— 0 + 0.0244 6.41 x 10° 6.40 x 107  —0.0284
0 + + 0.0221 6.56 x 106  6.91 x 1076 0.0483
- + + 0.0218 6.52 x 106 7.03 x 1076 0.0664
— + + 0.0226 6.49 x 106 6.82 x 1076 0.0350
0 — + 0.0261 6.37 x 10 6.02x 107%  —0.0861
+ - + 0.0255 6.52 x 10° 6.01 x 107¢  —0.0885
— - + 0.0260 6.40 x 106 6.02 x 1076 —0.0867
0 0 — 0.0237 6.59 x 106 6.41 x 1076 —0.0271
+ 0 — 0.0236  6.57 x 106  6.45 x 1076 —0.0215
— 0 — 0.0243 6.53 x 10 6.30 x 1076 —0.0435
0 + — 0.0217 6.67 x 10° 6.91 x 1076 0.0484
+ + — 0.0220 6.52 x 105  6.95 x 1076 0.0551
— + - 0.0225 6.57 x 105 6.76 x 1076 0.0253
0 — — 0.0257 6.53 x 106 5.96 x 107¢  —0.0954
+ — — 0.0255 6.51 x 10 6.02 x 1076  —0.0865
— — — 0.0257 6.50 x 10 5.99 x 1076  —0.0912
0 0 0 0.0233 6.51 x 106  6.59 x 107¢  Var: 0.059
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B.4. Investigation of systematic effects: Tables for the Monte Carlo smearing

Table B.4.: Combinations of FDgpnear, CDgmear and CDygactor sets with the corresponding
efficiencies eg for the decay n — (7(0 — Y +v)+et +e according to three-particle phase
space in the angular range —0.6 < cos 19”CMS < 1.0, the number N,,_, 7o of produced
1 mesons decaying via the channel 1 — n™ + 7~ + (n° — v +7v) in the angular range
—0.6 < cos 19“CMS < 1.0, the quotient 1/ (eg - Ny_yz+n—n0), and the relative difference Al
of this quotient from the quotient determined for the set (0 0 0), which is listed in the

last row of the table. In addition, the relative variance for the quotient is given.

Set
FDsmear C]:)smear CDfactor €s Nn%nﬂ‘w* 0 ES'NHHI,,-Q—,,—T,O Arel
+ 0 0 0.0187 6.55 x 105 818 x 1075  —0.0181
— 0 0 0.0186 6.47 x 105 829 x 1075  —0.0047
0 + 0 0.0171  6.59 x 10° 8.89 x 107¢ 0.0674
+ + 0 0.0171 6.51 x 10° 8.96 x 1076 0.0754
— + 0 0.0177 6.49 x 10 8.71 x 1076 0.0451
0 — 0 0.0200 6.40 x 10 7.82x 107  —0.0612
+ - 0 0.0202 6.50 x 105 7.63 x 1075 —0.0842
— — 0 0.0202 6.39 x 10° 7.73x107% —0.0724
0 0 + 0.0184 6.46 x 10° 8.41 x 107¢ 0.0087
+ 0 + 0.0185 6.47 x 10  8.35 x 1076 0.0020
— 0 + 0.0190 6.41 x 10 8.22x 107  —0.0136
0 + + 0.0170 6.56 x 105  8.96 x 1076 0.0759
+ + + 0.0170  6.52 x 10°  9.05 x 107¢ 0.0861
— + + 0.0176 6.49 x 10° 8.76 x 10~° 0.0515
0 — + 0.0203 6.37 x 10° 7.73x 107  —0.0728
+ — + 0.0197 6.52 x 10 7.79x 107 —0.0649
- - + 0.0201 6.40 x 10 7.77 x 107  —0.0677
0 0 — 0.0184 6.59 x 10° 824 x 107  —0.0108
+ 0 — 0.0181 6.57 x 10° 8.40 x 107 0.0078
— 0 — 0.0188 6.53 x 10 8.13 x 107  —0.0246
0 + — 0.0170 6.67 x 10 8.82 x 1076 0.0585
+ + — 0.0171 6.52 x 105 8.98 x 1076 0.0772
- + — 00173 657 x10° 879x107°  0.0554
0 — — 0.0200 6.53 x 10° 7.65x 107  —0.0821
+ — — 0.0196 6.51 x 10° 7.85x 107  —0.0579
— — - 0.0200 6.50 x 10 7.70 x 107 —0.0757
0 0 0 0.0184 6.51 x 10° 8.33 x 1075  Var: 0.057
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.5.: Combinations of FDgpear, CDsmear and CDgactor sets with the corresponding
efficiencies g for the decay n — (710 — v +v)+eT+e” viaa hypothetical dark boson with
a mass of my = 150 MeV ¢~? in the angular range —0.6 < cos ﬁncMS < 1.0, the number

N,

smtn—no of produced 1 mesons decaying via the channel 1 — 7" + 71~ + (11” — v + )

in the angular range —0.6 < cos §nCMS < 1.0, the quotient 1/ (eg - Nn_mﬂrﬂo), and the
relative difference Ay of this quotient from the quotient determined for the set (0 0
0), which is listed in the last row of the table. In addition, the relative variance for the

quotient is given.

Set
FDsmear CDsmear C]Dfactor €S Nn—mﬂr 0 ES‘NnﬁiJrﬂf 0 A1rel
+ 0 0 0.0365 6.55 x 105 4.19 x 107° 0.0099
— 0 0 0.0367 6.47 x 10° 4.21 x 107° 0.0146
0 + 0 0.0333  6.59 x 10° 4.56 x 107 0.0981
+ + 0 0.0343 6.51 x 10 4.48 x 1076 0.0789
- + 0 0.0352 6.49 x 10  4.37 x 1076 0.0538
0 - 0 0.0408 6.40 x 10 3.83x 1075  —0.0768
+ - 0 0.0402 6.50 x 10° 3.83 x 1075  —0.0774
— — 0 0.0401 6.39 x 10 3.90 x 1075 —0.0604
0 0 + 0.0373  6.46 x 10 4.15x 1075  —0.0009
+ 0 + 0.0369 6.47 x 10°  4.19 x 10~° 0.0104
- 0 + 0.0374 6.41 x 105 4.17 x 107° 0.0045
0 + + 0.0332  6.56 x 10° 4.59 x 10~° 0.1073
+ + + 0.0343 6.52 x 10° 447 x 107° 0.0780
- + + 0.0344 6.49 x 10°  4.47 x 107 0.0774
0 — + 0.0405 6.37 x 10 3.87 x 107 —0.0665
+ - + 0.0394 6.52x 10° 3.90 x 107 —0.0604
- - + 0.0384 6.40 x 10° 4.07x 107  —0.0185
0 0 — 0.0373  6.59 x 10° 4.07x 107  —0.0183
+ 0 — 0.0368 6.57 x 10 4.13 x 1075  —0.0039
— 0 — 0.0378 6.53 x 105 4.05 x 1075 —0.0244
0 + - 0.0341 6.67 x 105 4.40 x 107° 0.0598
+ + — 0.0341 6.52 x 10° 4.49 x 10°° 0.0825
- + — 0.0336  6.57 x 10° 4.53 x 107° 0.0907
0 — — 0.0397 6.53 x 10° 3.86 x 1075  —0.0703
+ - — 0.0396 6.51 x 10 3.88 x 1075  —0.0648
— — — 0.0403 6.50 x 105 3.81 x 107  —0.0812
0 0 0 0.0370 6.51 x 10° 4.15 x 107%  Var: 0.061
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B.5. Investigation of systematic effects: Tables for

the selection conditions

In the following tables the standard selection conditions are indicated by bold

numbers.

Table B.6.: Investigation of various conditions for the 3He scattering angle Jr,ap for the
2008 data set with regard to systematic effects.

min fo gmax /o MC events data events K

2 17 0.76 1 0.17
2.5 17 0.76 1 0.17
3 17 0.76 1 0.17
3.5 17 0.76 1 0.17
4 17 0.76 1 0.17

Table B.7.: Investigation of various conditions for the *He scattering angle ¥r,ap for the
2009 data set with regard to systematic effects.

min fo - gmax /o MC events data events K

2 17 1.2 2 0.27
2.5 17 1.2 2 0.27
3 17 1.2 2 0.27
3.5 17 1.2 2 0.27
4 17 1.2 2 0.27
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.8.: Investigation of various conditions for the energy loss Egcp, of neutral
particles in the calorimeter for the 2008 data set with regard to systematic effects.

Ef»/GeV MC events data events K

0 0.76 1 0.17
0.01 0.76 1 0.17
0.02 0.76 1 0.17
0.03 1.1 1 —0.05
0.04 1.4 1 —0.16
0.05 1.6 1 —0.26
0.06 1.5 1 —0.21

Table B.9.: Investigation of various conditions for the energy loss Egep, of neutral
particles in the calorimeter for the 2009 data set with regard to systematic effects.

ERn/GeV  MC events data events K

0 1.2 2 0.27
0.01 1.2 2 0.27
0.02 1.2 2 0.27
0.03 2.1 1 —-0.5

0.04 2.8 3 0.06
0.05 3.5 4 0.14
0.06 3.2 2 —0.4

Table B.10.: Investigation of various conditions for the energy loss Egep of charged
particles in the calorimeter for the 2008 data set with regard to systematic effects.

Exin/GeV  MC events data events K

dep
0.01 0.82 1 0.13
0.015 0.82 1 0.13
0.02 0.76 1 0.17
0.025 0.76 1 0.17
0.03 0.76 1 0.17
0.035 0.72 1 0.2
0.04 0.72 1 0.2
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Table B.11.: Investigation of various conditions for the energy loss Egep of charged
particles in the calorimeter for the 2009 data set with regard to systematic effects.

Enin/GeV  MC events data events K

dep
0.01 1.4 2 0.22
0.015 1.4 2 0.22
0.02 1.2 2 0.27
0.025 1.2 1 —0.1
0.03 1.2 1 —0.1
0.035 1.2 1 —0.08
0.04 1.2 1 —0.08

Table B.12.: Investigation of various conditions for the momentum p of charged particles
for the 2008 data set with regard to systematic effects.

p™in/GeV el MC events data events K

0.19 0.39 0 —0.33
0.2 0.53 0 —0.5
0.21 0.58 1 0.29
0.22 0.66 1 0.24
0.23 0.66 1 0.24
0.24 0.66 1 0.24
0.25 0.76 1 0.17
0.26 0.82 1 0.13
0.27 0.82 2 0.7
0.28 0.97 3 1
0.29 1 3 1
0.3 1.1 3 0.9
0.31 1.1 3 0.9
0.32 1.1 4 1.3
0.33 1.3 4 1.2
0.34 1.3 4 1.2
0.35 1.3 4 1.2
0.36 1.3 4 1.2
0.37 1.3 4 1.2
0.5 1.4 5 1.5
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.13.: Investigation of various conditions for the momentum p of charged particles
for the 2009 data set with regard to systematic effects.

p™/GeV e ! MC events data events K
0.19 0.63 1 0.14
0.2 0.81 1 0.07
0.21 0.94 1 0.024
0.22 1 1 0.019
0.23 1 2 0.34
0.24 1 2 0.34
0.25 1.2 2 0.27
0.26 1.2 4 0.9
0.27 1.2 4 0.9
0.28 1.2 4 0.9
0.29 1.3 4 0.8
0.3 1.5 4 0.8
0.31 1.5 6 1.3
0.32 1.5 6 1.3
0.33 1.5 6 1.3
0.34 1.5 7 1.5
0.35 1.5 8 1.7
0.36 1.5 9 1.9
0.37 1.5 10 2.1
0.5 1.7 10 2.1
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Table B.14.: Investigation of various conditions for the reduction of conversion events
for the 2008 data set with regard to systematic effects.

d/ xo/ x1/ xa/ MC events data events K
mm GeVce?2 GeVe? GeVe?

24 0.012 0.005 0.013 0.68 1 0.22
24 0.012 0.005 0.016 0.68 1 0.22
24 0.012 0.005 0.019 0.68 1 0.22
24 0.015 0.008 0.013 0.68 1 0.22
24 0.015 0.008 0.016 0.68 1 0.22
24 0.015 0.008 0.019 0.68 1 0.22
24 0.018 0.011 0.013 0.68 1 0.22
24 0.018 0.011 0.016 0.68 1 0.22
24 0.018 0.011 0.019 0.68 1 0.22
26 0.012 0.005 0.013 0.68 1 0.22
26 0.012 0.005 0.016 0.68 1 0.22
26 0.012 0.005 0.019 0.68 1 0.22
26 0.015 0.008 0.013 0.68 1 0.22
26 0.015 0.008 0.016 0.68 1 0.22
26 0.015 0.008 0.019 0.68 1 0.22
26 0.018 0.011 0.013 0.68 1 0.22
26 0.018 0.011 0.016 0.68 1 0.22
26 0.018 0.011 0.019 0.68 1 0.22
28 0.012 0.005 0.013 0.76 1 0.17
28 0.012 0.005 0.016 0.76 1 0.17
28 0.012 0.005 0.019 0.76 1 0.17
28 0.015 0.008 0.013 0.76 1 0.17
28 0.015 0.008 0.016 0.76 1 0.17
28 0.015 0.008 0.019 0.76 1 0.17
28 0.018 0.011 0.013 0.76 1 0.17
28 0.018 0.011 0.016 0.76 1 0.17
28 0.018 0.011 0.019 0.76 1 0.17
30 0.012 0.005 0.013 0.76 1 0.17
30 0.012 0.005 0.016 0.76 1 0.17
30 0.012 0.005 0.019 0.76 1 0.17
30 0.015 0.008 0.013 0.76 1 0.17
30 0.015 0.008 0.016 0.76 1 0.17
30 0.015 0.008 0.019 0.76 1 0.17
30 0.018 0.011 0.013 0.76 1 0.17
30 0.018 0.011 0.016 0.76 1 0.17
30 0.018 0.011 0.019 0.76 1 0.17
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.15.: Investigation of various conditions for the reduction of conversion events
for the 2008 data set with regard to systematic effects, continued.

d/ zo/ xy/ Ty MC events data events K
mm GeVc? GeVe? GeVe?

32 0.012 0.005 0.013 0.83 1 0.12
32 0.012 0.005 0.016 0.83 1 0.12
32 0.012 0.005 0.019 0.83 1 0.12
32 0.015 0.008 0.013 0.83 1 0.12
32 0.015 0.008 0.016 0.83 1 0.12
32 0.015 0.008 0.019 0.83 1 0.12
32 0.018 0.011 0.013 0.83 1 0.12
32 0.018 0.011 0.016 0.83 1 0.12
32 0.018 0.011 0.019 0.83 1 0.12

Table B.16.: Investigation of various conditions for the reduction of conversion events
for the 2009 data set with regard to systematic effects.

d/ xo/ x1/ xo/ MC events data events K
mm GeVe? GeVe? GeVe?

24 0.012 0.005 0.013 1.1 2 0.31
24 0.012 0.005 0.016 1.1 2 0.31
24 0.012 0.005 0.019 1.1 2 0.31
24 0.015 0.008 0.013 1.1 2 0.31
24 0.015 0.008 0.016 1.1 2 0.31
24 0.015 0.008 0.019 1.1 2 0.31
24 0.018 0.011 0.013 1.1 2 0.31
24 0.018 0.011 0.016 1.1 2 0.31
24 0.018 0.011 0.019 1.1 2 0.31
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B.5. Investigation of systematic effects: Tables for the selection conditions

Table B.17.: Investigation of various conditions for the reduction of conversion events
for the 2009 data set with regard to systematic effects, continued.

d/ xo/ x1/ xa/ MC events data events K
mm GeVce?2 GeVe? GeVe?

26 0.012 0.005 0.013 1.1 2 0.31
26 0.012 0.005 0.016 1.1 2 0.31
26 0.012 0.005 0.019 1.1 2 0.31
26 0.015 0.008 0.013 1.1 2 0.31
26 0.015 0.008 0.016 1.1 2 0.31
26 0.015 0.008 0.019 1.1 2 0.31
26 0.018 0.011 0.013 1.1 2 0.31
26 0.018 0.011 0.016 1.1 2 0.31
26 0.018 0.011 0.019 1.1 2 0.31
28 0.012 0.005 0.013 1.2 2 0.27
28 0.012 0.005 0.016 1.2 2 0.27
28 0.012 0.005 0.019 1.2 2 0.27
28 0.015 0.008 0.013 1.2 2 0.27
28 0.015 0.008 0.016 1.2 2 0.27
28 0.015 0.008 0.019 1.2 2 0.27
28 0.018 0.011 0.013 1.2 2 0.27
28 0.018 0.011 0.016 1.2 2 0.27
28 0.018 0.011 0.019 1.2 2 0.27
30 0.012 0.005 0.013 1.2 2 0.27
30 0.012 0.005 0.016 1.2 2 0.27
30 0.012 0.005 0.019 1.2 2 0.27
30 0.015 0.008 0.013 1.2 2 0.27
30 0.015 0.008 0.016 1.2 2 0.27
30 0.015 0.008 0.019 1.2 2 0.27
30 0.018 0.011 0.013 1.2 2 0.27
30 0.018 0.011 0.016 1.2 2 0.27
30 0.018 0.011 0.019 1.2 2 0.27
32 0.012 0.005 0.013 1.5 2 0.19
32 0.012 0.005 0.016 1.5 2 0.19
32 0.012 0.005 0.019 1.5 2 0.19
32 0.015 0.008 0.013 1.5 2 0.19
32 0.015 0.008 0.016 1.5 2 0.19
32 0.015 0.008 0.019 1.5 2 0.19
32 0.018 0.011 0.013 1.5 2 0.19
32 0.018 0.011 0.016 1.5 2 0.19
32 0.018 0.011 0.019 1.5 2 0.19
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.18.: Investigation of various conditions for the rejection of split-off tracks of
charged particles for the 2008 data set with regard to systematic effects.

min. split charged / MC events data events K
°x GeV

0 1.2 2 0.5
0.25 1.2 2 0.5
0.45 1.1 2 0.5
0.65 1.1 2 0.5
0.85 1 2 0.6
1.05 0.9 2 0.6
1.25 0.8 1 0.14
1.45 0.76 1 0.17
1.65 0.66 1 0.24
1.85 0.66 1 0.24
2.05 0.6 1 0.28
2.25 0.6 1 0.28

Table B.19.: Investigation of various conditions for the rejection of split-off tracks of
charged particles for the 2009 data set with regard to systematic effects.

min. split charged / MC events data events K
° x GeV

0 2.1 4 0.6
0.25 2.1 4 0.6
0.45 2 3 0.33
0.65 2 3 0.33
0.85 1.8 3 0.4
1.05 1.6 2 0.16
1.25 1.4 2 0.23
1.45 1.2 2 0.27
1.65 1.1 1 —0.024
1.85 1.1 1 —0.024
2.05 0.92 1 0.032
2.25 0.92 1 0.032
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B.5. Investigation of systematic effects: Tables for the selection conditions

Table B.20.: Investigation of various conditions for the rejection of split-off tracks of
neutral particles for the 2008 data set with regard to systematic effects.

min. split neutral /  MC events data events K
° x GeV

0 1.1 2 0.5
0.25 1 2 0.5
0.45 1 2 0.6
0.65 1 2 0.6
0.85 0.86 2 0.7
1.05 0.78 2 0.7
1.25 0.76 2 0.7
1.45 0.76 1 0.17
1.65 0.72 1 0.2
1.85 0.62 1 0.26
2.05 0.62 1 0.26
2.25 0.62 1 0.26

Table B.21.: Investigation of various conditions for the rejection of split-off tracks of
neutral particles for the 2009 data set with regard to systematic effects.

min. split neutral /  MC events data events K
° x GeV

0 1.8 6 1.2
0.25 1.7 6 1.2
0.45 1.7 6 1.2
0.65 1.7 6 1.2
0.85 1.3 6 1.4
1.05 1.2 6 14
1.25 1.2 ) 1.1
1.45 1.2 2 0.27
1.65 1.2 1 —0.08
1.85 1 0 —0.8
2.05 1 0 -0.8
2.25 1 0 —0.8
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.22.: Investigation of various conditions for the invariant mass mey, for the 2008
data set with regard to systematic effects.

mip®/GeV e ? MC events data events K
0.015 0.76 2 0.7
0.02 0.76 2 0.7
0.025 0.76 2 0.7
0.03 0.76 2 0.7
0.035 0.76 1 0.17
0.04 0.76 1 0.17
0.045 0.76 1 0.17

Table B.23.: Investigation of various conditions for the invariant mass me, for the 2009
data set with regard to systematic effects.

m2*/GeVe?  MC events data events K
0.015 1.2 2 0.27
0.02 1.2 2 0.27
0.025 1.2 2 0.27
0.03 1.2 2 0.27
0.035 1.2 2 0.27
0.04 1.2 2 0.27
0.045 1.2 2 0.27
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B.5. Investigation of systematic effects: Tables for the selection conditions

Table B.24.: Investigation of various conditions for the 3He missing mass m, for the
2008 data set with regard to systematic effects.

m™n /GeVe? mP/GeV e 2 MC events data events K
0.5354 0.5621 1.6 7 1.9
0.5354 0.5601 1.3 7 2
0.5354 0.5581 1.2 7 2
0.5354 0.5561 1.1 6 1.8
0.5354 0.5541 1 6 1.9
0.5354 0.5521 0.94 5 1.6
0.5354 0.5501 0.84 5 1.7
0.5374 0.5621 1.4 7 2
0.5374 0.5601 1.2 7 2.1
0.5374 0.5581 1.1 7 2.1
0.5374 0.5561 1 6 1.9
0.5374 0.5541 0.9 6 1.9
0.5374 0.5521 0.82 5) 1.7
0.5374 0.5501 0.73 5) 1.7
0.5394 0.5621 1.3 ) 1.5
0.5394 0.5601 0.99 ) 1.6
0.5394 0.5581 0.9 5 1.7
0.5394 0.5561 0.83 4 1.4
0.5394 0.5541 0.72 4 1.5
0.5394 0.5521 0.64 3 1.2
0.5394 0.5501 0.55 3 1.2
0.5414 0.5621 1.2 2 0.5
0.5414 0.5601 0.91 2 0.6
0.5414 0.5581 0.82 2 0.7
0.5414 0.5561 0.76 1 0.17
0.5414 0.5541 0.64 1 0.25
0.5414 0.5521 0.56 0 —0.5
0.5414 0.5501 0.47 0 —0.4
0.5434 0.5621 1.2 2 0.5
0.5434 0.5601 0.88 2 0.6
0.5434 0.5581 0.78 2 0.7
0.5434 0.5561 0.72 1 0.19
0.5434 0.5541 0.61 1 0.27
0.5434 0.5521 0.53 0 —0.5
0.5434 0.5501 0.43 0 —-0.4
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.25.: Investigation of various conditions for the 3He missing mass m, for the
2008 data set with regard to systematic effects, continued.

min /GeV e? mP>*/GeVe 2 MC events data events K
0.5454 0.5621 1.1 2 0.5
0.5454 0.5601 0.84 2 0.7
0.5454 0.5581 0.75 2 0.7
0.5454 0.5561 0.68 1 0.22
0.5454 0.5541 0.57 1 0.3
0.5454 0.5521 0.49 0 —0.4
0.5454 0.5501 0.4 0 —0.34
0.5474 0.5621 1 2 0.6
0.5474 0.5601 0.74 2 0.7
0.5474 0.5581 0.64 2 0.8
0.5474 0.5561 0.58 1 0.29
0.5474 0.5541 0.47 1 0.4
0.5474 0.5521 0.39 0 —0.33
0.5474 0.5501 0.29 0 —0.25
0.5294 0.5681 2.4 8 1.4

Table B.26.: Investigation of various conditions for the *He missing mass m, for the
2009 data set with regard to systematic effects.

m™n /GeVe? mP*/GeV e 2 MC events data events K
0.5354 0.5621 2.6 5) 0.7
0.5354 0.5601 2.2 4 0.6
0.5354 0.5581 2.1 3 0.29
0.5354 0.5561 1.9 3 0.4
0.5354 0.5541 1.8 3 0.4
0.5354 0.5521 1.7 3 0.4
0.5354 0.5501 1.3 2 0.26
0.5374 0.5621 2.3 4 0.6
0.5374 0.5601 1.9 3 0.4
0.5374 0.5581 1.8 2 0.08
0.5374 0.5561 1.6 2 0.15
0.5374 0.5541 14 2 0.2
0.5374 0.5521 1.4 2 0.22
0.5374 0.5501 0.93 1 0.025
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B.5. Investigation of systematic effects: Tables for the selection conditions

Table B.27.: Investigation of various conditions for the 3He missing mass m, for the
2009 data set with regard to systematic effects, continued.

m™n /GeVe? mP/GeV e 2 MC events data events K
0.5394 0.5621 2 4 0.6
0.5394 0.5601 1.7 3 0.4
0.5394 0.5581 1.5 2 0.16
0.5394 0.5561 1.3 2 0.23
0.5394 0.5541 1.2 2 0.29
0.5394 0.5521 1.1 2 0.31
0.5394 0.5501 0.69 1 0.12
0.5414 0.5621 1.9 4 0.7
0.5414 0.5601 1.6 3 0.5
0.5414 0.5581 1.4 2 0.2
0.5414 0.5561 1.2 2 0.27
0.5414 0.5541 1.1 2 0.33
0.5414 0.5521 1 2 0.35
0.5414 0.5501 0.59 1 0.16
0.5434 0.5621 1.9 4 0.7
0.5434 0.5601 1.5 3 0.5
0.5434 0.5581 1.4 2 0.22
0.5434 0.5561 1.2 2 0.29
0.5434 0.5541 1 2 0.35
0.5434 0.5521 0.98 2 0.4
0.5434 0.5501 0.54 1 0.18
0.5454 0.5621 1.7 4 0.7
0.5454 0.5601 1.3 3 0.6
0.5454 0.5581 1.2 2 0.28
0.5454 0.5561 1 2 0.35
0.5454 0.5541 0.85 2 0.4
0.5454 0.5521 0.8 2 0.4
0.5454 0.5501 0.36 1 0.24
0.5474 0.5621 1.6 4 0.8
0.5474 0.5601 1.3 3 0.6
0.5474 0.5581 1.1 2 0.3
0.5474 0.5561 0.95 2 0.4
0.5474 0.5541 0.79 2 0.4
0.5474 0.5521 0.74 2 0.4
0.5474 0.5501 0.3 1 0.27
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.28.: Investigation of various conditions for the invariant mass Mmeeyy for the
2008 data set with regard to systematic effects.

mgéiyny /GeV c2 Megeyy /GeV 2 MC events data events K
0.447 0.706 2.1 7 1.7
0.447 0.686 2.1 7 1.7
0.447 0.666 2.1 7 1.7
0.447 0.646 2.1 7 1.7
0.447 0.626 2.1 7 1.7
0.447 0.606 2.1 7 1.7
0.447 0.586 2.1 7 1.7
0.467 0.706 1.1 4 1.3
0.467 0.686 1.1 4 1.3
0.467 0.666 1.1 4 1.3
0.467 0.646 1.1 4 1.3
0.467 0.626 1.1 4 1.3
0.467 0.606 1.1 4 1.3
0.467 0.586 1.1 4 1.3
0.487 0.706 0.76 2 0.7
0.487 0.686 0.76 2 0.7
0.487 0.666 0.76 2 0.7
0.487 0.646 0.76 2 0.7
0.487 0.626 0.76 2 0.7
0.487 0.606 0.76 2 0.7
0.487 0.586 0.72 2 0.7
0.507 0.706 0.76 1 0.17
0.507 0.686 0.76 1 0.17
0.507 0.666 0.76 1 0.17
0.507 0.646 0.76 1 0.17
0.507 0.626 0.76 1 0.17
0.507 0.606 0.76 1 0.17
0.507 0.586 0.72 1 0.2
0.527 0.706 0.55 1 0.32
0.527 0.686 0.55 1 0.32
0.527 0.666 0.55 1 0.32
0.527 0.646 0.55 1 0.32
0.527 0.626 0.55 1 0.32
0.527 0.606 0.55 1 0.32
0.527 0.586 0.51 1 0.34
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B.5. Investigation of systematic effects: Tables for the selection conditions

Table B.29.: Investigation of various conditions for the invariant mass meey, for the
2008 data set with regard to systematic effects, continued.

m2n /GeVe2 m2ax /GeV c?  MC events data events K

Meeyy Meeyy
0.547 0.706 0.13 0 —0.12
0.547 0.686 0.13 0 —0.12
0.547 0.666 0.13 0 —0.12
0.547 0.646 0.13 0 —0.12
0.547 0.626 0.13 0 —0.12
0.547 0.606 0.13 0 —0.12
0.547 0.586 0.097 0 —0.08
0.567 0.706 0.075 0 —0.07
0.567 0.686 0.075 0 —0.07
0.567 0.666 0.075 0 —0.07
0.567 0.646 0.075 0 —0.07
0.567 0.626 0.075 0 —0.07
0.567 0.606 0.075 0 —0.07
0.567 0.586 0.038 0 —0.033

Table B.30.: Investigation of various conditions for the invariant mass meeyy for the
2009 data set with regard to systematic effects.

g;lyny /GeV ¢ 2 Meary/ GEV ¢ ® MC events data events K

0.447 0.706 2.8 9 1.5
0.447 0.686 2.8 9 1.5
0.447 0.666 2.8 9 1.5
0.447 0.646 2.8 9 1.5
0.447 0.626 2.8 9 1.5
0.447 0.606 2.8 9 1.5
0.447 0.586 2.7 8 1.4
0.467 0.706 1.9 8 1.6
0.467 0.686 1.9 8 1.6
0.467 0.666 1.9 8 1.6
0.467 0.646 1.9 8 1.6
0.467 0.626 1.9 8 1.6
0.467 0.606 1.9 8 1.6
0.467 0.586 1.9 7 1.4
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.31.: Investigation of various conditions for the invariant mass Mmeeyy for the
2009 data set with regard to systematic effects, continued.

mgéiyny /GeV c2 Megeyy /GeV 2 MC events data events K
0.487 0.706 1.2 5 1.1
0.487 0.686 1.2 5 1.1
0.487 0.666 1.2 5 1.1
0.487 0.646 1.2 5 1.1
0.487 0.626 1.2 5 1.1
0.487 0.606 1.2 5 1.1
0.487 0.586 1.2 4 0.9
0.507 0.706 1.2 2 0.27
0.507 0.686 1.2 2 0.27
0.507 0.666 1.2 2 0.27
0.507 0.646 1.2 2 0.27
0.507 0.626 1.2 2 0.27
0.507 0.606 1.2 2 0.27
0.507 0.586 1.2 1 —0.08
0.527 0.706 0.94 2 0.4
0.527 0.686 0.94 2 0.4
0.527 0.666 0.94 2 0.4
0.527 0.646 0.94 2 0.4
0.527 0.626 0.94 2 0.4
0.527 0.606 0.94 2 0.4
0.527 0.586 0.89 1 0.04
0.547 0.706 0.3 2 0.6
0.547 0.686 0.3 2 0.6
0.547 0.666 0.3 2 0.6
0.547 0.646 0.3 2 0.6
0.547 0.626 0.3 2 0.6
0.547 0.606 0.3 2 0.6
0.547 0.586 0.25 1 0.29
0.567 0.706 0.18 2 0.7
0.567 0.686 0.18 2 0.7
0.567 0.666 0.18 2 0.7
0.567 0.646 0.18 2 0.7
0.567 0.626 0.18 2 0.7
0.567 0.606 0.18 2 0.7
0.567 0.586 0.12 1 0.34
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B.5. Investigation of systematic effects: Tables for the selection conditions

Table B.32.: Investigation of various conditions for the invariant mass m., for the 2008
data set with regard to systematic effects.

mt /GeVe? miex /GeV > MC events  data events K
0.0623 0.1874 1.3 2 0.4
0.0623 0.1774 1.1 2 0.5
0.0623 0.1674 0.85 1 0.1
0.0623 0.1574 0.76 1 0.17
0.0623 0.1474 0.62 1 0.27
0.0623 0.1374 0.23 0 -0.2
0.0623 0.1274 0.099 0 —0.09
0.0723 0.1874 1.3 2 0.4
0.0723 0.1774 1.1 2 0.5
0.0723 0.1674 0.85 1 0.1
0.0723 0.1574 0.76 1 0.17
0.0723 0.1474 0.62 1 0.27
0.0723 0.1374 0.23 0 —0.2
0.0723 0.1274 0.099 0 —0.09
0.0823 0.1874 1.3 2 0.4
0.0823 0.1774 1.1 2 0.5
0.0823 0.1674 0.85 1 0.1
0.0823 0.1574 0.76 1 0.17
0.0823 0.1474 0.62 1 0.27
0.0823 0.1374 0.23 0 —-0.2
0.0823 0.1274 0.099 0 —0.09
0.0923 0.1874 1.3 2 0.4
0.0923 0.1774 1.1 2 0.5
0.0923 0.1674 0.85 1 0.1
0.0923 0.1574 0.76 1 0.17
0.0923 0.1474 0.62 1 0.27
0.0923 0.1374 0.23 0 —-0.2
0.0923 0.1274 0.099 0 —-0.09
0.1023 0.1874 1.3 2 0.4
0.1023 0.1774 1.1 2 0.5
0.1023 0.1674 0.85 1 0.1
0.1023 0.1574 0.76 1 0.17
0.1023 0.1474 0.62 1 0.27
0.1023 0.1374 0.23 0 —0.2
0.1023 0.1274 0.099 0 —0.09
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.33.: Investigation of various conditions for the invariant mass m., for the 2008
data set with regard to systematic effects, continued.

miet /GeVe? mie* /GeV e MC events  data events K
0.1123 0.1874 1.3 2 0.4
0.1123 0.1774 1.1 2 0.5
0.1123 0.1674 0.85 1 0.1
0.1123 0.1574 0.76 1 0.17
0.1123 0.1474 0.62 1 0.27
0.1123 0.1374 0.23 0 —0.2
0.1123 0.1274 0.099 0 —0.09
0.1223 0.1874 1.3 2 0.4
0.1223 0.1774 1.1 2 0.5
0.1223 0.1674 0.85 1 0.1
0.1223 0.1574 0.76 1 0.17
0.1223 0.1474 0.62 1 0.27
0.1223 0.1374 0.23 0 —0.2
0.1223 0.1274 0.098 0 —0.09

Table B.34.: Investigation of various conditions for the invariant mass m., for the 2009
data set with regard to systematic effects.

mier /GeVe? mye* /GeVe > MC events  data events K
0.0623 0.1874 2 7 1.3
0.0623 0.1774 2 ) 0.9
0.0623 0.1674 1.4 4 0.8
0.0623 0.1574 1.2 3 0.6
0.0623 0.1474 0.95 3 0.7
0.0623 0.1374 0.36 3 0.9
0.0623 0.1274 0.19 3 0.9
0.0723 0.1874 2 7 1.3
0.0723 0.1774 2 ) 0.9
0.0723 0.1674 1.4 4 0.8
0.0723 0.1574 1.2 3 0.6
0.0723 0.1474 0.95 3 0.7
0.0723 0.1374 0.36 3 0.9
0.0723 0.1274 0.19 3 0.9
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B.5. Investigation of systematic effects: Tables for the selection conditions

Table B.35.: Investigation of various conditions for the invariant mass m., for the 2009
data set with regard to systematic effects, continued.

mt /GeVe? miex /GeV > MC events  data events K
0.0823 0.1874 2 7 1.3
0.0823 0.1774 2 5 0.9
0.0823 0.1674 1.4 4 0.8
0.0823 0.1574 1.2 3 0.6
0.0823 0.1474 0.95 3 0.7
0.0823 0.1374 0.36 3 0.9
0.0823 0.1274 0.19 3 0.9
0.0923 0.1874 2 6 1.1
0.0923 0.1774 2 4 0.6
0.0923 0.1674 14 3 0.5
0.0923 0.1574 1.2 2 0.27
0.0923 0.1474 0.95 2 0.4
0.0923 0.1374 0.36 2 0.6
0.0923 0.1274 0.19 2 0.6
0.1023 0.1874 2 6 1.1
0.1023 0.1774 2 4 0.6
0.1023 0.1674 1.4 3 0.5
0.1023 0.1574 1.2 2 0.27
0.1023 0.1474 0.95 2 0.4
0.1023 0.1374 0.36 2 0.6
0.1023 0.1274 0.19 2 0.6
0.1123 0.1874 2 5 0.9
0.1123 0.1774 2 3 0.33
0.1123 0.1674 1.4 2 0.2
0.1123 0.1574 1.2 1 —0.1
0.1123 0.1474 0.95 1 0.02
0.1123 0.1374 0.36 1 0.24
0.1123 0.1274 0.19 1 0.31
0.1223 0.1874 2 4 0.6
0.1223 0.1774 2 2 0.012
0.1223 0.1674 14 1 —0.18
0.1223 0.1574 1.2 0 -1
0.1223 0.1474 0.95 0 -0.8
0.1223 0.1374 0.36 0 —-0.31
0.1223 0.1274 0.19 0 —0.16
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B. Appendix B: 1 — 7 + e* + e~ decay analysis

Table B.36.: Investigation of various conditions for the invariant mass mee for the 2008
data set with regard to systematic effects.

mmin /GeV ¢?  MC events data events K

0 18 29 2.1
0.008 14 23 1.9
0.016 9.6 19 2.1
0.024 6.7 16 2.2
0.032 5.4 13 2
0.04 4.3 7 0.9
0.048 3.3 ) 0.7
0.056 2.8 4 0.5
0.064 2.1 2 —0.04
0.072 1.6 2 0.25
0.08 1.3 2 0.4
0.088 1 2 0.6
0.096 0.76 1 0.17
0.104 0.62 1 0.26
0.112 0.35 1 0.5
0.12 0.21 1 0.6
0.128 0.13 1 0.6
0.136 0.037 1 0.7
0.144 0.037 1 0.7
0.152 0.037 1 0.7
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Table B.37.: Investigation of various conditions for the invariant mass mee for the 2009
data set with regard to systematic effects.

mmn /GeV ¢? MC events data events K

0 35 44 1.2
0.008 27 33 1
0.016 19 24 0.9
0.024 13 17 0.7
0.032 11 10 —0.12
0.04 8.1 8 —0.04
0.048 6.2 7 0.22
0.056 4.9 4 —0.28
0.064 3.7 3 —0.23
0.072 2.7 3 0.11
0.08 2.3 3 0.24
0.088 1.7 2 0.11
0.096 1.2 2 0.27
0.104 1.1 2 0.34
0.112 0.64 2 0.5
0.12 0.33 2 0.6
0.128 0.23 2 0.6
0.136 0.051 2 0.7
0.144 0.051 2 0.7
0.152 0.051 2 0.7
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Table B.38.: Investigation of various conditions for the x? probability (prob.) of the
kinematic fit for the 2008 data set with regard to systematic effects.

prob.™®  MC events data events K
0 52 80 2.9
0.005 0.96 2 0.6
0.01 0.89 2 0.6
0.015 0.79 2 0.7
0.02 0.79 2 0.7
0.025 0.79 2 0.7
0.03 0.79 2 0.7
0.035 0.79 2 0.7
0.04 0.76 1 0.17
0.045 0.76 1 0.17
0.05 0.76 1 0.17
0.055 0.76 1 0.17
0.06 0.76 1 0.17
0.065 0.76 1 0.17
0.07 0.76 1 0.17
0.075 0.76 1 0.17
0.08 0.76 1 0.17
0.085 0.76 1 0.17
0.09 0.76 1 0.17
0.095 0.76 1 0.17
0.1 0.76 1 0.17
0.12 0.71 1 0.2
0.14 0.71 1 0.2
0.16 0.67 1 0.23
0.18 0.67 1 0.23
0.2 0.64 1 0.25
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Table B.39.: Investigation of various conditions for the x? probability (prob.) of the
kinematic fit for the 2009 data set with regard to systematic effects.

prob.™®  MC events data events K

0 98 148 4
0.005 2 8 1.6
0.01 1.5 7 1.5
0.015 1.3 7 1.6
0.02 1.3 6 1.4
0.025 1.3 4 0.9
0.03 1.3 2 0.25
0.035 1.2 2 0.27
0.04 1.2 2 0.27
0.045 1.2 2 0.27
0.05 1.2 2 0.27
0.055 1.2 2 0.27
0.06 1.2 2 0.27
0.065 1.2 2 0.27
0.07 1.2 2 0.27
0.075 1.2 2 0.27
0.08 1.2 2 0.27
0.085 1.2 2 0.27
0.09 1.2 2 0.27
0.095 1.2 1 —0.1
0.1 1.2 1 —0.1
0.12 1.2 1 —0.1
0.14 1.2 1 —0.08
0.16 1.2 1 —0.08
0.18 1.2 1 —0.08
0.2 1.1 1 —0.05
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Table B.40.: Investigation of various conditions for the upper graphical cut for the
PID of positively and negatively charged particles for the 2008 data set with regard to
systematic effects.

upeso/GeV  uned fe o upe/GeVo up /e MC events  data events K
—0.009 1.17 —0.014 1.15 0.55 1 0.31
—0.009 1.195 —0.014 1.175 0.55 1 0.31
—0.009 1.22 —0.014 1.2 0.58 1 0.29
—0.009 1.245 —0.014 1.225 0.58 1 0.29
—0.009 1.27 —0.014 1.25 0.58 1 0.29
—0.003 1.17 —0.008 1.15 0.55 1 0.31
—0.003 1.195 —0.008 1.175 0.58 1 0.29
—0.003 1.22 —0.008 1.2 0.58 1 0.29
—0.003 1.245 —0.008 1.225 0.58 1 0.29
—0.003 1.27 —0.008 1.25 0.63 1 0.26

0.003 1.17 —0.002 1.15 0.64 1 0.25
0.003 1.195 —0.002 1.175 0.64 1 0.25
0.003 1.22 —0.002 1.2 0.64 1 0.25
0.003 1.245 —0.002 1.225 0.72 1 0.19
0.003 1.27 —0.002 1.25 0.76 1 0.17
0.009 1.17 0.004 1.15 0.68 1 0.23
0.009 1.195 0.004 1.175 0.68 1 0.23
0.009 1.22 0.004 1.2 0.72 1 0.19
0.009 1.245 0.004 1.225 0.76 1 0.17
0.009 1.27 0.004 1.25 0.76 1 0.17
0.015 1.17 0.01 1.15 0.68 1 0.23
0.015 1.195 0.01 1.175 0.72 1 0.19
0.015 1.22 0.01 1.2 0.76 1 0.17
0.015 1.245 0.01 1.225 0.76 1 0.17
0.015 1.27 0.01 1.25 0.76 1 0.17
0.021 1.17 0.016 1.15 0.76 1 0.17
0.021 1.195 0.016 1.175 0.76 1 0.17
0.021 1.22 0.016 1.2 0.76 1 0.17
0.021 1.245 0.016 1.225 0.79 1 0.14
0.021 1.27 0.016 1.25 0.79 1 0.14
0.027 1.17 0.022 1.15 0.79 1 0.14
0.027 1.195 0.022 1.175 0.79 1 0.14
0.027 1.22 0.022 1.2 0.79 1 0.14
0.027 1.245 0.022 1.225 0.79 1 0.14
0.027 1.27 0.022 1.25 0.79 2 0.7
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Table B.41.: Investigation of various conditions for the upper graphical cut for the
PID of positively and negatively charged particles for the 2008 data set with regard to
systematic effects, continued.

upess/GeV  uned e unet/GeV o updy /e MC events  data events K
0.033 1.17 0.028 1.15 0.79 1 0.14
0.033 1.195 0.028 1.175 0.79 1 0.14
0.033 1.22 0.028 1.2 0.79 1 0.14
0.033 1.245 0.028 1.225 0.79 2 0.7
0.033 1.27 0.028 1.25 0.79 2 0.7
0.039 1.17 0.034 1.15 0.79 1 0.14
0.039 1.195 0.034 1.175 0.79 1 0.14
0.039 1.22 0.034 1.2 0.79 2 0.7
0.039 1.245 0.034 1.225 0.79 2 0.7
0.039 1.27 0.034 1.25 0.79 2 0.7

Table B.42.: Investigation of various conditions for the upper graphical cut for the
PID of positively and negatively charged particles for the 2009 data set with regard to
systematic effects.

upes/GeV o uned fe upes/GeVo up /e MC events  data events K
—0.009 1.17 —0.014 1.15 0.96 1 0.016
—0.009 1.195 —0.014 1.175 1 1 —0.0032
—0.009 1.22 —0.014 1.2 1 1 —0.0032
—0.009 1.245 —0.014 1.225 1 1 —0.0032
—0.009 1.27 —-0.014 1.25 1 2 0.35
—0.003 1.17 —0.008 1.15 1 1 —0.0032
—0.003 1.195 —0.008 1.175 1 1 —0.0032
—0.003 1.22 —0.008 1.2 1 1 —0.0032
—0.003 1.245 —0.008 1.225 1 2 0.35
—0.003 1.27 —0.008 1.25 1.1 2 0.34
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Table B.43.: Investigation of various conditions for the upper graphical cut for the
PID of positively and negatively charged particles for the 2009 data set with regard to
systematic effects, continued.

upeso/GeV  uned fe o upe/GeVo up /e MC events  data events K
0.003 1.17 —0.002 1.15 1.1 1 —0.06
0.003 1.195 —0.002 1.175 1.2 1 —0.08
0.003 1.22 —0.002 1.2 1.2 2 0.29
0.003 1.245 —0.002 1.225 1.2 2 0.27
0.003 1.27 —0.002 1.25 1.2 2 0.27
0.009 1.17 0.004 1.15 1.2 1 —0.08
0.009 1.195 0.004 1.175 1.2 2 0.27
0.009 1.22 0.004 1.2 1.2 2 0.27
0.009 1.245 0.004 1.225 1.2 2 0.27
0.009 1.27 0.004 1.25 1.2 2 0.27
0.015 1.17 0.01 1.15 1.2 2 0.27
0.015 1.195 0.01 1.175 1.2 2 0.27
0.015 1.22 0.01 1.2 1.2 2 0.27
0.015 1.245 0.01 1.225 1.2 2 0.27
0.015 1.27 0.01 1.25 1.2 2 0.27
0.021 1.17 0.016 1.15 1.2 2 0.27
0.021 1.195 0.016 1.175 1.3 2 0.25
0.021 1.22 0.016 1.2 1.3 2 0.25
0.021 1.245 0.016 1.225 1.3 2 0.25
0.021 1.27 0.016 1.25 1.3 2 0.25
0.027 1.17 0.022 1.15 1.3 2 0.25
0.027 1.195 0.022 1.175 1.3 2 0.25
0.027 1.22 0.022 1.2 1.3 2 0.25
0.027 1.245 0.022 1.225 1.3 2 0.25
0.027 1.27 0.022 1.25 1.3 2 0.25
0.033 1.17 0.028 1.15 1.3 2 0.25
0.033 1.195 0.028 1.175 1.3 2 0.25
0.033 1.22 0.028 1.2 1.3 2 0.25
0.033 1.245 0.028 1.225 1.3 2 0.25
0.033 1.27 0.028 1.25 1.3 2 0.25
0.039 1.17 0.034 1.15 1.3 2 0.25
0.039 1.195 0.034 1.175 1.3 2 0.25
0.039 1.22 0.034 1.2 1.3 2 0.25
0.039 1.245 0.034 1.225 1.3 2 0.25
0.039 1.27 0.034 1.25 1.3 2 0.25
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Table B.44.: Investigation of various conditions for the lower graphical cut for the
PID of positively and negatively charged particles for the 2008 data set with regard to
systematic effects.

[min /GeV  [min Joo Mt /GeV ™M /e MC events  data events K

pos0 posl neg0 negl

—0.062 0.93 —0.068 0.946 2.8 4 0.5
—0.062 0.955 —0.068 0.971 2.2 4 0.8
—0.062 0.98 —0.068 0.996 1.9 3 0.5
—0.062 1.005 —0.068 1.021 1.6 3 0.7
—0.062 1.03 —0.068 1.046 1.2 2 0.5
—-0.056  0.93 —0.062 0.946 2.1 4 0.8
—0.056  0.955 —0.062 0.971 1.8 3 0.6
—0.056  0.98 —0.062 0.996 1.5 2 0.3
—0.056 1.005 —0.062 1.021 1.2 2 0.5
—0.056 1.03 —0.062 1.046 0.94 1 0.04
—0.05 0.93 —0.056 0.946 1.8 3 0.6
—0.05 0.955 —0.056 0.971 1.4 2 0.34
—0.05 0.98 —0.056 0.996 1.1 2 0.5
—0.05 1.005 —0.056 1.021 0.94 1 0.04
—0.05 1.03 —0.056 1.046 0.85 1 0.1
—-0.044  0.93 —0.05 0.946 1.3 2 0.4
—0.044  0.955 —0.05 0.971 1.1 2 0.5
—0.044  0.98 —0.05 0.996 0.85 1 0.1
—0.044 1.005 —0.05 1.021 0.76 1 0.17
—0.044 1.03 —0.05 1.046 0.71 1 0.2
—-0.038  0.93 —0.044  0.946 0.98 1 0.017
—0.038  0.955 —-0.044 0971 0.76 1 0.17
—0.038 0.98 —0.044 0.996 0.76 1 0.17
—0.038 1.005 —0.044 1.021 0.67 1 0.23
—0.038 1.03 —0.044 1.046 0.58 1 0.29
—0.032 0.93 —0.038 0.946 0.76 1 0.17
—0.032 0.955 —0.038 0.971 0.67 1 0.23
—0.032 0.98 —0.038 0.996 0.64 1 0.25
—0.032 1.005 —0.038 1.021 0.54 1 0.32
—0.032 1.03 —0.038 1.046 0.48 1 0.4
—-0.026  0.93 —0.032 0.946 0.64 1 0.25
—-0.026  0.955 —0.032 0.971 0.6 1 0.28
—0.026  0.98 —0.032 0.996 0.54 1 0.32
—0.026 1.005 —0.032 1.021 0.44 1 0.4
—0.026 1.03 —0.032 1.046 0.37 1 0.4
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Table B.45.: Investigation of various conditions for the lower graphical cut for the
PID of positively and negatively charged particles for the 2008 data set with regard to
systematic effects, continued.

[min /GeV [min Jeo i /GeV o min /e MC events  data events K

pos0 posl neg0 negl

—0.02 0.93 —0.026  0.946 0.6 1 0.28
—0.02 0.955 —0.026 0.971 0.51 1 0.34
—0.02 0.98 —0.026 0.996 0.41 1 0.4
—0.02 1.005 —0.026 1.021 0.37 0 —0.32
—0.02 1.03 —0.026 1.046 0.37 0 —0.32
—-0.014  0.93 —0.02 0.946 0.51 1 0.34
—0.014  0.955 —0.02 0.971 0.41 0 —0.35
—0.014  0.98 —0.02 0.996 0.33 0 —0.29
—0.014 1.005 —0.02 1.021 0.27 0 —0.23
—0.014 1.03 —0.02 1.046 0.2 0 —0.17

Table B.46.: Investigation of various conditions for the lower graphical cut for the
PID of positively and negatively charged particles for the 2009 data set with regard to
systematic effects.

[min /GeV  [min /oo Mt /GeV (™MD /e MC events data events K

posO posl neg0 negl

—0.062  0.93 —0.068  0.946 4.5 10 1.3
—0.062  0.955 —0.068  0.971 4 9 1.2
—-0.062  0.98 —0.068  0.996 3.3 7 1
—0.062 1.005 —0.068 1.021 2.5 6 1
—0.062 1.03 —0.068 1.046 1.9 6 1.2
—0.056  0.93 —0.062  0.946 3.7 9 1.3
—0.056  0.955 —-0.062  0.971 3.3 6 0.8
—-0.056  0.98 —-0.062  0.996 24 6 1
—0.056 1.005 —0.062 1.021 1.9 ) 0.9
—0.056 1.03 —0.062 1.046 1.7 ) 1
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Table B.47.: Investigation of various conditions for the lower graphical cut for the
PID of positively and negatively charged particles for the 2009 data set with regard to
systematic effects, continued.

[min /GeV [min /e [min /GeV  [min /e MC events data events K

pos0 posl neg0 negl

—0.05 0.93 —0.056 0.946 2.9 6 0.9
—0.05 0.955 —0.056 0.971 24 6 1
—0.05 0.98 —0.056 0.996 1.7 d 1
—0.05 1.005 —0.056 1.021 1.6 4 0.7
—0.05 1.03 —0.056 1.046 1.6 3 0.5
—-0.044  0.93 —0.05 0.946 2.2 4 0.6
—0.044  0.955 —0.05 0.971 1.7 4 0.7
—0.044  0.98 —0.05 0.996 1.6 4 0.8
—0.044 1.005 —0.05 1.021 1.3 2 0.25
—0.044 1.03 —0.05 1.046 1.2 2 0.29
—-0.038  0.93 —0.044  0.946 1.8 4 0.7
—0.038  0.955 —-0.044 0971 1.5 3 0.5
—0.038 0.98 —0.044 0.996 1.2 2 0.27
—0.038 1.005 —0.044 1.021 1.1 2 0.34
—0.038 1.03 —0.044 1.046 0.92 1 0.032
—0.032 0.93 —0.038 0.946 1.2 2 0.27
—0.032 0.955 —0.038 0.971 1.2 1 —0.08
—0.032 0.98 —0.038 0.996 1.1 1 —0.024
—0.032 1.005 —0.038 1.021 0.86 1 0.05
—0.032 1.03 —0.038 1.046 0.75 1 0.09
—-0.026  0.93 —0.032 0.946 1.1 1 —0.06
—0.026  0.955 —0.032 0.971 1 1 0.0
—0.026  0.98 —0.032 0.996 0.81 1 0.07
—0.026 1.005 —0.032 1.021 0.7 1 0.11
—0.026 1.03 —0.032 1.046 0.7 1 0.11
—0.02 0.93 —0.026 0.946 0.95 1 0.02
—0.02 0.955 —0.026 0.971 0.76 1 0.09
—0.02 0.98 —0.026 0.996 0.7 1 0.11
—0.02 1.005 —0.026 1.021 0.7 1 0.11
—0.02 1.03 —0.026 1.046 0.64 0 0.5
-0.014  0.93 —0.02 0.946 0.76 1 0.09
—-0.014  0.955 —0.02 0.971 0.7 1 0.11
—-0.014  0.98 —0.02 0.996 0.59 1 0.16
—0.014 1.005 —0.02 1.021 0.45 0 0.4
—0.014 1.03 —0.02 1.046 0.28 0 0.24
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