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Abstract

Quantum Chromodynamics (QCD), the theory of the strong interaction, presents significant
challenges as perturbation theory cannot be applied in the energy region where hadrons form.
A promising approach to probe QCD in this region is the study of the excitation spectrum of
baryons. However, classical (unpolarized) cross section measurements alone are insufficient
to isolate the contributions of individual excited states. To disentangle overlapping resonance
contributions, measurements of polarized cross sections are performed, which further constrain
the spin degrees of freedom. Extracted polarization observables are then used in partial wave
analysis to gain insight into resonance parameters and their properties. The CBELSA /TAPS
experiment at the ELSA accelerator facility in Bonn makes an important contribution to the
field of baryon spectroscopy by studying meson photoproduction off protons or neutrons.

In this work, the reaction vp — p7T07r0 has been analyzed using a linearly polarized photon
beam and a transversely polarized target. The cross section for these multi-meson final states
remains large at energies where many predicted resonances remain unobserved. They are
sensitive to higher-mass resonances with significant branching ratios to other excited states.
Despite these advantages, the existing database for multi-meson photoproduction still leaves
room for improvement.

Four different periods of data taking were analyzed. In total, 8.17 x 10° events on quasi-free
protons with a pwowo final state were selected in a beam photon energy range of 650—3 100 MeV
and an average reconstruction efficiency of 22 %. At the same time, the average background
was reduced to < 2%. Events on bound protons were successfully subtracted using reference
measurements with carbon foam as a target material. Using an event-based likelihood fit,
polarization observables were extracted for different combinations of five kinematic variables.
The single polarization observables P, and P, were extracted in a beam photon energy range
of 650 — 3100 MeV with high statistics. The double polarization observables Py, P, Py, and
PyC were extracted in a beam photon range of 850 — 1700 MeV. This is the first measurement
of these double polarization observables at such high energies.

In addition, a recent upgrade of the CBELSA /TAPS experiment has improved both the
readout electronics and the trigger system. Therefore, this work also includes an investigation
of the newly available time information for the Crystal Barrel detector and its incorporation
into the reconstruction process of particles. The time information was further used to
validate the pile-up detection and correction of the newly installed sampling-analog-to-
digital converters (SADCs), revealing significant shortcomings. These shortcomings were
subsequently resolved in a separate work.
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CHAPTER ].

Introduction

The Standard Model of particle physics [1-4] provides a comprehensive framework for
understanding the fundamental constituents of matter and their interactions. In the Standard
Model, elementary particles are divided into two categories: leptons and quarks (cf. Table.
Both leptons and quarks are classified as fermions due to their half-integer spin and are
organized in three generations, ordered by increasing mass. Each particle carries specific
charges that determine the nature of its interactions: the electric charge is responsible for
electromagnetic interaction, the color charge for the strong interaction, and the weak charge
for the weak interaction. While all particles carry weak charge, electric and color charge are
not universal. For instance, electrons (e~ ), muons (), and tau (7~ ) each have —1 units of
electric charge. Quarks carry either —1/3 (d, s, b) or +2/3 (u, ¢, t) units of electric charge
and also carry color charge. Neutrinos (v, v, v;), in contrast, carry only weak charge. Each
particle has a corresponding antiparticle characterized by opposite charges.

The interactions between the elementary particles are mediated by gauge bosons, which are
particles with integer spin. Photons () mediate the electromagnetic force, gluons (g) mediate
the strong force, while W* and Z° bosons mediate the weak force. These interactions are
mathematically described by quantum electrodynamics (QED) for electromagnetic processes,
quantum chromodynamics (QCD) for strong processes and the Glashow-Weinberg-Salam
theory for electroweak processesﬁ] The last fundamental force in nature, gravity, is not
described by the Standard Model. It is too weak to play a significant role in elementary
particle physics.

The fundamental forces differ significantly in their strength and range. The strong force is
the strongest, but operates only at short distances, on the scale of atomic nuclei (femtometers).
The electromagnetic force, although weaker than the strong force, has an infinite range and
dominates our everyday lives. The weak force operates at even shorter distances than the
strong force and is weak due to the large masses of its mediators.

The historic success of the Standard Model lies in its ability to explain the discovery
of many new particles in the 1960s. A quark model introduced by Gell-Mann and Zweig
classified these particles into symmetry groups (multiplets) based on properties such as their
charge and strangeness [5, 6]. The new particles could then be explained by a small number
of elementary particles, called quarks. Quarks manifest themselves as color-neutral bound
systems called hadrons. In the basic form of the quark model, there are two types of hadrons:
mesons, which describe bound states of a quark and an antiquark (¢q), and baryons, which
describe bound states of three quarks (¢qq). However, there are also other exotic hadrons
that go beyond this simple classification scheme such as tetraquarks, pentaquarks or glueballs

' The Glashow-Weinberg-Salam theory of electroweak processes describes the unification of the electromagnetic
and weak interactions.



Chapter 1 Introduction

(cf. Quark Model in [7]). Although they are part of ongoing research, they are not discussed
in this work.

A more recent success in experimental particle physics was the discovery of the Higgs
boson, a scalar particle (spin 0), which is predicted by the Standard Model [§]. The Higgs
boson arises as a consequence of the electroweak symmetry breaking via the Higgs mechanism.
This symmetry breaking is responsible for giving mass to all elementary fermions as well as
the weak gauge bosons. Despite the success, significant challenges remain in the Standard
Model, such as in fully understanding the strong interaction via QCD.

Table 1.1: The Standard Model of particle physics. For each particle there is an antiparticle with
opposite charge, except for the gauge bosons v and Z°. The Higgs boson is not listed but completes
the model. The strength is given without a unit and can only be used for a qualitative comparison.
The tables are adapted from [4} [9]. The weak charge is not explicitly indicated.

Generations  Electric charge [e] Color

1 2 3
oo -1 -
Leptons
Ve Vy Vr 0 -
t +2/3 ,g,b
Quarks ¢ / b8
S b _1/3 I‘,g,b
Interaction Couples to Gauge bosons Mass [GeV] Strength
Strong Color charge 8 gluons (g) 0 10
Electromagnetic Elect. charge Photon (7) 0 1072
Weak Weak charge W and Z bosons (Wi, ZO) ~ 10° 107"

1.1 QCD in Comparison to QED

Quantum electrodynamics (QED) was historically the first successful quantum field theory
developed to describe the electromagnetic interactions between electrically charged parti-
cles [10]. The force in QED is mediated by the exchange of neutral photons () and is
characterized by the electromagnetic coupling constant aggp. The coupling constant has a
small dependence on the momentum transfer @ (Q o 1/r; r = distance) due to screening
effects caused by vacuum polarizationﬂ (cf. Fig. (left)). As a consequence, the coupling

% Vacuum polarization refers to the creation of et pairs during the exchange of a virtual photon, resulting in
a dielectric behavior of the vacuum [4].



1.2 Baryon Spectroscopy

constant increases at high @), since less of the bare charge is shielded at smaller distances.
However, the overall small value of the coupling constant allows perturbation theory to be
used effectively in QED.

In contrast to QED, a solution to quantum chromodynamics (QCD) poses significant
challenges. In QCD, the strong coupling constant agcp behaves in the opposite way to the
electromagnetic coupling constant (cf. Fig. (right)). This is because gluons carry color
charge and couple to themselves. The self-coupling of the gluons dominates the screening
effects and leads to an opposite behavior. At high momentum transfers ) the strong coupling
constant decreases, a phenomenon known as asymptotic freedom |11}, |12]. In this regime,
perturbation theory can be applied. At small momentum transfers, however, agcp increases,
leading to the confinement of quarks and the formation of hadrons [13]. Here agcp ~ 1
and perturbation theory with agcp as expansion parameter is not applicable. Theoretical
methods alternative to conventional perturbation theory, iterated with detailed experimental
studies, must be used to gain an understanding of the internal structures and dynamics of
systems bound by the strong force. A promising approach to understanding the strong force
in the large agep regime is the study of the excitation spectrum of baryons.

e'e > e'e L3 " e e October 2015
®  210GeV’ <-Q” < 6.25GeV? o (Q?) A
0.8 | m 12.25GeV? <-Q%< 3434GeV? > Jels (NLO) = -
] 1800GeV? < -Q? < 21600GeV> 0 Heavy Quarkonia (NLO)
—  QED 031 o ¢'e jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)
8 v pp—> jets (NLO}
: v pp —> tt (NNLO)
3 02+t
0.75
e s
a=constant=1/137.04 01l Rz
w w = QCD ag(M,) =0.1181 % 0.0013
2 3 4 L L .
i 10 10 10 10 1 10 100 1000
-Q? (GeV?) Q [GeV]
EM coupling constant aqrp |14 Strong coupling constant agcp |7]

Figure 1.1: The electromagnetic (EM) coupling constant aqgp and the strong coupling constant agep
as a function of the momentum transfer @ (Q o< 1/r; r = Distance).

1.2 Baryon Spectroscopy

Baryon spectroscopy provides a theoretical and experimental approach to probing the non-
perturbative regime of the strong interaction. One of the main goals of baryon spectroscopy
is to achieve a comprehensive understanding of the excited states of baryons. The excited
states correspond to different energy levels higher than the ground state and reflect different
excitation patterns. Theoretical models are used to predict the excitation spectrum and
provide valuable insights. However, theoretical predictions alone are not sufficient without
experimental confirmation. Therefore, an experimental measurement of the baryon excitation
spectrum is also important.
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1.2.1 Models and Calculations

Two types of theoretical methods are described below: Constituent quark models [15] and
lattice QCD |13]. Constituent quark models provide an intuitive, effective description of the
baryon structure, while lattice QCD provides a first-principles calculation based on the QCD
Lagrangian. Several other methods relevant to baryon spectroscopy are listed at the end.

1.2.1.1 Constituent Quark Models

Constituent quark models describe baryons as bound states of three constituent quarks.
The constituent quarks can be thought of as effective degrees of freedom that capture the
collective behavior of virtual quark-antiquark pairs and gluons surrounding the bare quarks.
This model provides a simple and intuitive approach to baryon spectroscopy. One of the first
calculations was made by Isgur and Karl |15]EI

In the quark model, the effective inter-quark potential is often described as a linearly
rising potential with some short-range residual interaction. The linear rise accounts for the
confinement of the quarks within the baryon. An example of such a model is the Bonn
model, which includes a linearly rising potential along with instanton-induced two- and
three-body residual interactions [16, |17]. The Bethe-Salpeter equation is solved to obtain
the wave functions and their energy levels. An extension of the Bonn model introduces
additional flavor-dependent interactions with the aim of providing a better description of the
experimental data [18].

A comparison of nucleon resonances calculated in the Bonn model with experimental data
is shown in Fig. A good agreement is found for resonance masses below ~ 1800 MeV.
However, even here not all the mass positions are fully understood. A prominent example
is the N (1440)%+. It is the first radial excitation of the proton and has a lower mass than
expected when compared to the first orbital (angular) excitation N (1535)%_. Only by
introducing the additional flavor-dependent interaction can this mass ordering be describedﬁ
The situation becomes more complex at higher masses, where many predicted resonances
have not yet been confirmed by the data. This raises the question of the correct degrees of
freedom within the quark model, which is responsible for the richness of the spectrum. As a
result, alternatives such as quark-diquark configurations have been investigated. However,
recent work favors the idea of a three-body rather than a quark-diquark description to explain
systematic effects in the branching ratios at higher masses [19-21]. It should be emphasized
that quark models are mostly phenomenological, relying on effective descriptions of the strong
interaction. The parameters and potentials used in these models are not derived from first
principles of QCD. A more fundamental approach based directly on QCD leads us to the
numerical approach of lattice QCD.

3 A non-relativistic constituent quark model that includes a one-gluon exchange mechanism to describe
residual interactions.
* The additional interaction was introduced purely phenomenologically [18].
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m, = 396 MeV. The masses are in units of the calculated € mass [24].

1.2.1.2 Lattice QCD

Lattice QCD is a numerical approach to solving QCD on a discretized space-time lattice [13].
In lattice QCD, calculations are performed by evaluating full path integrals’| numerically to
describe the behavior of quarks and gluons. To avoid finite size effects, a sufficiently large
and fine lattice is required. While some calculations have been performed at or close to the
continuum limit, many lattice QCD calculations are still carried out at finite lattice spacings
due to computational limitations. A careful choice of lattice size and spacing is required, and
extrapolation techniques are used to obtain physical predictions [23]. These constraints often
lead to unphysical quark masses that are larger in lattice QCD. This effect is quantified by
the pion mass m,. Lattice QCD provides a non-perturbative framework for studying the
baryon spectrum and has successfully reproduced a wide range of low-lying baryon states.
However, similar to the constituent quark models, there are still missing states that have yet
to be discovered in experimental data or understood within this framework. A lattice QCD
spectrum of the nucleon N and A resonances is shown in Fig.

1.2.1.3 Other Methods

In addition to constituent quark models and lattice QCD, several other methods are used
to understand the baryon spectrum. Effective field theory (EFT) provides a systematic
framework for describing the low-energy interactions of hadrons [25, [26]. The Dyson-
Schwinger and Bethe-Salpeter equations provide non-perturbative techniques to study the

5 A path integral is a mathematical formulation in quantum mechanics that computes the probability amplitude
by summing over all paths between initial and final states. For non-relativistic quantum mechanics cf. [22].
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quark-gluon dynamics within baryons [27-29]. Holographic QCD, inspired by the AdS/CFT
correspondenceﬂ provides another approach to understanding the strong interactions |30, 31].
While the focus of this chapter has been on constituent quark models and lattice QCD, it is
important to acknowledge the existence of the alternative methods and their contributions to
the field of baryon spectroscopy. By combining insights from different theoretical approaches
and comparing them with experimental data, it is possible to deepen the understanding of the
excitation spectra of baryons and the underlying dynamics of the quark interactions. In this
context, photoproduction experiments play a central role by providing direct experimental
access to baryon resonances.

1.2.2 Photoproduction as an Experimental Tool

Photoproduction experiments provide a tool for studying the excitation spectrum of baryons,
with the goal of identifying as many excited states as possible. While early studies relied on
pion-nucleon scattering |32} 33|, recent advances have made extensive use of photoproduction
data [20, |34} 35]. However, classical (unpolarized) cross section measurements alone do not
provide sufficient information to disentangle the contributions of the different excited states
(resonances) from the data. They overlap strongly in energy due to their short lifetimes 7
and large widths (I' ~ 1/7). Additionally, only their squared amplitudes contribute to the
total cross section, and thus small contributions may remain unobserved (cf. Fig. . To
disentangle overlapping resonance contributions, polarization observables are used. They
provide essential information about the spin amplitudes, including interference terms. By
performing a partial wave decomposition, the amplitudes can be expressed in terms of
contributions with well-defined total angular momentum and parity quantum numbers J P
This decomposition allows the isolation of individual resonance contributions.

Experiments that have contributed greatly to baryon spectroscopy using photoproduction
are CBELSA/TAPS at ELSA e.g. |20, 37-39], A2 at MAMI e.g. [40-43] and CLAS at JLab
e.g. [44-47]. In the following, special emphasize is given to the case of two-pseudoscalar
meson photoproduction

1.2.2.1 Polarization Observables

Polarization observables are defined as asymmetries of the differential cross section for certain
polarization configurations, normalized to the unpolarized cross section [4§]

0- (1> (%) -G (1)

Here, a and b correspond to different polarization configurations of the initial state particles
(beam or target) and the final state particles (recoil). While the unpolarized cross section
relates only to the sum of the squared spin amplitudes, the polarization observables are also
sensitive to interference terms. This allows for the extraction of more detailed information
about these amplitudes.

% Anti-de Sitter /conformal field theory correspondence
" The relevant reaction in this work is Yp — p7r07ro.
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Figure 1.4: The total cross section for the reaction vyp — p7r0 [36]. Contributing resonances are shown
in different colors. In all cases a Breit-Wigner parametrization is used for illustrative purposes.

For two-pseudoscalar meson photoproduction, N, = 8 different spin amplitudes fully
describe the process [49]. Theoretically, Nfl = 64 polarization observables are measurable.
They are listed in Table In addition to the unpolarized cross section I, there are single
polarization observables with respect to the beam polarization B, target polarization T or
recoil polarization R. Furthermore, double polarization (BT, BR, TR) and triple polarization
(BTR) observables can be defined. In general, by using certain subsets (combinations)
of only a few polarization observables one can disentangle all the different contributions
and obtain valuable information about the underlying amplitudes in so-called complete
experiments. In [50] a graph-based method is used which, in the case of two-pseudoscalar
meson photoproduction, allows to select a minimal set of 16 observablesﬁ The obtained sets
are completely free of ambiguities. However, each set still includes the measurement of one
triple polarization observable (B7R) which increases the experimental complexity.

The cross section can be expressed in terms of the polarization observables. For two-
pseudoscalar meson photoproduction, the cross section has the form [49)

do ( do

. X B - B aB/
= ) <1+A'P+0"P + A% Oaﬁl

aQ/,

+ 5

I®+K-13®+5.13®’+A%5(92ﬂ,

—

+ 6, 5in(20) [IS VKPP +A%ﬁ'ogﬂ,] (1.2)

— —

+ 6, cos(26) [IC +A-Pyi P74 A“aﬁlogﬁ,} )

® Under the assumption of data with infinite experimental precision.



1.2 Baryon Spectroscopy

Table 1.2: Polarization observables for two-pseudoscalar meson photoproduction assuming a polarized
beam B, a polarized target 7 and a measurement of the recoil polarization R. The table is adapted
from [4§]. For an explanation of the notation, see [49]. The I, corresponds to the unpolarized cross
section. Due to their length, the expressions of the observables in terms of spin amplitudes are not
given.

Type Observables O

Iy

I’ I°
7

T Py, Py, P,

R P, P, P,
T y z

Py, Py, P}, Py, Py, P}

BT
P, P, P?
s s s c c c
s DBy PY P, By FL
PS5, P9, PS
z Ty’ 2
TR Ozx/,ox/70 /’O /7(9 ,(9 ,O ,O O/
Y Tz yz yy yz 2z
BTR Oix/’ Oiy” Oiz” ny ’ O;y ) Oyz ’ ij ’ Ozy ’ Ozz ’
O, O, O, 001, O L, OF L, 0%, OF ), OF
Y Tz ya: yz 2z

0%, 0%, 09, 0%, o@,, 0%, 0%, o@,, 0®
xx xy xrz yx yy Yz zx zY zz

The choice of coordinates and the kinematic dependencies are discussed in detail in Chapter

Although polarization observables provide crucial sensitivity to interference effects and
spin amplitudes, the data alone do not directly yield resonance parameters such as mass,
width, or branching ratios. To extract these parameters, the measured observables must
be analyzed within a theoretical framework capable of decomposing the complex amplitude
structure into contributions with defined quantum numbers. This analysis is known as partial
wave analysis (PWA).

1.2.2.2 Partial Wave Analysis

Partial wave analysis (PWA) extracts detailed information about the resonance properties
from the measured polarization observables. Therefore, the amplitudes are expanded into
partial waves corresponding to specific orbital angular momentum states. In a simplified case
of spinless particles in a 2 — 2 scattering process (used here for illustration), the scattering
amplitude A is expanded as

) x Z (20 4+ 1)A;(s)Py(cos h), (1.3)
1=0
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with the Mandelstam variable s, the scattering angle 6 and the Legendre polynomials P;(cos 6).
The partial wave amplitudes A;(s) carry the energy dependence and contain the information
about the process dynamics. By parametrizing both resonant and non-resonant contributions
within these partial waves and fitting the polarization observables, the contribution of different
partial waves to the scattering process can be isolated. This method allows the extraction
of resonance properties such as mass, width, and branching ratios, even in the presence of
multiple overlapping resonances.

When parametrizing resonances, it is important to consider that the scattering S-matrix,
which defines the scattering amplitudes A via its matrix elements, is an analytic function
in the complex s-plane. Singularities in the S-matrix arise from branch points (associated
with the opening of new channels) and poles (corresponding to resonances if they lie on the
unphysical Riemann sheet). The pole position in the complex plane determines the resonance
parameters: the real part corresponds to the mass, while the imaginary part is half of the
total width (cf. Resonances in [7]). In cases where a resonance is narrow and isolated, a
common parametrization is the constant-width Breit-Wigner form (7]

Ay(s) = Nal?)

- 2 . ) (14)
Mpw — s — iMpwI'gw

where Mpyw and I'gy are the Breit-Wigner mass and Breit-Wigner width, respectively. N, (s)
includes kinematic factors and couplings related to the specific process. It should be noted,
however, that the Breit-Wigner parameters do not have a strict physical meaning. The
Breit-Wigner mass and width approximate the physical resonance parameters only in the limit
of a narrow and isolated resonance. Also, the parameters are typically reaction dependent.
Instead, a more sophisticated approach such as the K-matrix formalism must be used to
parameterize resonances and account for the complex dynamics of coupled channel scattering
as well as unitarity constraints |51} 52]. With the K-matrix, the scattering amplitude can be
expressed as

A(s) =K (I —ipK) ', (1.5)

where K is the so-called K-matrix and p is the phase space. A choice of the K-matrix is

R R
Ka(s) =3 229 1 (s), (1.6)

2
R MR—S

where gf and gf are the coupling constants of the resonance R to the initial and final states
of the process a — b. The non-resonant transition is described by f,;,(s). Mg is the bare
mass of the resonance. The physical mass and width of the resonance (Mo, — i%Fpole) can
be obtained by scanning the complex s-plane for poles or by calculating the zeros of the
denominator of the parameterized amplitude [53]

det (I—ipK) [ (Mf - s) =0. (1.7)
R

A fully model-independent partial wave decomposition is challenging, particularly for
reactions involving more than two final-state particles. Consequently, partial wave analysis is

10



1.2 Baryon Spectroscopy

typically performed within model-dependent frameworks. Prominent examples include the
Bonn-Gatchina model [53-55], MAID [56/-58|, SAID [59-61], and the Jilich-Bonn [62-64]
model. These models differ in their methodology, such as dispersion relations, channels
considered, and databases used. The impact of including recent polarization data on pion
photoproduction in the different partial wave analysis models is described in [65].

Regardless of the theoretical framework, the reliability of the extracted resonance pa-
rameters depends on the quality and completeness of the experimental data. Accurate
and extensive polarization observables are essential inputs to constrain models and reduce
ambiguities. Therefore, an overview of the current experimental database for two-neutral
pion photoproduction, the reaction relevant to this work, is given below.

1.2.2.3 Database for vp — pTl'OTl'O

Multi-meson photoproduction is becoming increasingly important in baryon spectroscopy.
At higher energies, where many predicted resonances remain unobserved, the cross section
for multi-meson photoproduction is still large. In addition, multi-meson final states are
sensitive to resonances with higher masses and significant branching ratios to other excited
states [19-21]. For example, in the first step of this sequential decay, i.e. in the decay to the
intermediate excited state, the first meson is emitted. When the intermediate excited state
decays back to the ground state, the second meson is emitted. These high-lying resonances
may remain unobserved in single-meson photoproduction. Among the final states of two-pion
photoproduction, the 7°7° final state is particularly interesting because the number of born
terms and t-channel processes are strongly reduced. For example, there is no diffractive p
production, since the decay of the p into 770 is forbidden. There is also no contribution
from the Delta-Kroll-Rudermann term, which describes the direct dissociation of the proton
into AT,

Despite the advantages, the existing database for two-neutral pion photoproduction still
leaves room for improvement. A summary of already published polarization observables for
two-neutral pion photoproduction with their corresponding beam photon energy ranges is
given in Table The most extensively measured observable is the unpolarized cross section
Iy, which has been studied early on and over a wide energy range. Other measurements
have focused on using a polarized beam to extract single polarization observables, such as
19, I° and I°. Only a limited number of measurements are available for double polarization
observables. For example, measurements with a longitudinally polarized target and a circularly
polarized beam were performed by Ahrens et al. in 2005 [66] and Dieterle et al. in 2020 [67].
These experiments focused on the extraction of the helicity dependent cross sections o /5
and o3/5. Measurements with a transversely polarized target and a linearly polarized beam
have so far only been performed by Seifen et al. in 2020 [20]. In this case, the extraction
of double polarization observables was limited to an energy range of 650 — 950 MeV. In
summary, the two-neutral pion photoproduction database would greatly benefit from more
extensive measurements of double polarization observables, such as P;, P;, P; and P,. These
additional measurements would enhance the capabilities of the partial wave analysis and
improve the precision of resonance parameters.

11



Chapter 1 Introduction

Table 1.3: Summary of published observables in two-neutral pion photoproduction. The table is
adapted from and is extended. I, corresponds to the unpolarized cross section. For the other
polarization observables, the notation defined in [49] is used whenever possible. The threshold for
two-neutral pion photoproduction is at ~ 309 MeV.

Observables Energy range E, Facility Reference Year
P 113 : ]Jz z e 2?8 B 3568&13\‘;\/ CBELSA/TAPS  Seifen et al. 2020
PZQ, o172, 032 431 —1455MeV  Crystal Ball/TAPS Dieterle et al. 2020

I 432 —1374MeV  Crystal Ball/TAPS  Dieterle et al. 2015
18{010 ggg ) 3228 ﬁg CBELSA/TAPS  Sokhoyan et al. 2015
I 600 — 1400 MeV  Crystal Ball/TAPS  Oberle et al. 2013

Iy 309 —1400MeV  Crystal Ball/TAPS  Kashevarov et al. 2012

jg ggi B 228 ﬁg Crystal Ball/TAPS  Zehr et al, 2012
I° 560 — 810 MeV Crystal Ball/TAPS Krambrich et al. 2009

Iy 400 — 1300MeV  CB-ELSA Thoma et al. 73 2008

Iy, 01/3, 035 400 —800MeV  DAPHNE Ahrens et al. [66 2005
Iy 309 — 425MeV  TAPS Kotulla et al. [74 2004

Ip, I°, I° 650 — 1450 MeV ~ GRAAL Assafiri et al. [75 2003
I 300 — 820MeV  TAPS Wolf et al. 2000

I 309 — 792MeV  TAPS Hirter et al. 1997

I 464 — 779MeV  DAPHNE Braghieri et al. 1995

12
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1.3 Aim of This Work

Considerable progress has been made in recent years with the collection of extensive data on
single-meson photoproduction. However, the study of multi-meson final states is becoming
increasingly important as described above. This work aims to contribute to the database
available for partial wave analysis in two-neutral pion photoproduction vp — p7r07r0. Previous
studies have determined single (P,, P,) and double polarization observables (P, P,, Py, P,)
in the energy ranges of 650 — 2600 MeV and 650 — 950 MeV, respectively [20] (cf. Table [1.3).
This work extends the analysis to the energy ranges of 650—3 100 MeV and 850—1700 MeV. A
multidimensional analysis of the polarization observables is performed to capture all relevant
kinematic dependencies. By including this additional data, ambiguities in the partial wave
analysis solutions can be reduced and the accuracy of the extracted resonance parameters
such as masses, widths and branching ratios can be improved.

In addition, a thorough understanding of the detector system is crucial for accurate
extraction of polarization observables. A recent upgrade of the CBELSA/TAPS experiment
improved the readout electronics and the trigger system [79-82]. During the upgrade, the
readout of time information in the Crystal Barrel detector was improved. Therefore, this work
also includes a detailed investigation of the time information and its incorporation into the
reconstruction process of particles. Furthermore, the time information in the Crystal Barrel
detector is used to validate the performance of the pile-up detection and pile-up correction of
the newly installed sampling-analog-to-digital converters (SADCs).

The thesis is structured into three parts. Part I focuses on explaining the CBELSA /TAPS
experiment, the data readout for the Crystal Barrel detector and calibrations for the Crystal
Barrel detector (cf. Chapter . Part II examines the time information in the Crystal Barrel
detector, to improve the internal reconstruction process and to validate specific features of
the newly used SADCs (cf. Chapter [5). Part IIT explains the analysis and extraction of
polarization observables (cf. Chapter .
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CHAPTER 2

CBELSA/TAPS Experiment

The CBELSA/TAPS experiment is a fixed target experimemﬂ at the Elektronen-Stretcher-
Anlage ELSA of the University of Bonn. It focuses on the study of photoproduced reactions
on nucleons and the extraction of polarization observables to gain a good understanding of
the spectrum and the properties of baryon resonances. For this purpose, nucleon excitations
are studied in reactions such as

v+ N—-R— N+ X. (2.1)

R indicates a resonance that could be produced in the photoproduction off the nucleon N and
X any number of decay products. The initial state photons v are produced in the process
of bremsstrahlung of electrons which are extracted from the ELSA accelerator. While in
this work the excitation of protons p is studied, the excitation of neutrons n is also possible.
For each case, a suitable target material is available. Furthermore, it is possible to polarize
the target in transverse or longitudinal direction. In combination with linearly or circularly
polarized photons, not only single but also double polarization observables can be extracted.
Examples of common reactions studied with the CBELSA /TAPS experiment include

y+p—p+a’ (2.2a)
Ytp—ptn (2.2b)
Y+p—=>p+ 770, (2.2c)

where the mesons decay almost instantaneously and with high probability to photons.EI

To detect the final decay products, several detectors are positioned around the target. The
most important are the two calorimeters with good energy resolution for photons: the Crystal
Barrel detector and the MiniTAPS detector. They are complemented by charge-sensitive
detectors to detect the proton. With these detectors, the CBELSA/TAPS experiment
is particularly well suited for the study of photoproduced reactions. An overview of the
experiment is shown in Fig. The ELSA accelerator and the individual detector components
of the CBELSA /TAPS experiment are described in the following.

' The target nucleon is at rest.
2 The n° meson decays with a probability of 98.82 % to 2y while the n decays with 39.36 % to 2y and with
32.57% to 3n° [7].
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Cherenkov
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\ i

Figure 2.1: Overview of the CBELSA/TAPS experiment at ELSA in Bonn [83]. The extracted electron
beam provided by ELSA enters the experimental area in the upper right corner.

2.1 ELSA

The accelerator at ELSA provides an electron beam of variable energy up to 3.5 GeVEI It
consists of three stages: a linear accelerator, a booster synchrotron, and a stretcher ring .

The linear accelerator (LINAC 2) is used for the initial acceleration of electrons emitted
from an electron source. Its frequency of 50 Hz is tuned to the booster synchrotron, where
electrons are injected at an energy of 26 MeV. The booster synchrotron is capable of further
accelerating electrons up to 1.6 GeV. In the current setup, however, only acceleration up to
1.2 GeV is required. The combination of linear accelerator and booster synchrotron is used
as an injector for the final stretcher ring, where electrons can be further accelerated to a
maximum energy of 3.5 GeV. The stretcher ring, with a circumference of 164 m, is the largest
stage of the accelerator. It supplies the experiments with electrons of adjustable energy and
current. The main mode of operation is post-acceleration. A typical post-acceleration cycle

3 However, a stable beam with sufficient beam current and long extraction times can only be provided up to
3.2GeV.
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Figure 2.2: Energy and beam current during a cycle in post-acceleration mode [86]. The colored areas
correspond to different phases within the cycle: injection, ,

is shown in Fig.[2.2] At the beginning of the cycle, electrons are injected from the booster
synchrotron at 1.2 GeV. Several injections are needed to completely fill the stretcher ring and
to achieve the desired current. Shortly after, the electrons are accelerated to a target energy
of 3.2 GeV with a maximum rate of 7GeVs™'. Then the extraction for the experiment starts,
providing a continuous electron beam for several seconds. At the end, the energy is returned
to 1.2 GeV, which again corresponds to the booster synchrotron to start the next cycle.

In the context of this work, the post-acceleration mode with a target energy of 3.2 GeV
and an extraction time of 4s was used for data taking. This resulted in a beam intensity
at the experiment of ~ 1nA. The typical ratio of the time electrons can be supplied to the
experiment to the full cycle length is about 80 % [85]E|

2.2 Photon Beam

For photoproduction experiments, the electrons extracted from ELSA must be converted into
photons. This is achieved via the process of bremsstrahlung in radiator material which is
mounted on a goniometer. Depending on the type of radiator, different characteristics of the
photon beam can be obtained (cf. Section . A tagging system is then used to provide
energy and time information of the photons (cf. Section .

2.2.1 Goniometer and Radiators

The Goniometer holds multiple radiators of different types (cf. Fig. (left)). An electrical
control system precisely adjusts the position of the individual radiators and centers them in
the electron beam. In a radiator, electrons are deflected and generate bremsstrahlung. The
electrons slow down in the presence of nuclei by radiating energy in the form of a photon [87].
To prevent the e from scattering more than once, the radiators are built very thin. This
allows to characterize the energy of the photon by

E,=E"-E™ (2.3)

where Eén is the energy of the electron before and ES" after the radiator.

* This number is also known as the duty factor.
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Chapter 2 CBELSA /TAPS Experiment

Unpolarized Photons For unpolarized photons, a foil made of amorphous copper is used as
a radiator. Inside the amorphous copper, the scattering partners are isotropically distributed.
The energy distribution of the unpolarized photons is then described by the Bethe-Heitler
cross section (88|

dk 4 p) 2F.E 1
—Z2ar? 2 |\E2+ E* - ZE E} [1 ( 0 )-} 2.4
OB.H arg A E(Q) 0+ 30 0g 2 5 (2.4)

Here, « is the electromagnetic coupling constant, ry the Bohr-radius, E, and E the energy of
the electron before (EX) and after (ES™) the creation of the photon and k the energy of the
photon (£,). The energy distribution for unpolarized photons is proportional to 1 k.

Linear Polarized Photons For linearly polarized photons, a diamond crystal is used as a
radiator. Unlike amorphous copper, the diamond crystal consists of a cubic distribution of
scattering partners. The lattice can only absorb the recoil momentum, if it is a multiple n of
a reciprocal lattice vector (Laue condition). This leads to coherent bremsstrahlung, where
the plane of the electric field vectors is well defined. As a result, the photons are linearly
polarized [89]. The cross section is defined as the superposition of the incoherent cross section
according to Eqn. [2:4] and the coherent cross section

0 = Oincoherent + O coherent - (25)

The incoherent part accounts for inhomogeneities in the lattice structure due to thermal
motion.

In Fig. 2.3 a comparison between the intensity
distribution for an amorphous radiator and a
diamond is shown. Enhancements due to coherent
bremsstrahlung occur at certain energies related
to reciprocal lattice vectors in the diamondﬁ As
the photon energy increases, reciprocal lattice
vectors move out of the allowed kinematic region 15
for the recoil momentum, resulting in a decrease 10
in intensity. Instead, others enter the region and N T T T D s s
begin to contribute. For each data taking, the 500 1000 1500 2000 2500 3000

.. . Photonenergie [MeV]
position of the coherent edge is accurately set by
aligning the diamond crystal with the incident Figure 2.3: Intensity distribution of an amor-
electron beam|’| To determine the degree of linear phous radiator and a diamond. A relative
polarization §;, an intensity spectrum is recorded comparison is also shown [90].
with both the amorphous copper as radiator and
the diamond crystal. The ratio of the spectra is called the enhancement spectrum and can
be compared with analytical expectations based on ANBE| calculations [93].
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® Any reciprocal lattice vector within the allowed kinematic range for the recoil momentum contributes.
° The Stonehenge technique is used for precise alignment |91} (92].
T ANalytical Bremsstrahlung
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Circular Polarized Photons For circular polarized photons an amorphous radiator and
longitudinal polarized electrons are used. The longitudinal polarized electrons lead to a well
defined helicity transfer from the electrons to the bremsstrahlung photons. The resulting
degree of circular polarization 59 depends only on the degree of polarization of the electrons
d. and the transferred energy x = E, /E,. Quantum electrodynamic calculations yield [94]

o 1+1(1-2) ..
= 1+ (1—2)" - 2(1-2z) e (26)

To determine 5? , the energy transfer and the polarization of the incoming electrons must be
measured. While the energy transfer is measured with the Tagging system, the polarization
degree of the electrons is determined with a Mgller radiator [95] (cf. Fig. (left)). A
foil with electrons of known polarization is used as a scattering partner for the incoming
electrons. Since the e e -scattering cross section depends on the spin orientationsﬁ the
degree of polarization can be determined from the asymmetries of the event yields.

2.2.2 Tagging System

The analysis of photoproduced reactions requires a precise measurement of the incoming
photon energy E.. The photons are produced by bremsstrahlung of an electron in the radiator
and carry the energy

E,=E" - E™. (2.7)

While the energy of the electrons supplied by ELSA Eén is known, the energy of the electrons
after the bremsstrahlung E;’“t must be measured. To measure the outgoing electrons, a
tagging system is placed shortly after the Goniometer (cf. Fig. (right)). In a constant
magnetic field generated by a dipole magnet, the electrons are deflected according to their
energy. Depending on the magnetic field and the strength of the deflection, the energy of
the outgoing electrons and thus of the photons can be determinedﬂ The Tagging system
consists of a hodoscope that can be divided into Tagger bars and Tagger fibers. Tagger bars
are 96 bars of organic scintillators. An overlap between the bars allows the requirement of
coincident hits, reducing the influence of background. The Tagger bars are complemented by
480 Tagger fibers for better segmentation in the range of high energy electrons with small
deflection. This increases the resolution for low energy photons. The Tagging system can
cover a photon energy range between 11.9% and 97.9 % of the incoming electron energy
E." |96).

2.3 Detectors

Different detector components are used to measure the final state products. For an overview
see Fig. 2.5l The energy and angular information of the photons are measured by two
calorimeters: the Crystal Barrel detector positioned around the target and the MiniTAPS

5 A parallel electron spin configuration leads to a smaller scattering rate than an antiparallel spin configuration.
? For high energy transfers to the photon, a large deflection is expected. For small energy transfers a small
deflection is expected.
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Goniometer with Mgeller coil (a) and radiator Tagging system
mount with diamond crystal (b)

Figure 2.4: Layout of the Goniometer and the Tagging system .

detector, which is positioned further forward. The so-called Inner detector is used to
identify charged particles. Further, charge-sensitive plastic scintillators are positioned in
front of the MiniTAPS detector and in the forward direction of the Crystal Barrel detector.
Electromagnetic background is suppressed using a Cherenkov detector as a veto signal for
the trigger mechanism{ | At the end of the beam line, detector components are installed to
measure the photon flux.

A unified coordinate system is used to describe all detector components. 6 defines the
polar angle relative to the beam line starting at 0° in the forward direction and ending at
180° in the backward direction. ¢ defines the azimuthal angle around the beam line starting
at 0° and ending at 360°. In this chapter a general description of each detector component
is given. In Chapter [3] the readout of the Crystal Barrel detector, the main calorimeter of
the experiment, is explained in more detail. Also, more specific information on the event
reconstruction from these detectors and the energy and angular resolutions achieved in the
experiment is given in Chapter [6

2.3.1 Crystal Barrel Detector

The Crystal Barrel detector is the main calorimeter of the experiment [98]. It covers the
entire ¢-range and most of the §-range from 11.2° to 156°. The calorimeter consists of 1320
CsI(Tl)El crystals, which in most caseﬁ point head-on toward the center. Each crystal
covers a region of 6° x 6° (0 x ¢) except for the first three rings in the forward direction
where each crystal covers 6° x 12° instead. This region is also known as the Forward detector
and ranges from 11.2° to 27.5° in #. Similarly, for the last ring, the crystal size is 6° x 12°.

10A trigger system starts the readout only when certain conditions are met. A veto signal is part of the
conditions and can prevent the readout from starting.
" Thallium doped Cesium Iodide

2 An exception are the first three rings in the forward direction.

20



2.3 Detectors

Figure 2.5: Cut through the Crystal Barrel detector . The incoming beam (left to right) impinges
on the target enclosed by the Inner detector (black). The MiniTAPS detector is positioned further
along the beam line and is not shown in the image.

There are 24 rings in total, each holding 60 crystals, except for the first three and the last
ring, which hold 30 crystals each. Each crystal has a length of 30 cm. This corresponds to a
total of 16 radiation lengthﬂ, with a radiation length of X, = 1.86 cm for CsI(T1) |\ This
ensures almost complete energy deposition even for high energy photons.

For the Forward detector, charge-sensitive plastic scintillators are placed in front of the
crystals, allowing the detection of charged particles . There are 60 plates per ring,
arranged in two layers, each covering 6° x 12°. This allows for the requirement of coincident
hits which reduces the influence of background. Each plate is 3 mm thin.

In addition to energy, the Crystal Barrel detector also provides time and directional
information. Directional information is reconstructed based on the segmentation of the
calorimeter. The readout of this information is explained in detail in Chapter

13 Longitudinal expansion after which the energy of an electron is reduced by bremsstrahlung to 1/e of the
initial energy.
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2.3.2 MiniTAPS

The MiniTAPS detector consists of 216 hexagonal BaFE crystals [100] (cf. Fig. (left)). It
is positioned 2.1 m further in the forward direction along the beam line and covers a 6-range
from 1° to 12° complementing the Crystal Barrel detector. Each crystal has a length of
25 cm, which with a radiation length of X; = 2.03 cm for BaF, corresponds to 12 radiation
lengths in total [7]. Again, charge-sensitive plastic scintillators plates are placed in front of
each crystal to detect charged particles. Each plate is 5mm thin. Similar to the Crystal
Barrel detector, the MiniTAPS detector provides energy, time, and direction information.

2.3.3 CO, Cherenkov Detector

Electromagnetic reactions must be suppressed due to their high cross section. Since they are
dominant in the very forward direction at small angles, a CO, Cherenkov detector is installed
between the Crystal Barrel detector and MiniTAPS [101]. The Cerenkov detector has a size
of 1m x 1.2m x 1.2m in length, width, and height. With a refraction index of n = 1.00043
electrons and positrons produce Cherenkov light above 17.4 MeV. For comparison, other
particles such as charged pions or muons produce Cherenkov light only at much higher
values of 4.7GeV and 3.6 GeV. The Cherenkov light is focused by a mirror and detected
by a photomultiplier. The photomultiplier then acts as a veto signal for the trigger (cf.

Section [2.5)).

2.3.4 Photonflux- and Gamma Intensity Monitor

For an analysis such as the determination of cross sections, the photon flux must be known
precisely. Therefore, a combination of a Photonflux- (FluMo) and a Gamma Intensity Monitor
(GIM) is installed at the end of the beam line [102] (cf. Fig. (right)). The GIM consists
of a 4 x 4 matrix of PbFE crystals, in which photons are detected by using the Cherenkov
light of charged particles in electromagnetic showers. This works reliably up to a certain
rate. Above that, saturation effects occur due to the limited double pulse resolution of the
readout [103]. To overcome this, the FluMo is used. The FluMo is placed in front of the GIM.
It detects e~ et -pairs of photons converted on a lead foil. Since only a fraction of the photons
are converted, the detector must be calibrated with the GIM at low rates. After calibration,
the FluMo works reliably at rates where the GIM saturates. A charge-sensitive scintillator is
placed at the front, which acts as a veto for charged particles coming with the photon beam.
A photon camera is also installed to monitor the position of the beam during data taking.

2.3.5 Inner Detector

The Inner detector is of cylindrical shape and surrounds the target (cf. Fig. (left)). It is
used to detect charged particles and to identify their intersection point with the detector [104}-
106]. The detector covers a f-range from 13° to 156° and the full ¢-range. It consists
of 513 organic scintillating fibers with a diameter of 2mm and a length of 400 mm. The
forward end of the fibers is reflective, while the backward end is connected to light guides

' Barium Fluoride
5 Tead Fluoride
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MiniTAPS FluMo and GIM

Figure 2.6: Layout of the MiniTAPS detector and the setup of the Photonflux- (FluMo) and Gamma
intensity monitor (GIM) [83].

and photomultipliers. The fibers are arranged in three layers. The outer layer is aligned
parallel to the beam axis, while the middle and inner layers are tilted by +25.7° and —24.5°
respectively. This allows the reconstruction of a unique crossing point with a signal in only
two fibers in different layers.

2.4 Target

Several targets are available, each with its own application. For cross section measurements
or for beam polarization experiments with protons as interaction partners, a Liquid Hydrogen
target (LHy) is usedm It provides a large number of free protons as interaction partners and
good statistics. In the case of double polarization experiments, the target must be polarizable.
For this case there is a Frozen Spin target using butanol (C4;HgOH) as the target material
For reference measurements, a third type of target exists that uses carbon foam. Each target
type is described in more detail below.

Liquid Hydrogen Target In cases where the target does not need to be polarized, liquid
hydrogen (LH,) is used as the target material. It consists of a high concentration of free
protons as interaction points. The protons in liquid hydrogen can be treated as free particles
due to their low binding energy. This makes the target ideal for measuring cross sections or
for single polarization experiments, where only the photon beam is polarized. The Liquid
Hydrogen target consists of a cooling circuit, a cold head, and a heat exchanger. The target
cell has a length of 5.26 cm and a diameter of 3cm. The cell operates at a temperature of

20K [107).

16 Liquid deuterium (LD,) is used to study reactions with neutrons as interaction partners.
" Deuterated butanol is used to study reactions with neutrons as interaction partners.
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Inner detector Frozen Spin target with cryostat

Figure 2.7: Layout of the Inner detector and the Frozen Spin target with cryostat. The target is
placed at the tip of the cryostat .

Frozen Spin Target For double polarization experiments the Mainz-Dubna Frozen Spin
target with butanol (C4HgOH) is used (cf. Fig. (right)). Frozen butanol pallets
are placed in the target cell. A cryostat cools the temperature to about 250 mK. At this
temperature, a superconducting solenoid magnet with a field strength of 2.5 T achieves almost
complete polarization of the electrons. Dynamic nucleon polarization (DNP) is then used to
transfer the polarization to the nucleons via microwave radiation. The polarization can be
chosen to be parallel or antiparallel to the magnetic field. The magnet is removed before the
measurement begins to make room for the detector components. To extend the relaxation
timg | the target is cooled to its operating temperature of about < 30 mK. Furthermore, a
holding coil is placed inside the cryostat with a magnetic field strength of 0.5T . This
ensures reliable polarization with relaxation times of several hundred hours. After that, the
data taking has to be stopped and the target has to be repolarized. The degree of polarization
is determined by nuclear magnetic resonance measurement (NMR) [110].

By using butanol as the target material, only part of the nucleons can be polarized.
Nucleons bound in carbon and oxygen within butanol cannot be polarized and must be
explicitly considered in the analysis of the data. Therefore, a reference measurement with
carbon foam as target material is necessary.

Carbon Foam Carbon foam is used as a reference target material to account for the fraction
of non-polarizable nucleons bound in carbon and oxygen within the Frozen Spin target. For
optimal comparison, the entire detector setup must remain the same between the butanol
and the reference measurements. The carbon foam is filled into a cylinder and placed in the
exact same cryostat with the same coolant that is used for the Frozen Spin target. The data
taken with the carbon foam can then be subtracted from the data taken with butanol to
remove the influence of the unpolarized nucleons.

¥ To freeze the aligned spins, hence the name Frozen Spin target.
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2.5 Trigger System

2.5 Trigger System

Reactions that are of no interest but have a high cross section must be suppressed during data
taking. A readout of these events would lead to unnecessary dead time in the experiment.
Therefore, a trigger system is implemented. Only when at least one of a number of predefined
conditions is met will the readout start. The current conditions in the experiment require at
least two hits in the calorimeters. If MiniTAPS is involved and at most one hit is detected in
the Crystal Barrel detector, an additional check is performed for the Cherenkov veto signal.
The veto is not checked if two hits or more are detected in the Crystal Barrel detector. The
conditions are listed in Table 211

Table 2.1: Set of trigger conditions. As soon as one condition is met, the readout will start. taps1
and taps2 refer to at least one or at least two hits in MiniTAPS. cb1 and cb2 refer to at least one or
at least two hits in the Crystal Barrel detector. cherenkov refers to the veto signal of the Cherenkov
detector.

Condition

tapsl A cbl A NOT cherenkov
taps2 A NOT cherenkov
cb2

The information about the number of hits in the calorimeters must be provided within
300—500ns. For the Crystal Barrel detector this fast behavior is achieved by a combination of
a cluster finder and a cluster adder [81]. For each crystal, it is checked whether the neighbors
match a certain hit pattern. The hit pattern is chosen so that it is valid for only one crystal
in a continuous cluster of energy depositions (cluster finder). This provides information about
the number of clusters or equivalent hits. This process is performed in parallel. In a second
step, the number of clusters is added and sent to the trigger (cluster adder). In the case of
MiniTAPS, a similar algorithm is proposed in [111]. However, a simpler method is currently
used. The MiniTAPS detector is divided into four sectors of 54 crystals each. Any number of
energy depositions within a sector are counted as a single cluster.

2.6 Software

In addition to a sophisticated detector setup, appropriate software is needed to record, process,
and analyze the data. The detector setup needs to be monitored and calibration managed on
a large scale. Furthermore, simulations of the detector response are required to validate the
data. A variety of software tools are used for these purposes.

2.6.1 ExPIORA

The data recorded during the experiment must be reconstructed and analyzed in an efficient
way. Therefore, a framework called ExPIORA["] is used [112]. ExPIORA was designed

9 Extendable Plugable Objectoriented Rootified Analysis
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specifically for the CBELSA /TAPS experiment and is under continuous development. It is
written in C4++ and operated by XML files. It can be easily extended with plugins, allowing
a modular use of different functionalities. ExPIORA is built on top of ROOT, an object-
oriented data analysis framework developed at CERN [113]. ROOT provides functionality for
statistical analysis, visualization, and data management.

During the analysis, it is also necessary to simulate particles within the existing detector
setup. For this purpose, VirtualMonteCarlo (VMC) is used [114]. VMC is embedded in
ExPIORA and allows detailed investigation of expected detector responses. It relies on
Gean@ [115] |116] to track particles and to simulate their interaction with material. From
there, VMC calculates the detector response using Monte Carlo methodﬂ and produces
output as it would occur in reality. It is critical that the simulation be as close to reality as
possible. This requires accurate knowledge of the detector geometry and detector response.

2.6.2 Data Acquisition System

During the measurement, a Data Acquisiton System (DAQ) is responsible for receiving,
processing, and storing the data [117]. While the system is written in C++, the components
communicate via TCP/IP protoco During data taking, multiple processes run in parallel
on different computers. For each detector component, a local event builder reads the data,
processes it, and passes it to the network. The local event builder consists of separate threads
connected by ring buffers: the readout thread, the process thread, and the data thread. This
way, the different steps are decoupled from each other and the readout thread can be ready
for a new event while the other threads are still busy. Each local event builder passes the
data to the network, where it is sent to the global event builder. The global event builder
collects the data and checks it for completeness. If successful, the data is passed via a buffer
to a thread that is responsible for compressing and storing the data. It is saved in data
structures provided by the ROOT framework. The global event builder then passes the data
to a thread responsible for the online monitor, which displays the recorded data in near real
time [118].

The DAQ is controlled by a central service (demon). The demon is responsible for
monitoring the status of the DAQ components as well as allowing adjustments such as
starting and stopping runs and configuring the detectors. A graphical user interface DAQt
is implemented, which is directly connected to the DAQ demon/™| Additionally, the DAQt
writes all meta information of the recorded data to a database. This information can be
easily accessed and viewed via a web interface implemented in PHP [119].

2.6.3 Slowcontrol

The Slowcontrol corresponds to a network of sensors and controllable devices which are
installed for various detector systems 120, [121]. The Slowcontrol is responsible for monitoring,
analyzing, and storing sensor data in a database. It can also be used to configure certain

20 GEometry ANd Tracking

*!' Numerical method for generating significant distributions by a large number of repetitions.

2 Transmission Control Protocol /Internet Protocol

3 The DAQt is implemented using the Qt software, which is a solution for creating graphical user interfaces.
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parts of the experiment. Examples of measured data include temperature, voltage supplies,
fan trays, position of the goniometer, thresholds of discriminator modules and more. The
Slowcontrol can be accessed via a web interface implemented in PHP [122]. A Grafanalﬂ
dashboard is also available for visualizations and alerts.

2.6.4 Analyse Database

Most detector components require some form of calibration. While some of the calibrations
are performed once for each period of data taking, others are performed multiple times to
account for variations. In addition to calibrations, more general information such as the
measured polarization has to be stored. All this information must be made available during
analysis. Therefore, the Analyse Database exists |123], which is read when ExPIORA is
started. The database is based on Postgres and the corresponding web interface is developed
in AppFuse, an open source Java (EE) framework.

While the web interface allows you to upload and interact with the database, the process
can be error prone. The range of data for which the information is valid must be carefully
selected. To complicate matters, there may be multiple versions of the same information,
each with its own priorityﬁ While this is technically necessary, it is important to ensure
that it is maintained correctly. The web interface of the Analyse Database does not provide a
good overview for this. Therefore, in addition to the original web interface, a complementary
interface has been developed in this work to provide an overview of the various information in
the Analyse Database and to document their status and performance (cf. Fig. [124). Tt
is divided into two components. The first component visualizes the status of each calibration
by frequently querying the Analyse Database. Data recorded by the experiment with missing
or outdated calibration is highlighted. The second component allows the documentation
of the performance of each calibration by text or by uploading PDF or ROOT files. The
interface is written in Python using Django as the web framework.

*! Grafana is an open source solution for interactive visualizations in a web application by connecting to a
data source such as a Postgres database.
%5 The version with the highest priority is used by ExPIORA.
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Availability of Calibrations

Availability Overview

Show availability overview for each calibration and beam parameter

Availability Details

Show calibration details and availability for single run blocks of each

Availability Explanation

Read about the availability tables, how they are generated and what the

Potential missing and outdated calibrations can be spotted very easily. calibration and beam parameter. labels mean.
Manage Calibrations
Calibrations Create Calibration
Show details for each calibration used in the the CBELSA/TAPS Create a new calibration, track the performance and upload PDF and
experiment ROOT files for documentation
Channel Informations
Channel Informations
Show issues and known problems for crystals/channels. Add issues
yourself.
Copyright © by Forschungsgruppe Thoma
Overview
Beam Parameters
Last revision: 2025-03-22 07:35:55
Nov 2024 May 2024 Mar 2024 Dec 2021 Jun 2021 Feb 2019 0ct2018| May 2018 Dec 2017
dButanol-|  dButanol- Butanol-|  dButanol- Butanol- Butanol- dButanol- Butanol- Butanol-
Linpol Linpol Apr 2024 - Linpol Linpol Nov 2021 - Linpol Linpol Nov 2018 - Linpol Linpol Linpol| November| September | April 2017
(trans. pol.| (trans. pol.| Carboninsert-| (trans.pol.| (trans.pol.| Carbonlnsert-| (trans.pol.| (trans.pol.| Carboninsert-| (trans.pol.| (trans.pol.| (trans.pol.| 2017 -CH2| 2017 - CH2 -CH2
parameter target) target) linpol target) target) linpol target) target) linpol target) target) target) unpol unpol unpol
CB-Disc-Thresh-A  |complete  |complete | complete complete | complete | complete complete  |complete | complete complete  |complete |complete | NaN NaN NaN
CB-Disc-Thresh-B  |complete  |complete | complete complete | complete | complete complete  |complete | complete complete  |complete |complete | NaN NaN NaN
FWPlug-VetofTDC- |complete  |complete | complete complete | complete | complete complete  |complete | complete complete  |complete  |NaN NaN NaN NaN
LT
Tagger-Bar{TDC-  |complete  |complete  |complete: complete | complete | complete complete  |complete | complete complete  |complete |complete | NaN NaN NaN
LT
Tagger-ScifiiTDC-  [complete  |complete  |complete: complete | complete | complete complete  |complete | complete complete  |complete |complete | NaN NaN NaN
LT
MiniTaps-Veto{TDC- |complete  |complete | complete complete | complete | complete complete  |complete | complete complete  |complete  |NaN NaN NaN NaN
LT
GIM{TDC-LUT complete complete complete complete complete complete complete complete complete complete complete complete NaN NaN NaN
ChaPHTDC-LUT complete | complete  |complete complete  |complete | complete complete | complete | complete complete  |complete  |NaN NaN NaN NaN
LinPol-Polarization | missing complete  |complete complete | complete | missing complete  |complete | complete complete  |complete |complete | NaN NaN NaN
Tagger-Scifi- missing NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
Swaplndex
Tagger-Scifi- missing missing missing missing | missing missing complete | complete | complete missing complete |complete | NaN NaN NaN
ReflectionCut
Tagger-Bar- missing missing missing missing missing missing missing complete missing missing missing complete NaN NaN NaN
ReflectionCut
LinPol-Amorph- missing missing missing missing missing missing missing NaN NaN NaN NaN NaN NaN NaN NaN
Scaler
CBSADC- outdated outdated outdated outdated  |outdated | outdated complete  |complete | complete complete  |complete |complete | NaN NaN NaN
pileup_threshold

Availability of beam parameters

Figure 2.8: Overview page and availability of beam parameters (as one example) of the new web

interface that complements the Analyse Database web interface |

. It provides an overview of the

various information in the Analyse Database and can be used to document the status and performance

of calibrations.
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CHAPTER 3

Readout of the Crystal Barrel Detector

There are two types of information that specify the signals detected in the calorimeter. The
first one is energy information, which correlates with the scale of a signal. It is particularly
important for later determination of particle properties, such as their four—momenturrﬂ (cf.
Chapter @ The second type of information is time, which indicates when a signal occurs.
Time information allows multiple detector signals to be correlated and provides information
for trigger decisions. The information from the calorimeter is extracted during a process
called readout. There are several requirements for the readout electronics. Energy information
must be extracted over a wide dynamic rangeﬂ with a low signal-to-noise ratio (SNR)EI This
requires a processing that allows for as much accumulated signal as possible. In contrast,
time information must be provided with low latency but high resolution.lﬂ To include the
Crystal Barrel detector as a first-level trigger, a logical signal must be generated within the
first ~ 300 — 500 ns [80, [125]. This fast behavior is achieved by using relatively short time
characteristics, thus using only a small part of the signal. The conflicting requirements for
extracting energy and time information lead to the need for carefully selected electronics.
A schematic drawing of the current readout for the Crystal Barrel detector is shown in
Fig. [3.1] The readout can be divided into two parts: The front-end refers to components
placed directly behind each crystal. The back-end refers to components placed further away
from the detector.

A recent modification of the experiment improved the readout electronics and the trigger
system |79-82|, allowing not only for higher data quality and improved rate capability but
also for increased trigger efficiency. After modification, the trigger efficiency for neutral final
state was significantly increased up to 90 % over a wide angular range [126]. Some of these
modifications and their motivation are discussed below.

3.1 Front-End Electronics

The front-end is responsible for the primary detection of a signal in inorganic scintillators and
for the amplification of small electrical signals arising from avalanche photodiodes (APDs).
The placement of these components directly behind the crystal is necessary to minimize
noise. After amplification, the influence of noise sources is reduced during transmission via
connecting cables.

! Together with the directional information provided by the segmentation of the calorimeter.
? Range of detectable energy information.

? Using the QDC and SADC (energy) branch in Fig.

* Using the TDC (timing) branch in Fig.
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Energy

High voltage
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j Preamplifier
— - Pococoo | anc

Back-end

Front-end

Figure 3.1: Schematic overview of the readout electronics in the Crystal Barrel detector. Components
that appear to be separated may be on the same physical board.

3.1.1 CsI(TI) as an Inorganic Scintillator

An inorganic scintillator consisting of
CSI(TI)E| is installed just before the front-
end electronics. In the case of energy depo- 100000 ¢—r————————————————
sition, e~ /h-pairs are created in the conduc- b
tion and valence band of the crystal. When
the pairs recombine via luminescence centers,
visible light is emitted for which the crystal
is transparent. The intensity of the light is
proportional to the energy deposited [128].

10000 |- %

000 |

Number of counts

100} |

In general, a scintillator can be characterized 10 1 )
by its light yield and its decay time. While . " ]
CsI(T1) has a high light yield of 54 photons T S T T T

. . . . Time (ps)
per keV, its natural time characteristics are

rather slow |129]. Other advantages include

low cost and resistance to thermal and me- Figure 3.2: The decay time of a CsI(T1) light pulse
chanical shock. The emission spectrum has andoits components, measured at room temperature
a maximum at about 550 nm [7]. Each crys- (247C) [127).

tal has a length of 30cm, allowing almost

complete energy deposition even for high energy photonsﬂ The shape of the emitted light
pulse is determined by the characteristics of different processes: the formation of e /h-pairs,
the thermalization time, the transition to luminescence centers and the final decay of these
centers. This non-trivial behavior is often parametrized by a sum of exponential functions
with different decay times [87]. In [129] different components of the decay times are mentioned
for CsI(T1) ranging between 7 = 0.6 — 3.5 ps. In [127] even higher decay times up to 17.7 s

® Thallium activated Cesium Iodide
® With a radiation length of X, = 1.86 cm for CsI(T1), this corresponds to a total of 16 radiation lengths [7].
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3.1 Front-End Electronics

are given (cf. Fig.[3.2). The primary (average) decay time for photons is about 1 ps [129)].

3.1.2 Avalanche photodiodes

Prior to the modification of the readout, the scintilla-
tion light was processed by PIN photodiodes[] and by
photomultipliers. Due to the high latency associated )
with the PIN photodiode readout, the Crystal Barrel /
detector could not meet the timing requirements for 4

the integration into the first-level trigger. To resolve P ¢ — n
this issue and provide sufficiently fast timing infor-
mation, an appropriate signal filter was introduced
(cf. Section . At the same time, improving the
signal-to-noise ratio (SNR) was essential to enable
lower trigger thresholds, which required intrinsic gain
in the processing of the scintillation light. Replacing
the PIN photodiodes with two avalanche photodiodes
(APDs) per crysta]ﬂ successfully addressed these re- X
quirements [80]. At the same time, the photomultipli-
ers were also changed to APDs. It was then discussed
to use the Crystal Barrel detector within a magnetic
field, which would not have been possible with photo-
multipliers. This allows for the future integration of
a time projection chamber inside the Crystal Barrel
detector.

electric field

Multiplication

x

Figure 3.3: Reverse-type APD. The area
of intrinsic multiplication is located just
below the surface [130].

Avalanche photodiodes consist of a positively and
negatively doped layer. A special doping profile in
combination with a high reverse bias voltage leads to
an intrinsic gain [87]. As a result, APDs offer a better
SNR than previously used PIN photodiodes. Of the various types available, reverse-type
APDs are used. Here, the area of intrinsic multiplication is located just below the surface (cf.
Fig. . This prevents the amplification of dark current from electronsﬂ In addition, an
intrinsic gain of about 50 is set as the best compromise between sufficient SNR for energy and
time information and a good temperature stabﬂizatiorm [80]. A high voltage (HV) supply is
used to provide the necessary reverse bias voltage. The HV is set individually for each APD
and corrects for any temperature dependence around the target operating temperature of
27.5°C. The target temperature is achieved by stabilizing the temperature of all the crystals
using an oil circuit. Monitoring of the intrinsic gain is possible with the light pulser system
(cf. Section [3.3)). This ensures a constant gain during measurement 79} [131].

T Layers in a PIN photodiode are a p-type semiconductor layer, an undoped intrinsic semiconductor layer
and a n-type semiconductor layer.

8 Using two APDs per crystal improves the signal-to-noise ratio by a factor of v/2 (assuming uncorrelated
noise). It also provides a fallback, in case one of the APDs fails.

? The dark current from holes (h) is still amplified.

19 The temperature dependence increases at higher gains, making stabilization more difficult.
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Figure 3.4: Left: Theoretical time characteristics of the preamplifier output with a rise time of 10 us and
a decay time constant of Tyecay = 54118, simulating the situation in the experiment. Right: Simplified
representation of the existing charge sensitive preamplifier consisting of an inverting operational
amplifier with capacitive feedback [80]. Besides the feedback capacitor, additional capacitors are used
for loop stabilization and decoupling of the APD signal from high bias voltage.

3.1.3 Charge Sensitive Preamplifier

A charge sensitive preamplifier is used to integrate and amplify the signals arising from
the avalanche photodiode. The output of the preamplifier is a voltage proportional to the
integrated incoming charge. Integration and amplification are performed by an inverting
operational amplifier with capacitive feedback. The incoming charge is integrated by means
of the feedback capacitor C'y, whose resulting charge () is equal to the signal charge Q),. For
pointlike input signals and an ideal preamplifier, a voltage level of Ugﬁfo(t) =Uy=Q;/Cyis
instantaneously reached at the output. However, the slow time characteristics of the CsI(T1)
crystals are far off from pointlike signals, resulting in a rise time behavior of the preamplifier
described by [128]

. __t
Ue(t) = Up - (1 e ) (3.1)

where T,
will be continuously integrated, resulting in a step-like accumulation (pile-up). To prevent
saturation, the feedback capacitor is discharged via a resistor R;. As a result, the output

voltage decays exponentially with

ise 18 the rise time constant. In the case of multiple input signals, the output voltage

t

Udecay(t) _ UO ) 67 Tdecay with Tdecay = Cf . Rf' (3.2)

out

As a result, the output voltage Uy is not fully reached, reducing the expected amplification.
This is called the ballistic deficit. The size of the ballistic deficit depends on the selected
time constants. With the current settings, the ballistic deficit is about 0.7 - Uy [80]. The
behavior of the preamplifier is shown in Fig. (left).

The behavior of the charge sensitive preamplifier is highly dependent on the selected
feedback capacitance and resistance. They determine the amplification, and thus the SNR, as
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well as the decay time. During the recent modification of the experiment, a new dual-channel
preampliﬁerﬂ was installed per crystal (cf. Fig. m (right)). A study of optimal values was
performed, which resulted in Cy = 6.8 pF and Tjecay = 54115 (80, 132]. Due to the slow time
characteristics of the scintillating light the output signal reaches its maximum after 10 ps.

3.1.4 Line Driver

After amplification, the signal is transmitted to the back-end electronics via connecting cables.
A line driver is used to improve the quality of the transmission. The signal is transmitted
using differential signaling, which sends both the original signal and its inverted version. This
cancels out external noise, as this affects both signals in the same way, leaving the difference
between them untouched. As a first step in the back-end, the differential signal is converted
back to a single-ended signal for further processing. The line driver also allows for small gain
adjustments to correct for differences in the light yield of the crystals. As part of the recent
modification, the line driver was also renewed to allow for a wider frequency range during
transmission [30].

3.2 Back-End Electronics

In the back-end, energy information must be extracted over a wide dynamic range with a
high signal-to-noise ratio. In contrast, time information must be provided with low latency
for trigger decisions. To meet both requirements, a multi-backend logic was introduced
as part of the readout modification. The signal is therefore split into three parts. Each
part is processed by a dedicated branch optimized for its use case. The first branch uses
time-to-digital converters (TDCs) to digitize the time information. The second branch uses
charge-to-digital converters (QDCs) to digitize energy information. The third branch uses
sampling-analog-to-digital converters (SADCs) as a more advanced way to digitize both the
energy and time information. Starting with data taking in June 2021, the SADC branch
is used as a replacement of the previous energy readout that relied on QDCs. During the
modification of the readout, data were taken with the following configurations: only using
the QDC branch{] using the QDC and SADC branch in parallel{| using the SADC branch
only% The TDC branch was used in all cases. Each branch has its own signal filter optimized
for its requirements.

3.2.1 Signal Filter

Signals coming from the charge sensitive preamplifier have a long decay time of Tecay = 54 1.
This will lead to pile-up of the subsequent signals. To separate these pulses, a high-pass
filter (CR) is applied that only responds to the rising edge of the preceding signall™| In

"' One channel for each of the two APDs per crystal.

2 Data taking in December 2017, May 2018, October 2018, November 2018, and February 2019.

'3 Part of data taking in June 2021 and November 2021.

' Since data taking in June 2021, except for periods when QDCs were used in parallel.

15 Not all pile-up events can be separated with equal precision. Pile-up events that are close enough will still
lead to pile-up in the output of the signal filter.
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Figure 3.5: Comparison of the output signal of the charge sensitive preamplifier with the output of the
signal filter in the TDC branch. The signal generated by the preamplifier reaches its maximum after
10 ps. Its decay time is about 7 = 54 ps. In contrast, the shaped signal reaches its maximum after
about 300 ns and has a decay time of the order of 1 ps. All signals were recorded on an oscilloscope
in a laboratory where an equivalent readout was constructed for a single crystal as it is used in the
experiment.

addition, the output of the preamplifier exhibits frequency-dependent 1/ f-noise (APD shot
noise) and frequency-independent white noise (thermal noise). The noise is suppressed by
using a low-pass filter (RC') after the high-pass filter [128]. The combination of high-pass and
low-pass filters (CR)"-(RC)M is called a signal filter, or equivalently a shaper. N and M
are the number of high-pass and low-pass filters, respectively. The effect of the signal filter in
the TDC branch is shown in Fig. 3.5 In some cases, the output signal shows an undershoot.
This is due to the slow discharge behavior of the feedback capacitor in the preamplifier. The
CR high-pass filter reacts to the decay of the incoming signal, resulting in a drop below the
baseline. To correct this, pole-zero cancellation is used, which is the compensation of the
undershoot by a resistor in parallel with the capacitor of the first high-pass filter.

3.2.2 The TDC Branch (Time)

To obtain a logical signal that meets the requirements for trigger decisions, the signal is
shaped with a (CR)' — (RC)? signal filter [80]. The signal filter is designed to output signals
that reach their maximum within the first 300ns and that have a decay time of about
Tdecay = 118 (cf. Fig.[3.5)). This allows time information to be extracted within the trigger
requirements using leading edge discriminators.

3.2.2.1 Discriminators

Discriminators are used to digitize time information from an analog signal. There are two
types of discriminators. The first is a leading edge discriminator, which outputs a logic
pulse when the incoming signal reaches a certain threshold. The second type is a constant
fraction discriminator. Here, a logic pulse is output when the incoming signal reaches a
certain fraction of its peak value.
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/|
&\

Figure 3.6: Comparison of a leading edge discriminator (left) and a constant fraction discriminator
(right) |135].

Leading Edge Discriminators By comparing the incoming signal to a reference voltage, the
discriminator effectively sets a threshold. When the voltage of the signal exceeds the reference
voltage, a logic pulse is generated. A major drawback of the leading edge discriminator is the
dependence of the logic pulse and timing information on the signal shape. Signals with higher
energy have a steeper leading edge than signals with lower energy at the same threshold. At
this threshold, the first signal would be assigned an earlier timestamp than the second signal,
even if both signals originated at the same time (cf. Fig.|3.6 (left)). The dependence of time
on the energy of the signal is called time walk.

Constant Fraction Discriminators In the case of constant fraction discriminators, the
threshold is fixed at a certain fraction of the peak value of the signal. This is done by delaying
and subtracting the signal, resulting in a zero crossing that is independent of the signal
scale (cf. Fig.|3.6| (right)). As a result, the time information is free of time walk. The main
drawback of the constant fraction discriminator is a certain delay because the whole signal
must be considered and not only its leading edge.

While the MiniTAPS detector uses constant fraction discriminators, for the Crystal Barrel
detector the resulting delay would prevent its use as a fist-level trigger [133]. Instead,
leading edge discriminators are used, requiring a correction of the time walk behavior (cf.
Section . A dual comparatoxm allows the extraction of two times at different thresholds
for each signal [134]. A full discriminator module can support up to 92 crystals, each with
such a dual-threshold setting.

3.2.2.2 Time-to-Digital Converter

The final time information is extracted by connecting the discriminators to time-to digital
converters (TDCs). A TDC determines the time difference between a signal and a reference
signal. In the case of the CBELSA/TAPS experiment, the reference time corresponds to

%A comparator is a key component of a leading edge discriminator, comparing the input signal with the
reference voltage.
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Chapter 3 Readout of the Crystal Barrel Detector

the time of the trigger, while the signal corresponds to a specific detector. A more detailed
explanation of the functionality of TDCs in general and their use in the CBELSA /TAPS
experiment is given in [81} |103].

During the recent modification, the previously used CATCHiE multihit TDCs [136] were
replaced by jTDCs [137,|138|. The main reason for this change was the high rate and buffering
capability of jTDCs. Detectors using jTDCs are the bars, and fibers in the Tagger, the
Forward Veto, MiniTAPS Veto, Inner and Cherenkov detector and the Gamma Intensity
Monitor. While jTDCs are used in most detector components they are not practical for the
larger Crystal Barrel detector because they only support 99 channels each, resulting in high
resource consumption. Instead, another type of time-to-digital converter (pTDC) has been
developed in [81]. For completeness, both the pTDC and the jTDC are described below,
although the jTDC is not used in the Crystal Barrel detector. However, the jTDC will be
relevant for the calibrations discussed in Chapter [4

JTDC A jTDC is a time-to-digital converter implemented on an FPGA. With the Xilinx
Spartan 6, 99 input channels are supported [138]. High rate compatibility is achieved by using
a BRAM-recorder] "] On each clock cycle, the address is incremented, allowing the input
information (hit or not hit) to be stored without buffering. The BRAM is clocked at 200 MHz,
resulting in a double pulse resolution of 5ns. Furthermore, a double-page memorym ensures
continuous data taking even during readout. To improve time resolution, a tapped-delay-line
method is used, sampled at 400 MHZE In the tapped-delay-line method, a chain (carry
chain) of flip-flops delays and tracks the propagation of the signal within a sampling interval.
At the beginning of a new interval, the position of the signal within the carry chain provides
additional fine resolution. The coarse resolution is provided by the clock itself. In order to use
the fine time resolution a calibration must be performed (cf. Section to account for an
individual propagation time for each carry chain element. After calibration, the theoretical
time resolution of a jTDC is of the order of 30 ps RMS [138].

pTDC The pTDC uses an integrated deserializer component instead of a tapped-delay-
line [81]. The time resolution of this approach is lower compared to a jTDC due to the lack
of the fine time resolution, but so is the resource consumption. It allows for more than 185
input channels on a single pTDC module. Each deserializer is a chain of flip-flops operating
at an effective frequency of 800 MHz to sample the signal. This results in a bin width of
1.25 ns, which meets all the requirements of the Crystal Barrel detector.

Similar to the jTDC, the pTDC uses a ring buffelﬂ equipped with BRAM elements. The
buffer allows for a trigger window (gate) of about £10ps around the trigger time of the
experiment in which the pTDC is sensitive to input data. In comparison, the gate of the
QDC, which is used to measure energy information, has a much shorter length of 6 ps starting
at the trigger time of the experiment. The same is true for the integrating window of the

'" COMPASS Accumulate, Transfer and Control Hardware

' BRAM refers to on-chip memory.

o Page refers to a different address block in the memory that is addressed by flipping a bit.

0 The sampling rate of the clock at 200 MHz is doubled by double data rate (DDR), where the rising and
falling edges of the clock signal are used for sampling.

' In a full ring the newest entry replaces the last.
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3.2 Back-End Electronics

QDC (6ps)
SADC Integration (6.4us)
SADC Sampling (25.6pus)
TDC (20ps)

r T T 1
-10 s Trigger time 6 us 10 ps

Figure 3.7: Comparison of the trigger window (gate) of the pTDC with the gate of the QDC and
with the integration and sampling gate of the SADC. The times are given relative to the experiment
trigger.

SADC. As a result, the time information of pTDCs can be used to investigate coincident
time background and pile-up detection (cf. Fig. cf. Chapter [p)). In contrast to the
jTDC, no further calibration is required since the deserializer components use a fixed effective
frequency.

3.2.3 The QDC Branch (Energy)

While the signal filter in the TDC branch produces signals as short as possible, the signal
filter in the QDC branch is optimized for more accumulated signal to improve the SNR for
energy measurement. Therefore, a (CR)>-(RC)? signal filter is used [139]. To extract energy
information, the signal filter is connected to a charge-to-digital converter.

3.2.3.1 Charge-to-Digital Converter

A charge-to-digital converter (QDC) integrates and digitizes the charge information of an
input signal using a 96-channel 12-bit Fastbus ADC [140]. A capacitor is used for the
integration. The integration window (gate) is set to start at trigger time and to end after 6 ps
to allow a good amount of accumulated signal and a high SNR (cf. Fig. . To increase the
dynamic range of the detectable energy information while maintaining good energy resolution
for low energy signals, a dual-range logic is used. The incoming signal is divided into three
parts in an 8:1:1 ratio. While the first two parts of the signal each charge a capacitor, the last
part is used for test purpose only. A comparator is used to decide which voltage to digitize.
Low energy signals are digitized with their full integral, giving good energy resolution. High
energy signals are digitized in their downscaled form, resulting in a wide dynamic range. The
first mode is called low-range and the second one is called high-range. A high-range flag is
set to distinguish between the two cases. Since the ratio between the low- and high-range
can vary, a calibration must be performed to determine the exact factor for each channel (cf.
Section . The dead time of the QDC limits the readout rate to a maximum of 2 kHz.
This is one of the reasons why SADCs were integrated as an alternative readout.

3.2.4 The SADC Branch (Energy & Time)

Extracting energy information using QDCs has several drawbacks. The dead time of the
QDCs is the limiting factor for the readout rate. In addition, the signal is integrated
regardless of the shape of the pulse, which can lead to pile-up errors. The TDCs used to
extract time information also have limitations. Threshold discriminators can only generate
time information for signals above a certain height. As a result, low energy signals below the
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Chapter 3 Readout of the Crystal Barrel Detector

threshold have no time assigned. New sampling techniques and processing on FPGAs solve
these problems. This allows for a higher rate and improved data quality through pile-up
detection, event-based pedestal subtraction and time information even for low-energy signals.
Such an FPGA-based sampling ADC has been designed and included in the experiment in [82,
141). A (CR)'-(RC)? signal filter is used which is complemented by a (RC)' component on
the SADC itself. Thus, an effective (CR)'-(RC)® behavior is achieved. The first data taking
with full SADC readout took place in June 2021 partly in parallel with the QDC readout.
Later measurement periods use only SADCs to benefit from increased data readout rates

3.2.4.1 Sampling-Analog-to-Digital Converter

The sampling-analog-to-digital converter (SADC) is implemented on an FPGA and digitizes
voltage waveforms with a fixed sampling rate [82, 141]. While the sampling runs at 80 MHz,
the post-processing on the FPGA reduces the rate to 20 MHz by adding four samples at a
time. A so-called feature extraction allows the extraction of certain information from the
waveform already on the FPGA. Common features are the integral, the maximum and the
time of the waveform. It is then possible to pass on only these features for storage instead of
the full waveform.

In addition to the higher readout rate of the SADC, the sampling technique combined
with the feature extraction leads to several advantages of the SADC compared to the readout
within the QDC and TDC branches. For example, event-based pedestal subtraction can be
performed during data taking by using sampled information between signals. For QDCs, a
special clock-triggered measurement must be performed before each run/™| Here, a potential
drift in the measurement during a run cannot be corrected. Furthermore, as the SADC can
also analyze the pulse shape of the signal, pile-up detection is possible. During later analysis,
pulses flagged as pile-up can be recovered using the waveforms stored on disk [141]. To
minimize disk space, waveforms are saved only in the case of a detected pile-up and optionally
for some additional randomly selected events for further analysis. Another advantage is the
lack of discriminator thresholds. While TDCs can extract time information only above a
certain discriminator threshold, SADCs have no such limitation. Here, time information can
be extracted down to 1 Me\/@ [142]. The constant fraction functionality also eliminates the
need for time walk correction. Nevertheless, the time resolution provided by the TDCs is
better over a wide energy range (cf. Section [5.1)). During the first periods of data taking,
the SADCs lacked multihit functionality. It was implemented for data taking after June
2021 [142).

3.3 The Light Pulser System

The light pulser system allows the simulation of energy deposition in the scintillating material
of each crystal by using a signal of a well-defined height with high frequency [79]. When

22 An exception is data taking in November 2021, where data were also partially recorded with QDCs.

B A period of data taking is divided into several runs, each run corresponding to approximately 30 min of
data taking.

24 This does not mean that time information is always available at such low energies. In some cases, the
integral is > 1MeV, but no peak (and no time) can be determined.
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3.4 The Energy Sum (3°)

the readout was modified, the light pulser system was also renewed. Most notable is the
change from gas discharge lamps to LEDs. This results in a higher flash rate, higher intensity,
and finer adjustability of the simulated signals. Without the APD bias voltage applied, an
average energy equivalent of 300 MeV can be achieved at maximum light intensity. With the
bias voltage applied, the full energy range of the readout can be covered. In [79] a flash rate
of 1.4kHz is mentioned.

The light pulser system is divided into six different sectors, each of which can have different
settings. Each sector corresponds to a collection of crystals in the Crystal Barrel detector.
The first three sectors cover the entire upstream part of the detector, while the other three
sectors cover the downstream part of the detector. The light pulser system serves two main
purposes: to calibrate the dual-range logic of the QDCs (cf. Section and to monitor
the stability of the APD gain.

3.4 The Energy Sum ()

During data taking, as many useful events as possible should be recorded. The dead time of
recording uninteresting events must therefore be minimized. For this reason, an energy sum
is currently being developed which further increase the selectivity of the Trigger system. The
energy sum corresponds to modules that sum up all the analog signals in the Crystal Barrel
detector. Since the information must be available at trigger time, signals from the TDC
branch are used. When calibrated, the output is proportional to the total energy deposited in
the detector [143,144]. This can now be used to exclude uninteresting events. An example of
such events are events with low-energy beam photons, where the high-energy electron could
not have been detected by the tagging system|™| By setting an appropriate threshold for the
energy sum, these events can be filtered out already during data taking. The threshold has
to be determined carefully in simulations.

% The Tagging system can cover a photon energy range between 11.9 % and 97.9 % of the incoming electron
energy E." |96].
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CHAPTER 4

Calibrations for the Crystal Barrel Detector

For accurate energy and time information, the detector output must be calibrated. While
Section [4.1] explains the calibration methods for the time readout, Section [4.2] explains the
calibrations related to the energy readout.

4.1 Calibration of the Time Readout

Raw values from TDCs are converted to time in a process known as time calibration (cf.
Section . Time calibration is performed not only for the Crystal Barrel detector, but for
all detectors using TDCs. In the case of jTDCs, an additional calibration of the carry chains
is required. It is also explained here for completeness, although jTDCs are not explicitly used
in the Crystal Barrel detector (cf. Section [4.1.2). In addition, the recent modification of the
readout has resulted in the need for additional calibration methods. The use of leading edge
discriminators in the Crystal Barrel detector requires a correction of the time walk behavior
(cf. Section . This in turn requires the exact determination of the threshold heights,
which are set within the discriminator modules (cf. Section [4.1.3)).

4.1.1 Time Calibration

TDCs digitize relative time differences in units of their channel width. The conversion of the
raw TDC values T to a meaningful time ¢ is given by

t=g-T+a. (4.1)

The calibration factor g is used to convert raw TDC values to time. The offset a compensates
for different transmission times due to cable lengths and electronic behavior. The calibration
factor g can be calculated if the frequency of the sampling clock and thus the bin width of
the TDC channels is known. Only for the MiniTAPS detector a more complex determination
of g is needed [103]. Also, for the fine time resolution of jTDCs, an additional calibration is
required to obtain the effective bin width. The offset @ must be determined on a per-channel
basis for each beam time. Therefore, the times of the photons from each detector are first
compared to the trigger time. Any systematic deviation is due to differences in the time-of-
flight behavior of the photons and non-zero transmission times, and can be used as a first
coarse calibration ... After the coarse calibration, the time of each TDC channel relative
to the trigger signal is distributed around OnsEI

! It is not exactly at Ons due to the finite resolution of the detectors.
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Figure 4.1: Time difference between the Tagger bars and the Cherenkov detector before and after fine
time calibration [103].

The coarse calibration is limited by the time resolution of the trigger signal. For higher
accuracy, the time differences of each detector to a reference detector with good time resolution
are examined in a second step. In this way, the influence of the trigger signal disappears as

At = (tdet - ttrig) - (tref‘ det — ttrig) = tget — tref. det- (42)

The position of the prompt peakﬁ At prompt can then be used for a more precise calibration
offset

Gfine = Qcoarse T Atprompt' (43)

The Tagger bars are used as a reference detector because of their good time resolution. For
fine calibration of the Tagger bars, the Cherenkov detector is used, which also has a good time
resolution. In Fig. [I.1] the time difference of Tagger bars to the Cherenkov detector is shown
before and after fine time calibration. In this way, the resulting accuracy of the calibration is
limited by the time resolution of the Cherenkov detector. Further improvement is possible
by iteratively calibrating the Tagger bars with the MiniTAPS detector as reference and vice
versa. Both detectors are expected to provide better time resolution than the Cherenkov
detector. The final calibration values for all detectors can then be determined by using the
Tagger bars as reference again, but now with optimized resolution.

4.1.2 Calibration of jTDCs

Time information from jTDCs consists of two components: the coarse time resolution of
the clock and the fine time resolution given by the position of the leading edge within the
carry chain. With proper calibration of the carry chain, it is possible to combine both parts.
The coarse time resolution is defined by the effective sampling frequency of 400 MHz (2.5 ns)
which corresponds to half a clock cycle of a 200 MHz clock with dual data rateﬂ (DRR).
Based on the position of the leading edge within the carry chain, each sampling interval

? Distribution of the different At.
3 Sampling is performed on the rising and the falling edge of the clock signal.
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4.1 Calibration of the Time Readout

can be divided into N,,,, further intervals. N, corresponds to the maximum number of
carry chain elements on the FPGA through which the signal can propagate in a full sampling
interval. Thus, the information of a jTDC can be converted to time as

1 = tcoarse T thine

= m (Nsampling + C (TDCchannelv Ncarry chain)) (44)
where Negrry chain 18 the final position of the signal within the chain. The calibration coefficient
C (TDChannel> Nearry chain) takes into account the different propagation time of each carry
chain element. It corresponds to the fraction of a sampling interval that has to be added.
For each detector using jTDCsE| the calibration coefficient must be determined for all carry
chain elements over all TDC channels.

A suitable method for calibration has been proposed in [138] and implemented for the
CBELSA /TAPS experiment in [145]. By examining the frequency distribution of carry
chain elements, information about relative differences in propagation times can be obtained.
Because the input signals at the jTDC are
not correlated with the sampling clock, carry
chain elements with shorter propagation
times will have fewer entries than carry chain
elements with longer propagation times. An 12
example of such a frequency distribution and 10
the resulting calibration values can be seen
in Fig. In [145] the dependence of the
calibration on temperature and rate was in-
vestigated. While a dependence on temper- 4
ature is clearly observed, the resulting un- 2
certainty is significantly lower than the best
time resolution achieved in the experiment.
Furthermore, the calibration values do not

show a significant dependence on the rates

observed in the experiment. The only sig- Figure 4.2: Time distribution of Tagger bars rela-
tive to themselves with and carry chain
calibration of jJTDCs |145].
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nificant discrepancies occur at times when
the FPGA firmware is changed, resulting in
discrete jumps in some calibration values
Therefore, a separate calibration must be performed for each time interval with constant
firmware.

The time difference of coincident hits in the Tagger bars with and without jTDC carry
chain calibration is shown in Fig. Without calibration (yellow area) the time resolution

* Detectors using jTDCs are the bars and fibers in the Tagging system, the Forward Veto, the MiniTAPS
Veto, the Inner and Cherenkov detector, and the Gamma Intensity Monitor. An exception is the December
2017 data, where only the bars and fibers in the Tagging system and the Gamma Intensity Monitor were
equipped with jTDCs.

® Firmware updates can change the internal routing of signals within the FPGA, which can have a significant
impact on the timing characteristics.
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Figure 4.3: Frequency distribution of the carry chain for Tagger bar 70 and the corresponding
calibration values. The maximum carry chain index N,,,, that can be reached in one full sampling
interval corresponds to the red line [145].

is limited by the sampling frequency of 400 MHz. After calibration, the peak distribution
is much narrower and the bunch structure of ELSA becomes visible. While in the
calibration of the jTDC calibration is performed for data taken in December 2017 and May
2018, in this work it is performed for later data.

4.1.3 Threshold Determination

Each TDC channel in the Crystal Barrel detector is connected to a preceding threshold
discriminator. The threshold height (position) of a discriminator can be adjusted by applying
a reference voltage to the comparator component. The exact height varies from crystal
to crystal due to electronic tolerances, differences in the light yield of the crystals or a
non-identical APD or preamplifier gain. Since the time information depends on the threshold
heights, their values must be accurately determined in units of energy. In a method
was developed to determine the threshold heights. A ratio R between the number of hits
detected above the threshold and all hits is used

above threshold

R(E) = all

(4.5)

Below the threshold the ratio is zero, above the threshold the ratio is one. Considering
noise and finite energy resolution, the step-like transition at the position of the threshold is
convolved with a Gaussian of width o,.;.. This results in an S-shaped curve given by

R(E) = 3 (1 —erf (\/(;;UE>> (4.6)
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Figure 4.4: Ratio R (cf. Eqn. as well as its derivative for crystal 242 during data taking in
December 2017. The vertical lines correspond to the final threshold heights obtained by fitting
Gaussian functions to the peaks [145].

where © corresponds to the position of the threshold. To determine the position of the
threshold, the derivative of the ratio R(FE) is calculated, resulting in a Gaussian with mean ©
and width o,,.. The height of a threshold is then defined by fitting a Gaussian function to
the derivative of R(FE). This method is robust because it is largely independent of the exact
shape of the transition. An example of the ratio R(E), its derivative, and the corresponding
determined threshold positions are shown in Fig. [£:4] The thresholds can be characterized by
their height (position) © and the amount of smearing o, Which is related to noise and
energy resolution.

Threshold height The dual-threshold discriminators allow two thresholds for each crystal.
The lower threshold is called A and the upper threshold is called B. In Fig. [4.5| (top) the
determined threshold heights are shown for the June 2021 data. In order to suppress low
energy electromagnetic background events, the threshold height is increased step by step in the
forward direction. The last ring in the Crystal Barrel detector also has increased thresholds
to deal with an increasing rate of low energy eventsﬁ In Table average threshold heights
for the different crystal regions are listed. In |145] the thresholds were determined for data
taken in December 2017 and May 2018, whereas in this work this calibration is performed for
later data.

Threshold smearing The positions of the thresholds are smeared due to noise and finite
energy resolution. The amount of smearing is given by as o, and is shown in Fig. [4.5]
(bottom) o ise- Excluding the most forward crystals the smearing is well below 1 MeV.

6 A possible source of these low energy events in the last ring is the cryostat of the Mainz-Dubna Frozen Spin
target. The increasing rate of low energy events was detected only after the switch to this target. However,
it is not clear why this is the case. Another possibility is scattering effects of the beam at the collimator.

45



Chapter 4 Calibrations for the Crystal Barrel Detector

T T T T T T T -
> 35 —
=3 3
o) 30 —

25 —

20 =

by = =

15 ey 3

e e

10 wdw R =

5 B s o —

0 N 1 N N N 1 N N N 1 N N N 1 N N N 1 N N N 1 N N N 1 N :.

200 400 600 800 1000 1200 1400
Crystal Index
Position of the thresholds

S
[}
=3
3
°
o)

Smearing of the thresholds
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Table 4.1: Average threshold heights of crystals with similar threshold configuration (cf. Fig. (top))
for the June 2021 data. Thresholds for other periods of data taking may be different.

Crystal index Ring © [MeV]

A B
1-60 1 14.0 27.0
61 — 120 2 9.7 18.6
121 — 180 3 8.3 15.8
181 — 300 4-5 5.7 11.0
301 — 1380 6 —23 4.8 9.2
1381 — 1440 24 9.5 18.2
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4.2 Calibration of the Energy Readout

4.1.4 Time Walk Correction

The use of leading edge discriminators introduces the need for time walk correction. Time
walk describes the dependence of the time information on the energy of the signal as well as
on the threshold height. The time walk behavior can be seen particularly well in the time
difference between the Tagging system and the crystals as a function of energy

At(E) = tTagger - tCrystal(E)' (47)

By using the time difference, the poor resolution of the trigger time is removed. Due to
time walk, a strong energy dependence of At(FE) is expected. This is clearly the case for the
Crystal Barrel detector where time walk occurs up to 300 ns (cf. Fig. (top)).

In [145] a time walk correction function has been developed that is valid for all threshold
configurations. During the reconstruction process the correction is applied to all given times.
Depending on the energy and threshold of the crystal, a time offset is applied to compensate
for the Walkm As shown in Fig. (middle) & (bottom), the correction improves the time
walk by two orders of magnitude. Small deviations in the low energy range are negligible
when compared to the time resolution in the same range.

4.2 Calibration of the Energy Readout

The output of QDCs or SADCs is converted to energy information in a process known as
energy calibration (cf. Section {4.2.1]). For QDCs, an additional high-range calibration is
required to determine the exact ratio between the low- and high-range (cf. Section [4.2.2)).

4.2.1 Energy Calibration

The raw values of the QDCs or SADCs are linearly dependent on the energy. The gain g
must be determined for each ADC, i.e. for each crystal in the Crystal Barrel detector. After
calibration, the energy can be calculated as

E= (ADCIOW - Ach)ggestal) g (4.8)

ADC!" corresponds to the output of the ADC in low—range ADCifgcvlestal corresponds to
the baseline measured at zero intensity and must be subtracted. The gain is determined by
comparing the reconstructed 7 invariant mass with the literature value. The choice of the
7° invariant mass for the comparison has several advantages. Besides the high probability of
producing the 7r0, the 7 also decays into two photons with a high probability of 98.82 % [7].
The invariant mass of the 7° is then reconstructed using

M =E E, (1 — cos(a%%)) : (4.9)

™

" The correction is only valid for times related to the measured energy information i.e., times around the
trigger.
8 The distinction between low- and high-range is only relevant for QDCs and is explained in more detail in

Section m
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energy calibration [146]. The deviations in the crystal indices around 180 are due to the transition
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with the photon energies £, P and the opening angle o, ,, . Photons entering the material
deposit their energy in multiple crystals via electromagnetic showers. As a result, the photon
energies depend on all the gains for those crystals. Also, the opening angle is indirectly
affected by an energy-weighted reconstruction of the direction (cf. Section . To calibrate
the gain factor for a single crystal, only events where that crystal has the highest energy are
selected. In this way, the gain factor of that crystal has the greatest influence on the photon
energy and the reconstructed invariant mass. By comparing the reconstructed mass with its
literature value, the gain of this crystal can be adjusted with [146]

lit
0
Mif%c-(l—d)—i—d

™

(4.10)

after = * Gbefore*

Since the new gain depends on the gain of the other crystals, this process must be repeated
in several iterations. In each iteration, the gain of each crystal is adjusted once. A damping
factor d is introduced to account for systematic effects that could lead to overcorrection
and lack of convergence even after several iterations. The process is stopped when the
reconstructed mass is at the literature value. The effect of the energy calibration is shown in
Fig. For the very first calibration, carefully selected values were determined in [147] and
used as a starting point. Afterwards, the most recent gains are used as a starting point to
perform a calibration on new data.

4.2.2 High-Range Calibration

For QDCs, an additional high-range calibration is required to determine the exact range
factor r between the low- and high-range for each ADC. After calibration, high-range values
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Figure 4.8: Left: ADC values in low- and high-range as a function of normalized intensity. The ratio
of the slopes corresponds to the calibration factor r. Right: The ADC values in the low-range as a
function of the ADC values in the high-range. The slope is directly related to the calibration factor.
Data are shown for crystals 1354 (left) and 1264 (right) during data taking in June 2021.

can be converted to low-range values using

ADCIOW _ ADChigh -r 4+ (ADCE;Z{GSW -r: ADCgiegdhestal)

= ADCMEN . 4 poffset, (4.11)
While ADCifg’éestal can be measured at zero intensity, this is not the case for ADC}};ngéstal.
offset

Therefore, an explicit determination of the range offset r is used instead. After converting
the high-range values to low-range value, the energy calibration can be used to obtain final
energy information.

There are two methods for determining the range factor and offset [79]. Both methods use
the light pulser system to simulate energy deposition in scintillating material with signals
of well-defined intensity and high rate. The intensity can be adjusted by using a 12bit
digital-to-analog converter (DAC). In both methods discussed below, data is recorded from
each crystal for a given set of intensities using the low-range of the ADC as well as a forced
readout of the high—rangeﬂ These light pulser runs are referred to as low-range runs and
high-range runs, respectively.

ADC vs. Intensity The relationship between DAC values and the emitted intensity of the
light pulser was investigated in [79]. This relationship can be used to determine the linear
dependence of low- and high-range ADC values on the intensity (cf. Fig. (left)). The ratio
of the slopes then corresponds to the calibration factor r. The offset r°P° is determined
using the measured low-range pedestal (at zero intensity) and the y-axis intercept for the
high-range dependence as the high-range pedestal (cf. Eqn. . The ADC vs. Intensity
method has the disadvantage of a non-linear relationship between the DAC values and the

9 Forced readout refers to a readout of the high-range even in cases where the signal is below the threshold
for downscaling.
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emitted intensity, which must be carefully determined. The preferred calibration method is
therefore the one described next.

ADC vs. ADC To avoid converting the DAC settings to intensities, the ADC values for
low- and high-range can be compared directly. The only requirement is that the selected
DAC values must occur simultaneously in low- and high-range. However, DAC values in the
low-range will, by design, only populate small values in the high-range. Complicating matters
further, the high-range pedestal can vary greatly from crystal to crystal. The required overlap
area between low- and high-range may be only a few percent of the total available range.
This results in the need for highly optimized DAC settings that apply to all crystals. In [148]
the DAC settings have been optimized to allow as much data as possible while still being
evenly distributed. In cases where the overlap area is insufficient, the ADC vs. Intensity
method can be used as an alternative. Fig. (right) shows the relationship between low-
and high-range values for the optimized DAC settings. The slope is directly related to the
calibration factor R and the y-axis intercept to the offset r°T¢,
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CHAPTER D

Time Information in the Crystal Barrel
Detector

Time information is extracted as part of the readout process (cf. Chapter , allowing
for the correlation of signals from multiple detectors. This correlation helps to eliminate
random coincidences during event reconstruction and selection. For the widely used multihit
TDCs, two different scenarios can occur. In the first scenario, a single signal within a crystal
generates only one timestampEI This timestamp uniquely represents the time of the signal
and can be easily used for further analysis. However, as a second scenario, situations may
arise where a single signal produces multiple timestamps, often caused by noise fluctuations
on top of the signal or by multiple signals occurring within the same TDC window (gate). In
such cases, the most meaningful timestamp must be selected for accurate analysis

This chapter investigates the time resolution achieved in the experiment and introduces
a new method for selecting meaningful timestamps. Some of the results obtained in this
chapter are already visualized in Fig. [5.I] Only with time information it is now possible
to gain a detailed understanding of the processes that take place inside the crystals. This
detailed understanding has also led to additional applications. Specifically, the findings have
allowed the validation of the pile-up detection and correction capabilities of the SADCs,
revealing significant shortcomings in the pile-up detection, which were later resolved in [141].
Furthermore, the integration of timing information into the existing clustering method used
for particle reconstruction in the Crystal Barrel detector is presented.

5.1 Time Resolution

The time resolution achieved in the experiment varies for the different detector components
and their readout electronics. In [145] a detailed investigation of the time resolution for all
detectors was performed, using the Tagger bars or MiniTAPS as referenceEI This removes
the influence of the trigger signal as

At = (tdet - ttrig) - (tref. det — ttrig) = tdet — Lref. det- (5'1)

All time resolutions are listed in Table 5.1
The time resolution depends strongly on the energy of the incoming signals. Therefore,
Table lists not only the average time resolution FWHW?, but also the best (peak) time

! Due to the use of dual-threshold discriminators, each threshold generates one timestamp.
2 Tagger bars and the MiniTAPS detector are known for their good time resolution.
? Full Width at Half Maximum
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Figure 5.1: Example of an event inside a crystal with timestamps and pulses displayed. The discrimi-
nator thresholds threshold A and threshold B are shown as horizontal lines. Using an oscilloscope,
pre-recorded sample pulses in the TDC branch are used to better visualize the dynamics inside
the crystals. The pre-recorded samples are scaled and shifted using only time information, showing
two signals with an energy of 101.64 MeV and 53.80 MeV (calculated only via time). The waveform
recorded in the SADC branch is also shown for comparison. This event is a pile-up event which affects
energy information, as explained in more detail in Section

resolution FWHM,,.,. The peak time resolution corresponds to the best time resolution
which is obtained by considering only high energy photons. Finally, a comparison with the
values determined in [103] is given, which show the time resolution before the modification of
the experiment readout. An overview of the fits which were performed to extract the time
resolution can be found in [145].

The detectors with the best time resolution are the Tagger bar and the MiniTAPS detector.
This is consistent within the results from [103]. However, a notable difference is observed
for the Forward detector, where the time resolution has decreased compared to the previous
measurement. This can be explained by the change from photomultiplier to avalanche
photodiodes during the modification of the readoutﬁ In addition, the time resolution
depends strongly on the energy of the photons as shown by the differences between FWHM
and FWHM,,x. Therefore, a different selection of photon energies may dilute the direct
comparability of these results with the values reported in [103]. Finally, the time resolution
of the Crystal Barrel calorimeter was determined for the first time, giving an average FWHM
of 7.6 ns.

5.1.1 Time Resolution of the Crystal Barrel Detector

In the following, the time resolution of the Crystal Barrel detector is examined in more detail
and compared with the time resolution of the SADC branch. This time resolution will be
used as a key component for time clustering within the Crystal Barrel detector as described
in Section [5.4l

5.1.1.1 TDC Branch

For a more detailed study, a series of time distributions of the Crystal Barrel detector
using the Tagger bars as a reference detector (cf. Eqn. [5.1]) are fitted using the Novosibirsk

* For further details, see Section
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5.1 Time Resolution

Table 5.1: Average and peak time resolution (FWHM and FWHM,,y) of different detector- and
reference detector pairs [145]. FWHM,,., corresponds to the best (peak) time resolution obtained
by considering only high energy photons. Due to low statistics, it was not possible to determine
FWHM,, for Tagger fibers (in coincidence with the MiniTAPS detector). Only signals from photons
originating from a 7° decay during data taking in May 2018 are considered. The values are also
compared with values determined in [103] before the readout was modified.

Detector Ref. detector FWHM [ns] FWHM,, [ns] FWHMjgg [ns]
Tagger bars Tagger bars (0.8592 £ 0.0002) (0.525 £ 0.005) (0.635 4 0.003)
Tagger fibers Tagger bars (1.4384 £ 0.0004) (1.05+0.02) (1.694 %+ 0.006)
Inner detector Tagger bars (2.188 £0.001) (1.82+0.01) (2.093 +0.013)
CB detector Tagger bars (7.591 £ 0.008) (2.53 +£0.31) -
Forward detector ~ Tagger bars (4.70 £0.01) (2.69 £0.10) (1.861 +0.016)
Forward-Vetos Tagger bars (4.93 +£0.01) (4.06 £0.09) (4.434+0.013)
Cherenkov detector Tagger bars (1.231 £0.002) (1.228 £0.002) (1.194+0.014)
GIM Tagger bars  (3.0775 =+ 0.0006)  (2.222 = 0.005) (3.1+0.3)
MiniTAPS Tagger bars (0.85+0.01)  (0.654 +0.005) (0.872 = 0.006)
MiniTAPS-Vetos  Tagger bars (3.34 £0.02) (2.25 £ 0.19) (3.06 £ 0.05)
Tagger bars MiniTAPS (0.87£0.02)  (0.66+0.03) (0.830 = 0.006)
Tagger fibers MiniTAPS (1.28 +£0.03) - (1.45 4+ 0.03)

function 149

2y/In(4)\

) 1
%)—%), with q:ﬁ-sinh(cw 5 )

The Novosibirsk function represents an asymmetric Gaussian-like peak, where « is a measure
of the asymmetryﬂ In the case of @« — 0, the asymmetrical shape disappears and the

Novosibirsk function converges to a Gaussian. Equivalent to a Gaussian, the FWHM is given
as |151]

N(z;o,p,0,A) = A-exp (—ﬁan (1—a (5'2)

FWHM ~ 2.35 - 0. (5.3)

By using Tagger bars as a reference, both the Crystal Barrel detector and the Tagger bars
contribute to the measured resolution

FWHM2 = FWHM%rystal Barrel T FWHM%‘agger bars:* (54)

However, since the time resolution of the Tagger bars is much better (cf. Table , their
influence is negligible. Example fits are shown in Fig. 5.2 and in Section [A.2)in the Appendix.

® The functional form is taken from [149] and differs from the usual choice defined in [150]. It has the
advantage of a low correlation between the parameter o and the amplitude A of the function.
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Figure 5.2: Example fits of a Novosibirsk function (cf. Eqn. to time distributions of the Crystal
Barrel detector using Tagger bars as reference detector (TDC branch). Only signals from photons
originating from a 7’ decay during data taking in May 2018 are considered. The resulting time
resolution is shown in Fig. @ Further fits are shown in Section @ in the Appendix.

In [87] the time resolution of an analog signal is defined as

d

G

o

oy = Tnoise (5 5)
t

where % is the slope of the signal at the discriminator threshold. The time resolution of the
Crystal Barrel detector therefore depends not only on the energy but also on the threshold
settings. This can be seen very well in Fig. [5.3] where the energy dependent time resolution is
shown for different crystal ranges and threshold configurations. Crystals with lower thresholds
have better time resolution at low energies compared to those with higher thresholds, while
at high energies this relationship is reversed. This behavior occurs because, at low energies,
lower thresholds sample a steeper part of the leading edge, whereas at high energies, higher
thresholds are positioned on a steeper region. While the time resolution reaches values around
1ns at high energies, it decreases rapidly at energies close to the threshold.

To parameterize the dependence on energy and threshold, a function of the form

TDC _ [1](©)
Ot (E,0) = [O] (©) + (E _ [2](@))0'75 (5.6)

is fitted to the data. The function is purely phenomenological, the only requirement being
that it is valid for all threshold and energy configurations of the experiment. Each parameter
[i](©) is a function of the threshold. A two-dimensional fit yields the parameters

[0](©) = p0/© + pl = (3.57 £ 0.02)/O + (0.706 = 0.003)
[1(©) = p0/© + pl = (51.2 £ 0.3)/0O + (35.06 = 0.06) (5.7)
2)(©) = © + p0 = O + (—0.163 + 0.003).

The fit is shown as solid lines in Fig. [5.5| which fits the data well. Eqn. [5.6]now allows a simple
calculation of the time resolution of the TDC branch in the Crystal Barrel detector. The
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Figure 5.3: Time resolution of the TDC branch of the Crystal Barrel detector as function of energy.
To resolve the dependence on the discriminator threshold, the time resolution is shown for each crystal
section with different threshold configurations for threshold A and threshold B. Only signals from
photons originating from a ° decay during data taking in May 2018 are considered. Example fits are

shown in Fig. and in Section in the Appendix.

parametrization of the threshold height ensures valid values even for arbitrary configurations
in the experiment.

5.1.1.2 SADC Branch

The SADC branch does not rely on the same signal filter as the TDC branch, but uses a
different architecture optimized for its own application. This already changes the signal
shapes significantly. In addition, the sampling of the SADC allows time information to be
determined with methods of a constant fraction discriminator. This not only eliminates the
need for time walk correction but also allows time information to be obtained from signals
with energies as low as 1 MeVﬁ . There is also no dependence on different threshold
heights used for triggering. Until the November 2021 data taking, the time resolution of
the SADC is limited by its sampling intervalEl For later data, linear interpolation between
samples is possible for improved time resolution . In Fig. the time resolution with
and without interpolation is shown as a function of energy. It is also compared with the
time resolution in the TDC branch at the highest and lowest threshold heights set in the
experiment. It can clearly be seen that the time resolution provided by the TDC branch is
more accurate over a wide energy range. Only at low energies is the situation opposite. Here,
the TDCs only provide time information down to the thresholds set in the experiment. The

® This does not mean that time information is always available at such low energies. In some cases, the
integral is > 1 MeV, but no peak (and no time) could be determined.

" The signal is sampled with a sampling interval of 50 ns. The trigger signal is sampled at a higher rate with
a sampling interval of 12.5ns.
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Figure 5.4: Time resolution of the SADCs branch of the Crystal Barrel detector with and without
(w/o) interpolation as function of energy. It is further compared with the time resolution in the TDC
branch at the highest and lowest threshold heights set in the experiment. The dependencies are fitted
using Eqn. Only signals from photons originating from a ° decay during data taking in June
2021 for SADC (w/o0) and December 2021 for SADC are considered.

dependencies of the SADC are fitted, resulting in the following parametrization

SADC (w/o) (85.90 + 0.07)
E)= 26.93 = 0.
7t (B)=5= (0.172 £ 0.001) +(26.9340.07)
74.34+0.2
P ) (13242 0.01). (5.8)

- E—(0.213 4+ 0.007)

5.2 Method for Selecting TDC Times

Up to and including the December 2021 data, the discriminators have been set to trigger
only on the leading edge, i.e. only on positive crossings (from below the threshold). Still,
situations may arise where one signal generates multiple timestamps. This can be due to
noise on top of the signals causing multiple positive threshold crossings. This is particularly
pronounced for the trailing edge where the signal decays more slowly. The internal hysteresis
mechanism of the discriminatorsﬁ [134] is not able to remove all this noise. In addition,
random coincidences can also lead to multiple timestamps in a crystal. For data taken after
December 2021, the discriminators also trigger on the trailing edge, i.e. for negative crossings
(from above the threshold). In this case, by definition, multiple timestamps are available for
each signal. As this work is based on data prior to December 2021, it is important to note
that only positive crossings need to be considered in the following. A recorded example of
multiple timestamps is shown in Fig. In such a case, one time out of all the available
timestamps must be selected. A simple and robust method is to select the timestamp closest
to the experiment trigger at Ons. While this is indeed implemented as the default method

8 Hysteresis defines how far below/above the threshold the signal must move to trigger a change of state.
This prevents the influence of oscillatory behavior around the threshold.
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Figure 5.5: Timestamps recorded for the crystal with index 261 and an energy of 163 MeV during
data taking in May 2018. The discriminator thresholds threshold A and threshold B are shown as
horizontal lines. Times are given relative to the experiment trigger at O ns.

for the event reconstruction in ExPIORA, it throws away a lot of information about the
processes within the crystals. Therefore, a more advanced method is presented that also
allows the investigation of pile-up events and random coincidences within the Crystal Barrel
detector. This will be used for later validation of the pile-up detection and correction features
of the SADC.

In the following, the lower threshold is referred to as threshold A while the upper threshold
is referred to as threshold B. A particular combination of detected timestamps at threshold
A and threshold B is referred to as a patternﬂ

5.2.1 Signal Shape in the TDC Branch

In case of multiple timestamps per signal, their placement is related to the shape of the signal.
The shape of the signal in turn depends on the readout, as described in Chapter [3] Most
prominent is the influence of the signal filter, which shapes the output of the preamplifier to
short time constants. Due to the linear behavior of the preamplifier and the signal filter, the
shape of the output signal is independent of the size of the input (the energy). A change
of the size of the input will only result in a scaling of the output. In theory, therefore, a
parametrization of the signal shape from first-principles will allow us to relate the timestamps
to the individual signals by comparing their positions with the parametrization. While this
would be feasible for the direct output of the signal filter, it is hardly possible for the input
signals at the discriminator module. Despite the linearity of the preamplifier and the signal
filter an energy-dependent shape appearsm This can be seen very clearly in Fig. [5.6, where
the direct output of the signal filter is compared with the input signal at the discriminator.
This is due to the transformer at the beginning of the discriminator circuit, which is used
to convert the differential signal into a single-ended signal. The transformer exhibits core
saturation effects, resulting in a non-linear dependence on the internal magnetic flux and in
distorted signal shapes. Besides distorted signal shapes, undershoots occur with an amplitude
of 4 — 8% of the signal voltage, lasting up to 80 — 100 ps (cf. Fig. in the Appendix).

°In Fig. a ABAAAAABBAAAA pattern is shown.
9 This does not affect the signals used for the energy sum which is tapped after the signal filter and before
the discriminator module.
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Figure 5.6: Comparison of output signals at the signal filter to input signals at the discriminator
module. For the input signals at the discriminator module an energy dependent shape can be seen. All
signals were recorded on an oscilloscope in a laboratory where an equivalent readout was constructed
for a single crystal as it is used in the experiment.

Both the energy-dependent signal shape and the undershoot do not affect the quality of
time information during event reconstruction or selection. The time range of the undershoot is
not yet long enough to affect subsequent events. Also, the final time information is extracted
at the leading edge, where the distortion of the signal is not yet present. However, the
distortion prevents a parametrization of the signal shape from first-principles to provide a
good selection mechanism for timestamps inside crystals. Instead, the required information
must be extracted from the recorded data, taking into account all the distortion.

5.2.2 Grouping of Timestamps to Signals

In order to select the most suitable time for a crystal, the timestamps must be grouped to the
signals from which they originate. For each signal, the timestamps at the leading edge must
be separated from the timestamps at the trailing edge. The latter ones are discarded as noise,
generated by random threshold crossings of the slowly decaying signalH The timestamps
at the leading edge can be used to assign a well-defined time to each signal. The time of
the signal closest to the trigger is then assigned to the crystal for further reconstruction
processes. In the following, this time will be referred to as the default time. The next section
will explain this process in more detail.

5.2.2.1 Energy

Artificial dead time is used to group the timestamps and to discard the ones at the trailing
edge. It refers to the time range after a leading edge of a signal in which all other timestamps
are ignored. They are considered as noise on the trailing edge as the discriminators only
trigger on positive crossings (from below the threshold). The artificial dead time must be long
enough to include all the noise generated by the signal. This length is primarily determined

" For the data considered in this work, the discriminators are configured to trigger only on positive crossings
(from below the threshold).
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by the scale, i.e. the energy of the signal. However, the energy information provided by QDCs
or SADCs cannot be used due to the different gate lengths compared to the TDCs. Using
the energy information would limit the selection mechanism to signals prominently within
the QDC or SADC gate, neglecting information from a much wider TDC gate (cf. Fig. [3.7)).
Furthermore, energy information from QDCs could be distorted by pile-up. Therefore, in
order to apply artificial dead time, the energy information has to be determined directly from
time. The time difference at the leading edge At 45 or the time-over-threshold Atpgr can be
used for this.

Time difference At g The time difference at the leading edge At 45 can be used as an
alternative to measured energy information. It is defined as

Atap =tp —ta, (5.9)

where t 4 is the timestamp generated by the leading edge at threshold A and ¢tz the timestamp
generated by the same leading edge at threshold B. This time difference is related to energy,
as high energy signals result in fast crossings of the thresholds while low energy signals result
in slow crossings. The same effect is already used for a first time walk correction within the
trigger logic of the experiment [81].

In Fig. (left) the relation between At,p and energy (QDC) is shown for crystals
exhibiting a pure AB pattern around trigger time) | Each point corresponds to the most
probable value of its underlying energy distribution determined by a fit using a Novosibirsk
function. To account for the dependence on the threshold height, the energy is normalized
by the threshold difference A©® = O — © 4 (cf. Fig. (right)). The normalization takes
advantage of the approximate linearity of the leading edge around the threshold. Examples
of the underlying distributions and fits are shown in Section [A73] in the Appendix. To
parameterize the overall relation, a function of the following form is fitted to the combined
normalized data

@BE_@A (AtAB) =[0] - exp {[1] -log (AtAB - [2])] + [3]. (5.10)

The fit gives the parameters

(0] = (1480 + 1)

[1] = (—1.7741 + 0.0001)
2] = (2.484 + 0.001)

3] = (1.82422 + 0.00005).

The parametrization is of phenomenological nature and is only intended to reproduce the
dependence and allow for extrapolation.

2 For simple AB patterns, more complex behavior is suppressed. As the pattern (signal) is required to be
around the trigger time (—200 — 200ns), a good correlation with the measured energy of the crystal is
ensured.
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Figure 5.7: Energy (QDC) as function of the time difference Aty p = tp — t4 for crystals showing a
pure AB pattern around the trigger time (—200 — 200 ns) for May 2018 data (left). Normalization by
the threshold difference A® = O — © 4 removes the dependence on the threshold height (right). A
fit to the combined normalized data is shown in red and results in Eqn. @

Time-over-threshold Attgt Time-over-threshold information can also be used as an
alternative to measured energy information. Time-over-threshold is defined as the time
difference between two timestamps at threshold A or B, one at the leading edge (1) and one
at the trailing edge (2)

Atror =ta,/B, — ta,/B,- (5.11)

Atror is only available in case of timestamps at the trailing edge. Up to and including the
December 2021 data taking the discriminators were set to trigger only on positive crossings.
In this case, timestamps on the trailing edge are only available when noise leads to positive
crossings. For later data, the discriminators also trigger on negative crossings. In this case,
time-over-threshold is always available when a threshold is crossedE In this work, only the
timestamps of positive crossings are available.

In Fig. (left) the relation between Atpor and energy (QDC) is shown for crystals ex-
hibiting a pure AA or ABB pattern around the trigger time| "| Again, each point corresponds
to the most probable value of its underlying energy distribution as determined by a fit using
a Novosibirsk function. While at low energies Atpot increases with energy as expected, at
high energies it starts to decrease again. The reason for this is the distorted signal shape at
the input of the discriminator (cf. Fig. . As a result, Atpgr is no longer unique at high
energies. To remove the influence on the threshold height, the energy is normalized by © as
the signals scale linearly with the input (cf. Fig. (right)). This works well for low Atror
where the distortions are not yet visible. Examples of the underlying distributions are shown

13 In addition, different types of timestamps are generated for positive (from below) and negative (from above)
threshold crossings, so that the two situations can be distinguished.

' For these patterns, more complex behavior is suppressed. ABA patterns can also be used for time-over-
threshold information at threshold A. However, they do not provide much new information. As the pattern
(signal) is required to be around the trigger time (—200 — 200 ns), a good correlation with the measured
energy of the crystal is ensured.
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Figure 5.8: Energy (QDC) as a function of time-over-threshold Atror =t4,,p, —ta, /5, for crystals
exhibiting a pure AA or ABB pattern around the trigger time (—200 — 200 ns) during data taking in
May 2018 (left). Normalization by © removes the dependence on the threshold height for low values
(right). At high values, a dependence on the threshold still exists due to energy-dependent signal
shapes at the input of the discriminator. A fit to the combined normalized data for Atrgr < 4250ns
(vertical black line) is shown in red and results in Eqn.

in Section [A-3]in the Appendix. A fit to the combined normalized data yields

g(AtTOT> =[0] - exp [[1] - (Atror — [2])} +[3] - <AtToT) ! + [5] (5.12)

with parameters
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After Atpor ~ 4250ns there are deviations between the fit and the data. Furthermore,
as already pointed out, for a given Atpgr, the energy information starts to be not unique
anymore. Depending on the threshold height, signals with energy above ~ 475MeV for
O = 3.9MeV or above ~ 775 MeV for © = 23.3 MeV are affected. As a result, high energy
signals will be assigned too low energies when calculated via time-over-threshold.

Comparison For validation, the energy determined using time information is compared to
the energy information measured by QDCs. In Fig. [5.9] the correlation for energy based
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Figure 5.9: Comparison of the energy information Eppc determined only by time with the energy
information E provided by the QDCs during data taking in May2018. To ensure a valid comparison,
only signals at trigger time (—200 — 200 ns) within the QDC gate are selected.

on At,p and Atpor is shown for signals around the trigger timelfl While there is a clear
correlation, there are also some deviations. The energy determination using At4p shows
an enhancement at low E (marked as 1). This enhancement is caused by signals that have
a time stamp at threshold B due to the influence of noise, although their energy is too
low. As a result, the time difference At,p is too small, causing Etpc to be too high. The
energy determination using Attt also shows deviations at low E (marked as 2). There is a
similar deviation at higher E. Both deviations are due to pile-up events which prolong the
time-over-threshold information. At low E the time-over-threshold at threshold A is used,
whereas at high E threshold B is used.

When comparing the two alternatives, energy determination using time-over-threshold
information gives a better correlation and is more favorable. Therefore, if time-over-threshold
information is available, it will be preferred in the following. If no two timestamps are
available at a given threshold, the time difference at the leading edge At 4p is used instead.

5.2.2.2 Artificial Dead Time

Artificial dead time is used to group the timestamps and at the same time to discard trailing
edge timestamps. The required length of the artificial dead time is defined by the time
difference between the timestamp at threshold A at the leading edge (A;) and potential A
timestamps related to the same signal but created by noise at the trailing edge (A,)

Tdead = tAQ - tAl . (513)

The energy information from Atpgr or At g is used to determine its length. In this way,
artificial dead time can also be applied to signals that are not prominently within the gate
for energy measurement. In Fig. (left) the relation between energy (TDC) and Tgeaq

15 Signals around trigger time (—200 — 200 ns) lay prominently within the gate used for energy measurement.
This allows a comparison with energy information measured by QDCs.
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Figure 5.10: Artificial dead time Tgeaq = ta, —ta, as function of energy (TDC) for crystal indices
181 — 300 with pure ABA pattern around the trigger time (—200 — 200 ns) during data taking in May
2018 (left). The transition points between noise at the trailing edge and random coincidences are
determined for each region with constant threshold (right). The dependence on energy and threshold

is fitted using Eqn.

is shown for crystal indices 181 — 300 with pure ABA (A;BA,) pattern around the trigger
time (—200 — 200 ns). Selecting only ABA patterns increases the probability that only one
signal is present. In this case the last A timestamp is related to noise on the trailing edge

It can be seen that low energy signals stay only briefly above the threshold. Thus, only short
artificial dead times are needed. In comparison, high energy signals require long artificial
dead times up to 7000 ns. The decreasing behavior for high energies is again related to the
distorted signal shapes (cf. Fig. . For each energy, the distribution of the artificial dead
time is mostly broad as the position of the noise at the trailing edge can vary. In addition,
random coincidences where the last A timestamp is not related to noise but to a new signal,
result in a flat background at low energies. To obtain an appropriate dead time that takes
into account all the noise associated with a signal, but not the timestamps of a new signal,
the transition point between noise and random coincidences must be determined for each
energy. The transition point is defined as the point where the slope of a linear function fitted
to the surrounding points starts to show a flat behavior. Some example distributions are
shown in Fig. in the Appendix. Fig. [5.10| (right) shows the transition points for each
region with different threshold configuration. The artificial dead time as a function of energy
and threshold is fitted and marked as a red line. The fit gives

Tacad(E, ©4) = [0](04) - MO 1 [2)(0,) - E + [3](0,4) (5.14)

16 1t is assumed, that the set of all ABA patterns is sufficient to reflect the behavior of other patterns with
more noise, such as ABAAA.
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Figure 5.11: Timestamps recorded for the crystal with index 261 and energy 163 MeV during data
taking in May 2018. The discriminator thresholds threshold A and threshold B are shown as horizontal
lines. Timestamps that fall within the areas of artificial dead time determined with energy information
from the pattern (Atyg) or using time-over-threshold information (Atpor)
are discarded. The selected timestamp closest to the trigger is used as the best candidate for the
crystal.

with parameters

0](©4) = p0/O 4 + pl = (2173 £ 32)/0 4 + (715 + 20)
1)(©4) = p0/© 4 + pl = (—0.26 + 0.01)/0 4 + (0.430 + 0.005)
[(©4) (

[(©24) (

[
[ _
[2 O4) = pO/@A +pl=(—-16+ 1)/@A + (—66:|: 02)

[3](©4) =p0/© 4 + pl = (12153 £ 259) /O 4 + (—2420 + 63).

All three parametrization, At to energy, Atpor to energy and energy to artificial dead
time 7Tg4eaq can be combined to group timestamps to signals and to discard timestamps
corresponding to noise. Therefore, the full length of the artificial dead time is applied after
each leading edge of a signal (defined by an AB pattern). If another AB pattern occurs
within the artificial dead time, clearly defining the beginning of a new signal, the artificial
dead time is stopped early. The use of artificial dead time is shown in Fig. Each selected
timestamp defines the time of a single signal. Of these timestamps, the one closest to the
trigger is set as the default time of the corresponding crystal.

5.2.2.3 Clustering of A Timestamps

In the case that a signal exceeds threshold B, the associated AB pattern clearly defines its
leading edge. In such a situation, the energy can be calculated and artificial dead time can
be applied. For low energy signals this is not the case, as only timestamps at threshold A
are generated. In this case, it is not yet clear which timestamps belong to the same signal
(cf. Fig. . To account for these low-energy signals the timestamps at threshold A are
grouped into signals using a single-linkage principle. First, each timestamp at threshold
A is considered to be a group in itself. In a bottom-up fashion, groups that are closer
than a predefined time difference are aggregated. This process is repeated until no further
aggregation is possible. Each remaining group is considered to have originated from a signal
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Figure 5.12: Timestamps recorded for crystal with index 833 and energy 5.5 MeV during data taking
in May 2018. The discriminator thresholds threshold A and threshold B are shown as horizontal lines.
Timestamps at threshold A are grouped using a single-linkage principle with a maximal allowed time
difference given by Eqn. The selected timestamp closest to trigger is used as the best candidate
for the crystal.

with a time given by the timestamp at the leading edgem The maximum time difference
allowed within a group is determined by examining subsequent time differences in crystals
containing only timestamps at the threshold A. For more information on the clustering of A
timestamps, see Section in the Appendix.

5.2.3 Limitations

The method presented above allows us to gain insights into different phenomena within the
crystals by using the full multihit functionality of the TDCs. However, there are certain
limitations:

1. Signals with an energy below the threshold £ < ©4 do not have a time assigned.
Depending on the position of the crystals these are signals with an energy below
48—-14 MeVE This is the case for ~ 66 % of all crystals with an energy deposition
above 1 MeV.

2. For data up to and including December 2021, signals with low energy © 4 < £ < Op
may have only one timestamp assigned. As a result, no time-based energy can be
calculated because neither At g nor Atpor information is available. Depending on the
threshold positions of the crystals, this can happen for signals with an energy below
9.2 — 27MeV ™ This is the case for ~ 9% of all crystals with an energy deposition
above 1 MeV. For later data, time-over-threshold information is available for all signals
as soon as threshold A is crossed.

3. A second signal that occurs on the trailing edge of a preceding signal before threshold
A is reached cannot be detected. Such a pile-up may look like a normal signal in terms
of the generated timestamps. This could also be the case if the preceding signal reaches
© 4, but the energy of the second signal does not allow for a timestamp at threshold B.

" The timestamp at the leading edge is defined as the first timestamp within a group.
'8 The values are valid for June 2021 data (cf. Table .
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While the first limitation effects also further reconstruction processes like time clustering
(cf. Section the other limitations only influence the investigation of selected TDC times
presented in Section The following work will refer to elements in this list if their effect is
significant.

5.3 Investigation of Selected TDC Times

It is now possible to take full advantage of the multihit functionality of TDCs in the Crystal
Barrel detector. Each signal occurring within the TDC gate is assigned both time and energy
information, even if the signal is not in the QDC or SADC gate. This allows to study the
behavior of pile-up in more detail. The results will also be used later to validate the pile-up
detection and pile-up correction of SADCs.

5.3.1 Coincident Time Background

Without time information only an energy deposition is measured. In the case of QDCs, it is
not known with certainty that this energy deposition results from only one signal% It is not
known, how often random coincidences occur in and around the gate for energy measurement.
By using the time information from the TDCs, this is no longer the case. The probability of
random coincidences within the TDC gate can be investigated

Table gives the probability that a crystal with energy deposition has not only one but
several signals (with time information) within the TDC gate of ~ —10 to 10 s

_ Energy depositions with N signals with time

R(N) (5.15)

All energy depositions

Only energy depositions above 1 MeV are considered. It is important to note that the first
limitation presented in Section [5.2.3] strongly influences the numbers. Signals with an energy
below the threshold F < ©4 are not assigned a time. About 34 % of the crystals with
energy depositions contain a single signal with time, while only 0.3 % contain two signals
with time. Three signals with time are even less likely to happen with only 0.002 %. The
numbers are valid for the May 2018 data. They may vary for other measurement periods
due to different threshold configurations. From the numbers it can be seen that already one
random coincidence (with time) within the large TDC gate is unlikely. Figure shows the
position of the coincident events in the Crystal Barrel detector. For crystals with no time,
the distribution reflects the setting of threshold A. As expected, at low thresholds (6-index
6 — 23) there are fewer events without time than in regions with high thresholds. In the case
that one signal with time is detected, the effect is opposite. For crystals with two or three
detected signals with time the distribution is mostly flat. Only in the forward direction there
is an increment of coincident signals, located at two positions in ¢. This plane corresponds to
the plane of the electromagnetic background (e+/ ~) which is enhanced in the Crystal Barrel
detector by the transverse magnetic field used for target polarization.

' The readout using SADCs is capable of detecting pile-up, i.e. events with more than two signals.
20 A random coincidence detected within the TDC gate does not necessarily lead to pile-up. Pile-ups are
discussed in detail in the next section.
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Table 5.2: Probability that a crystal with energy deposition will have a given number of signals with
time information within the TDC gate of ~ —10 to 10 us during data taking in May 2018.

Number of pulses with time 0 1 2 3
Probability R(N)-100%  65.7% 34% 03% 0.002%
3 3 &
o o
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Figure 5.13: Distribution of random coincidences inside the Crystal Barrel detector during data taking
in May 2018. The proportion R (cf. Eqn. is shown for crystals with no, one, two and three
signals with time in the TDC gate of ~ —10 to 10 ps. Outliers with high R are due to deviations in
their threshold heights. If the deviations are too large, the crystals appear as white spots in the image.
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5.3.2 Pile-up

In the case of multiple signals within a crystal (the terms signal and pulse are used inter-
changeably in the following), a distortion of the measured energy information cannot be
excluded. Coincident pulses occurring before or after the prompt pulse (the primary pulse
around the trigger time) can lead to a false increase in energy. While it is not possible to
detect pile-up with the QDC readout, a recent modification of the experiment has led to
the integration of SADCs. They are used as a new readout for energy and as an alternative
readout for time information. Among other benefits, SADCs provide functionality to flag
crystals that exhibit pile-up behavior and to correct their energy information.

The proposed method for TDC times also allows for the detection and correction of
pile-ups. Therefore, the TDCs can be used as an independent source to validate the SADCs.
While the SADCs detect pile-up within the SADC branch, the method using TDCs detects
pile-up within the TDC branch. Here, the signal filter shapes the pulses to shorter time
constants. This has several advantages. The short shaping time in the TDC branch results in
a high double pulse resolution. Furthermore, due to the large gate length of ~ —10 to 10 ps,
coincident pulses can already be detected before the gate for the energy measurement starts.

5.3.2.1 Pile-up Detection

Pile-up is defined as the superposition of two or more signals. When a superposition occurs
entirely within the gate for energy measurement, the measured energy is equal to the sum
of the energy of each signal. More generally, pile-up in the Crystal Barrel detector can be
defined as situations where at least two signals are fully or partially within the gate for energy
measurement. The following events would be classified as pile-up, assuming a prompt signal
around the trigger:

1. The trailing edge of a preceding pulse reaches the start of the gate for energy measure-
ment.

2. A second pulse superimposes the prompt pulse.

3. A second pulse comes after the prompt pulse but is still partially within the gate for
energy measurement.

Fig. [5.14] shows one example of each of these cases in real data. Pre-recorded sample pulses
are used to give a better visualization on the pulse Shapeﬂ The pre-recorded samples are
scaled and shifted using only the time information from TDCs. It is important to note that
the pulses in the TDC branch are not comparable to the pulses in the QDC or SADC (energy)
branch. They are shaped differently (cf. Fig. . As a result, pulses which are separated
in the TDC branch can very well lead to a pile-up in the energy branch.

In the case of pile-up, the measured energy is distorted and shifted to higher values. The
resulting error is strongly coupled to the energy of the prompt pulse and the pile-up pulse as

2! The sample pulses were recorded on an oscilloscope in the laboratory using the same readout electronics
and configuration as in the experiment.
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Figure 5.14: Events which are classified as pile-up. The discriminator thresholds threshold A and
threshold B are shown as horizontal lines. As before, artificial dead time is used to discard timestamps
associated with noise on top of the leading edge, but this time it is not drawn explicitly. Instead, with
an oscilloscope pre-recorded sample pulses are used to give a better visualization of the signal shapes.
The pre-recorded samples are scaled and shifted using only the time information from the TDCs. The
position and length of the QDC and SADC window (gate) are also marked. It is important to note
that pile-up is defined within the energy branch, where pulses have longer time constants due to the
different shaping characteristics. Therefore, pulses that are separated in the TDC branch can actually
lead to pile-up in the energy branch.
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Figure 5.15: Dependence of the influence of pile-up f (cf. Eqn. on the position of pile-up
relative to the trigger ¢ e, for QDC readout (May 2018 data) or SADC readout (June 2021 data).
Events with two pulses and a prompt pulse around trigger are selected. Pulses which fall inside
—7000 to 4750 ns for QDCs and —10000 to 6 000 ns for SADCs are treated as pile-ups with significant
influence.

well as to the position (time) of the pile-up pulse. The influence of pile-up can be characterized

by
E —F
f (tpile_up) _ crystal prompt : (516)

Epile—up

where Ejompe is the energy of the prompt pulse only (determined by TDC times) and Ejje yp
is the energy of the pile-up pulse only (determined by TDC times). Egyga1 is the energy
measured by the QDC or SADC. The influence f corresponds to the fraction of the pile-up
energy that is deposited in the gate used for energy measurement. If a pile-up has no effect
(i.e. completely outside of the energy measurement gate), the measured energy Ecysa and
the energy of the prompt pulse Epomp are equal and f = 0. When a pile-up has full effect
(i.e. fully within the energy measurement gate), the energy measurement includes both the
prompt pulse and the pile-up pulse Eqystal = Eprompt + Epile-up, resulting in f = 1. Tt is
important to note that the influence f does not directly relate to the error of the energy

measurement, for which the energies involved must also be taken into account.

In Fig. (left) f is shown as a function of the time of the pile-up relative to the trigger
for energy measurements using QDCs. About 7000 ns before the trigger, on average about
5% of the energy of the pile-up is added to the measurement. The influence increases as
the pile-up gets closer to the trigger. Just before the trigger, the pile-up pulse prevents the
prompt pulse from being detected, resulting in a gap in the data points of f. The same is
true just after the trigger, where the prompt pulse prevents the detection of the pile-up pulse.
It is important to note that despite the inability to determine f in this area, pile-up still
occurs. At trigger, the pile-up pulse is completely within the gate for energy measurement
and f is at its maximum. At later times, the influence decreases again as more of the pile-up
pulse runs out of the gate. f falls below 5% at about 4 750 ns after trigger.

For pile-up detection, the time range in which pile-up pulses influence the measurement
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Figure 5.16: A pulse recorded with an oscilloscope in the QDC branch relative to the QDC gate used
for energy measurement. A pulse recorded with an oscilloscope recorded in the TDC branch and the
waveform in the SADC branch are added for comparison. The pulses are only for general comparison
of the shape and do not provide any additional information such as position or noise. The SADC gate
for the energy measurement is not explicitly drawn but has a length of 6.4 ps.

must be defined. Using f - 100 % = 5% as the threshold a second pulse occurring within
t = —7000 to 4750 ns (5.17)

is treated as pile-up for QDCs. The magnitude of the error is then defined by the energies
of the pulses involved. In case of SADCs, the pulses are longer due to different shaping
characteristics and the gate is slightly wider. Both yield a different characteristic of f (cf.
Fig. [5.15[ (right)). For SADCs, a larger time range of

t = —10000 to 6000 ns. (5.18)

is defined for pile-up detection. Both time ranges must correlate with the pulse shapes and
the length of the gates used for energy measurement. A comparison of a recorded pulse in
the QDC and SADC branch is shown in Fig. It can clearly be seen that the SADC
pulse is shaped to longer times, which explains the earlier start of the pile-up detection time
range. The SADC gate is also longer than the QDC gate, which explains the later end of the
pile-up detection time range. The reason why the pile-up time range ends before and not at
the end of the gates is due to the slow rise of the leading edge at the beginning of a pulse.
This slow rise takes a while to have a significant effect on the energy measurement.

5.3.2.2 Pile-up Frequency and Error

In Section the frequency of the coincident background within the TDC gate was
examined. However, due to the different QDC and SADC gates, the frequency for pile-up
events does not need to be comparable. Only by using Eqn. and the proportion
of actual pile-ups within the Crystal Barrel detector can also be determined from the TDC
information. Fig. (left) shows the position of pile-up in the Crystal Barrel detector.
As with the coincidences, the highest pile-up rates occur in the forward direction, at two
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Figure 5.17: Proportion of pile-up R, within the Crystal Barrel detector for all energy depositions
above 1 MeV for the June 2021 data. In the case of TDCs (left), outliers with high R, are due to
deviating threshold heights.

positions in ¢. Here, the electromagnetic background (e+/ 7) is enhanced due to the transverse
magnetic field used for target polarization. Considering all energy depositions above 1 MeV
the maximum proportion of pile-up in these regions is ~ 0.7 % for the June 2021 data. The
average share of pile-up in the Crystal Barrel detector is ~ 0.2 %. It is important to note
that these numbers are affected by the limitations presented in Section [5.2.3] Pulses with an
energy below the threshold F < © 4 have no time assigned and therefore cannot be detected
as pile-ups. Also, certain topologies of pile-up are missing. The SADC does not suffer from
the same limitation and thus detects a higher pile-up rate (cf. Fig. (right)).

The actual error due to pile-up depends on the time of the pile-up pulse and the energies
of the pulses involved. The error can be defined as

E - F
SE — crystal prompt
E

prompt

_ Eprompt + f (tpile—up) : Epile—up - Eprompt
E

prompt

E

ile-
= f (tpile-up) : Epl b (519)

prompt .

Ecrystal is the energy measured by the QDC or SADC. Ep; e and Epje.yp, are the energy of
the prompt pulse and the pile-up pulse, respectively, determined from the TDC information.
The inﬂuencelz_?l of the pile-up on the energy measurement depends on the time of the pile-up
relative to the trigger and is given by f (pieup). By using the information from Fig. [5.15
the error for different combinations of

E .
tolonp ~ and R = PP (5.20)

Eprompt

22 The influence f corresponds to the fraction of the pile-up energy that is deposited in the gate used for the
energy measurement.
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5.3 Investigation of Selected TDC Times

Table 5.3: Probability of the cumulative error §E - 100 % in case a pile-up occurs. Values for the
QDC and the SADC branch are listed. As an example, the top-left cell shows that 10 % of pile-up
events in the QDC branch result in an error below 1.4 %. Inversely, there is a 10 % probability that a
single pile-up event will result in an error below 1.4 %. Note that these numbers do not indicate the
frequency, 1.e. how often pile-ups occur.

c.d.f
10% 20% 40 % 60 % 80 % 90 %

QDC branch < 1.4% <3% <8% <178% <394% <684%
SADC branch <22% <44% <11.2% <22% < 452% <72%

can be calculated. In the following, such combinations will be referred to as topologies.
Fig. (left) shows the calculated error JF for different simulated topologies. Areas above
which the error § F - 100 % exceeds 1%, 10 %, 50 %, 100 % and 500 % are marked with red lines.
As before, inside the white area around the trigger, the prompt or pile-up pulse prevents
the other from being detected and there is no information for f(yie.p). In Fig. m (right)
the density of topologies for recorded data is shown. High values of log,(R) are less likely
because the pile-up pulse is often of lower energy. While a constant behavior is observed
before the trigger, the pile-up density is much higher after the trigger. Here, the slowly
decaying trailing edge allows for pile-up pulses that would otherwise be too low in energy
to reach the discriminator thresholds. By comparing the density of the topologies with the
associated error, an estimate of the total error can be made. In most cases, the error in
pile-up is less than 50 %. Comparing the readout using QDCs and SADCs, the error is
slightly larger for the SADC readout. This is to be expected, as the shaping characteristics
differ. The rising edge is steeper and the decay time is longer (cf. Fig.|5.16|). The gate for
energy measurement is also slightly larger. For a more general examination of the errors, the
cumulative density function (c.d.f.)lﬁ of 6 F is calculated, integrating over any dependence on
topologies (cf. Fig. . Again, a slightly larger error can be seen within the SADC readout.
However, it should be noted that for the SADCs, unlike QDCs, the influence of pile-up can
be corrected. Table lists some example probabilities for cumulative errors. It is clear that
the occurrence of pile-up can severely distort the energy information of a crystal. However,
it is important to note that the overall frequency of pile-up in the experiment is low, so
only a small proportion of events are affected. Furthermore, all the numbers are additionally
affected by the limitations presented in Section [5.2.3] A large number of low energy pile-ups
are not detected by the TDC due to the discriminator thresholds. Therefore, in reality, the
probability of cumulative errors is overestimated to some extent. Overall, taking into account
the frequency of pile-ups, the impact of pile-ups on the data quality of the experiment can
be estimated to be small.

3 The cumulative probability function specifies the probability that a variable takes a value less than or equal
to the evaluation point.
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Figure 5.19: Cumulative density function (c.d.f.) of the error JE (cf. Eqn.[5.19) for the readout using

QDCs during the data taking in May 2018, and for the readout using SADCs during the data taking
in June 2021.
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5.3 Investigation of Selected TDC Times

5.3.2.3 Pile-up Correction

Pile-up can be corrected by using the time difference at the leading edge At 45 or the time-over-
threshold Atrot to calculate the energy of the prompt pulse. Unlike for the measured energy,
there is no influence from other pulses. Nevertheless, the energy information determined
by time is not as precise (cf. Section [5.2.2.1]). Furthermore, for data after (and including)
June 2021, SADCs are available that are ideally suited to the task of pile-up detection and
correction. Therefore, the ability to detect and correct pile-ups using TDC information is only
used to provide insight and an independent cross-check of the performance of the SADCs.

5.3.3 Comparison to SADC

During the data taking in June 2021, the SADCs were used for the first time for the entire
Crystal Barrel detector. In order to cross-check their performance in terms of pile-up detection,
the TDCs can be used, which provide a completely independent way of determining such
information.

5.3.3.1 Comparison of Pile-up Detection

In Fig. the proportion of pile-ups within the Crystal Barrel detector detected by TDCs
or SADCs is shown for the June 2021 data. A more detailed comparison is given in Table

Table 5.4: Comparison of the proportion of pile-up events detected by SADC or TDC for all energy
depositions above 1 MeV during the data taking in June 2021. The proportions are specified for the
SADC and TDC independently as well as for the case where only the SADC or only the TDC detects
pile-up.

SADC TDC SADC and not TDC TDC and not SADC

4.92% 0.24% 4.80 % 0.12%

The first thing to note is that SADCs detect significantly more pile-ups than TDCs. The
reason for this is the limitation of the TDCs to detect only pulses with at least the energy of
threshold A. Due to the high frequency of low-energy pulses, a large number of low-energy
pile-ups remain unseen. In addition, certain pile-up topologies are difficult to detect (cf.
Section . Examples of events where the SADC but not the TDC detects pile-up are
shown in Fig. In all cases the timestamps generated by the TDC indicate a single
prompt pulse. Only the sampled waveform in the SADC branch indicates a distortion of
the signal (top, middle). In some cases, the SADC even flags an event as a pile-up without
showing any obvious visual distortion of the sampled pulse (bottom).

Of particular interest are those cases where the TDC, despite its limitations, detects pile-up
but the SADC does not. Representative examples are shown in Fig. In some cases,
the double pulse resolution of the SADC branch is not good enough to discriminate pile-up
which is close to the prompt pulse (top). This is not a problem in the TDC branch as the
shaping is designed for shorter time constants. In the other cases, the clear pile-up behavior
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Figure 5.20: Events detected as pile-up by SADC but not by TDC. The discriminator thresholds
threshold A and threshold B are shown as horizontal lines. As before, artificial dead time is applied
but this time it is not drawn explicitly. Instead, with an oscilloscope pre-recorded sample pulses are
used to give a better visualization on the dynamics inside the crystals. The pre-recorded samples are
scaled and shifted only using time information. The waveform recorded in the SADC branch is also
displayed.
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Figure 5.21: Events detected as pile-up by TDC but not by SADC. The discriminator thresholds
threshold A and threshold B are shown as horizontal lines. As before, artificial dead time is applied,
but this time it is not drawn explicitly. Instead, with an oscilloscope pre-recorded sample pulses are
used to give a better visualization on the dynamics inside the crystals. The pre-recorded samples are
scaled and shifted only using time information. The waveform recorded in the SADC branch is also
displayed.
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Figure 5.22: Topology of pile-ups detected by TDC but missed by SADC for June 2021 (left) and May
2022 (right) data. Only events with two pulses and one prompt pulse around the trigger (—200— 200 ns)
are selected. The cut at ¢, = 6 000 ns results from the TDC definition of pile-up (cf. Eqn. [5.18]).

of leading or trailing pulses should have been recognized by the SADC (middle, bottom). In
Fig. (left) the topology of pile-up detected by the TDC but missed by SADC is shown.
As before, the topology is defined as the dependence on the intensity of pile-up and prompt
pulse determined from the TDC information and the time of the pile-up:

FE .
tptenp and R = W (5.21)

prompt

The missed pile-up pulses before the trigger show a mostly flat behavior. At early times and
at low ratios (low pile-up energy compared to the prompt energy), these may be negligible
events that do not significantly distort the energy measurement. However, at higher ratios
and closer to the trigger, the impact that should be detected by the SADC is greater. The
fact that the SADC is not able to detect these cases indicates that the SADC has significant
shortcomings in the pile-up detection. The diagonal bands after trigger result from the
different thresholds in the experiment

The results of this work led to a more detailed investigation of the pile-up detection of the
SADC. In the initial approach, the pile-up detection of the SADC was based on the ratio of
the integral to the height of the pulse (pile-up ratiﬂ. A pile-up has been detected as soon
as

0.25 MeV
peak height peak height
& lintegral — 0.64 - peak height| > 3 % - peak height + 0.25 MeV,

‘ integral (5.22)

—0.64‘ >3%+

** The white area just before the trigger for high ratios and just after the trigger for low ratios are related to
topologies where the TDC is unable to detect pile-up because the prompt pulse prevents the detection of
the pile-up pulse and vice versa.

> Not to be confused with R = Epite-up/ Eprompt Which is used in this work together with #,; ., to define the
topology of the pile-up (cf. Eqn. [5.21).
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Figure 5.23: Simulation of the sensitivity of the pile-up detection of SADCs with the former pile-up
detection using the pile-up ratio (left) and the new LUT-based pile-up detection using integral
deviation (right) . While peak time A (not explicitly marked in the figures) refers to the prompt
pulse (at Ons) peak time B refers to the pile-up. Hp and H, are their simulated intensities. The
pile-up ratio (z-axis on the left) is defined as the ratio between the integral and the height of the
resulting pulse within the gate used for energy measurement (cf. Eqn. . The relative deviation of
the integral (z-axis on the right) is defined between the measured integral and the expected value (cf.
Eqn. t015.24)). The pink lines correspond to the area where two peaks can be separated. In this
area, instead of using the relative deviation of the integral, pile-up is detected by two or more peaks
with influence on the gate for energy measurement.

where 0.64 - peak height is an expected integral for a valid (non-pile-up) pulse. The TDC
analysis in this of this work shows, that this pile-up ratio is not able to discriminate pile-up in
every situation. As a result, the pile-up ratio was examined in more detail in . Fig.
(left) shows a simulation of the sensitivity of pile-up detection in the SADCs using the pile-up
ratio. The topologies highlighted in green are not marked as pile-up because their pile-up
ratio looks as if it would stem from a valid pulse. A comparison of the topology of missed
pile-ups in Fig. [5.22| with the green areas in the simulation in Fig. finds a good agreement.
A change in the SADC pile-up detection algorithm has significantly improved the situation
for later and future data . Instead of using the pile-up ratio, the improved algorithm
distinguishes between two situations. If two or more peaks are detected by the SADC their
influence on the gate for energy measurement is checked using a predictive integraﬂ in the
form of a look-up-table (LUT). A peak is defined as relevant if the following condition is met

peak height - LUT (peak time) > 0.5 MeV + 1% - integral, (5.23)

where peak height - LUT (peak time) is the predictive integral as function of the peak time. If
two or more peaks are relevant, pile-up is detected. If only one peak is detected, the relative
deviation of the measured integral from the predictive integral is used:

integral — peak height - LUT (peak time) > 0.5 MeV + 1% - integral. (5.24)

%6 The integral is an energy equivalent.
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Chapter 5 Time Information in the Crystal Barrel Detector

Fig. (top right) shows the TDC topology of pile-ups missed by SADC after the improve-
ments for cosmic data recorded in May 2022. Some areas can be identified that still have
missed pile-ups:

1. At the very beginning of the TDC gate (~ —10 to — 8ps). These are pile-up events
detected by the TDC that have a small influence on the energy measurement. They are
primarily located at low ratios and only deposit a negligible proportion of their energy
in the gate for energy measurement.

2. Just before the trigger (~ —3 to Ops). In these cases, the double pulse resolution of
the SADC is unable to resolve two separate peaks. Therefore, the relative deviation
of the integral is used for separation. Here, as in the case of the pile-up ratio, certain
topologies cannot be resolved.

3. After trigger (~ 0 to 4 ps) the double pulse resolution again does not allow the separation
of two peaks. Furthermore, small pile-up at the top of the trailing edge lead to band-
like structuresﬂ The latter type of pile-ups has a negligible influence on the energy
measurement.

4. At the very end (~ 4 to 6 ps). Here, too, pile-up may be negligible, since the gate for
the energy measurement stops shortly after, resulting in little energy being deposited
by the pile-up.

The areas also agree well with another simulation of the sensitivity of pile-up detection using
the new LUT-based approach (cf. Fig. (right)). For topologies within the area marked
by pink lines, separation of peaks is possible. In this case, pile-ups are detected by two or
more peaks affecting the gate for energy measurement. Only close to the trigger is the double
pulse resolution not good enough and the relative deviation of the integral must be used.
Here, as already with the pile-up ratio, there are ambiguities that can lead to pile-ups being
missed.

5.3.3.2 Comparison of Pile-up Correction

SADCs are able to correct measured energy information for the potential influence of pile-up.
To ensure a valid correction, the pile-up correction of the TDCs can be used as a cross-check.
Therefore, the correlation between the corrected energies of SADC and TDC is examined. In
Fig. [5.24] (top left) the correlation between the uncorrected and the corrected energy using
SADCs is shown. As expected, the pile-up correction leads to a reduction in energy. The
same behavior can be seen in (top right) where TDC information is used for the correction.
Existing deviations are related to the deviations in energy determination as discussed in
Section [5.2.2.1] If the SADC and TDC pile-up corrections are comparable, their corrected
energy information should be well correlated with each other. This is indeed the case (bottom
left).

*" In some cases, fluctuations at the top of the signal could also be interpreted as pile-up.
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Figure 5.24: Top: Correlation between the uncorrected and corrected energy for pile-up events using
the SADC or the TDC for June 2021 data. Bottom: Correlation between the energy corrected by the
SADC and the energy corrected by the TDC.

5.4 Time Clustering

When photons interact with the material of scintillating crystals, electromagnetic showers are
produced. As a result, one photon leads to several crystals with energy and time information.
During event reconstruction, neighboring crystals with energy information are clustered. Each
group is then assigned a reconstructed particle. For more information on the reconstruction
process, refer to Chapter [6]

While the previous clustering algorithm for the Crystal Barrel detector only considers
spatial relations between neighboring crystals, the new modification of the experiment allows
for the additional use of time information. An improvement of the clustering process will lead
to better energy and angular information of reconstructed photons. In Fig. the position
of the crystals inside the Crystal Barrel detector is shown after spatial clustering. For event
1 (left) the spatial clustering successfully separates 3 clusters. They all occur in a consistent
time of At = 50ns. While event 2 (right) also separates 3 clusters, the time information
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Figure 5.25: Position of crystals within the Crystal Barrel detector after spatial clustering. Clusters
are labeled with numbers. While crystals with time information are colored according to the color
axis, crystals without time remain white. Below 6 = 30° the Forward detector starts, leading to an
increased spacing between the bins due to larger crystal sizes. Both events were recorded during May
2018 with time information from the TDCs.

is much more diverse. Within cluster 3 hits occur ~ 2000 ns after other neighboring hits.
These hits are random coincidences, which lay close in space, but which occur later in time.
They therefore distort the energy and angular information. Time clustering is the effort to
remove such random coincidences. Therefore, time clustering is applied as a subsequent step
to spatial clustering. During time clustering, a cut on time differences within a spatial cluster
is applied. If a time difference exceeds a predefined cut-off value the cluster is divided into
smaller ones. Spatial clustering is then applied again to search for new neighboring relations.
The steps of the combined clustering process are as follows:

1. Performing spatial clustering on all crystals with energy deposition.
2. Performing time clustering for each spatial cluster.

3. Performing spatial clustering again to consider potential changes in neighboring rela-
tions.

5.4.1 Energy and Threshold Dependent Cut-Off Value

The cut-off value for time clustering is dictated by the time resolution of the crystals. It
must account for all times that can be explained by the time resolution, but it should be
small enough to remove everything else. The dependence of time resolution on energy and
threshold is carefully determined in Section [5.1] and will be used in the following.

The allowed time difference between two crystals within a spatial cluster is primarily
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determined by their combined time resolutions. It is given by@

Atcut =cC Elv E2 \/Ut Ela + Ut(E2a @2) ) (525)

where n is some factor that increases the o interval to account for all correct events. A
conservative value of n = 5 is used. ¢ (E7, E») is a correction factor to account for asymmetric
time distributions at low energies near the threshold. The correction factor is defined as

1

By, E,) = 1 5.26
¢ (B Bo) = 505 min(By By) TV (5:26)

where min(F;, Fy) is the lower energy of the two crystals involved@ To apply the cut-off
value At.,;, the time differences of all crystals within a spatial cluster are calculated with
respect to the crystal with highest energy|™| Crystals with a time difference within the cut-off
value are treated as one valid cluster. The process is then repeated for the remaining crystals.
The time cluster closest to the trigger is then saved for further reconstruction. In the case
of time information from TDCs, low energy hits below the threshold do not have a time
assigned. They must be considered as potentially belonging to any neighboring cluster. This
is less frequent the case for SADCs, which can provide time information down to < 1 MeV.
In Figure and the time differences of crystals within a spatial cluster is shown for
times from TDCs and SADCs. Only clusters related to photons from a wo—decay recorded in
May 2018 (TDC) and June 2021 (SADC) are used. Due to the dependence on threshold and
energy, only a few representative parameter constellations are shown. The cut-off value is
indicated as a red line. It is easy to see that the cut-off value still accounts for all correct
photon clusters.

5.4.2 Performance

Time clustering leads to more precise energy and angular information, thereby reducing the
influence of random coincidences on the particle reconstruction process. The effect of time
clustering is shown in Figure [5.28] where the yy-invariant mass distribution is compared
between simple spatial clustering and time clustering. Time clustering is performed once
using time information from TDCs and once using time information from SADCs. In both
cases, only a small improvement can be seen, suggesting that the current rate of random
coincidences does not yet significantly affect the reconstruction process. However, time
clustering using SADCs shows more noticeable improvement. This is because the SADCs
provide time information for lower energies, while the TDCs are limited by the discriminator
thresholds. In addition to more reconstructed events, a slight shift of the invariant mass to
lower energies is observed. The reason for this is that time clustering always removes energy
but never adds energy to spatial clusters. The shift of the 7 -invariant mass away from the
literature value can be explained by the now obsolete energy calibration. After recalibration
with time clustering, the position is again in agreement with the literature value. Due to

*® When SADC times are used for time clustering, the dependence on the threshold © vanishes.
*? Examples of correction factors are ¢(10 MeV) = 3, ¢(25 MeV) = 1.8, ¢(40 MeV) = 1.5, ¢(100 MeV) = 1.2.
30 The crystal with the highest energy is used as the reference, as it has best time resolution.
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Figure 5.26: TDC time differences of crystals within each spatial cluster to the crystal with the highest
energy F,.;. Only crystals within the index range 301 — 1380 (© = 3.94 MeV) are shown. The energy
and threshold dependent cut-off value At (cf. Eqn. is indicated as a red line. The dashed
lines represent the cut-off value for the ©-threshold heights +1 MeV. Only clusters related to photons
from a Wo—decay recorded during May 2018 are used.

the later installation of SADCs, time clustering is performed using TDC information for
data from December 2017 to June 2021. In June 2021 and for later data, SADCs are fully
available and time clustering will be performed using SADC time information.
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Figure 5.27: SADC time differences of crystals within each spatial cluster to the crystal with the
highest energy E,¢. Only crystals within the index range 301 —1 380 are shown. The energy dependent
cut-off value Aty (cf. Eqn. is indicated as a red line. Only clusters related to photons from a
ﬂo—decay recorded during June 2021 are used.
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CHAPTER 6

Event Reconstruction

After the readout and the calibration of the raw data, energy and time information is provided
on a per-hit basisEI For an analysis of the data, a reconstruction of the properties of detected
particles is required. Important properties are the four-momenta (four-vector), time and
charge information. If the type of particle is known, it is sufficient to measure energy and
directional information instead of the full four-vector. The event reconstruction process
involves the determination of these properties of each final state particle as well as of the
beam photon. For the beam photon, only the energy measurement is required, as its direction
is defined by the experimental setup.

6.1 Photon Reconstruction

The calorimeters of the CBELSA /TAPS experiment are particularly well suited to detect
photons. Thus, in the following only photons are considered as final state particles. While
other particles such as the proton can also be detected they may not be fully stopped in the
calorimeters and their energy cannot be reliably measured.

6.1.1 Shower Formation

In general, photons can interact with material through various processes, including the
photoelectric effect, Compton effect, and pair production (cf. Passage of Particles Through
Matter in [7]). By these interactions, photons deposit their energy in the detector material.
The probability of interaction depends on the material and energy of the photons. In the
energy range relevant for the experiment, pair production becomes the dominant effect (cf.
Fig. . Pair production involves a photon converting into an e et -pair. The electron
can then emit another photon through bremsstrahlung, leading to the creation of another
e_e+—pair. This cascading effect, known as a shower, results in energy deposition within a
certain volume of material. Essential characteristics of showers in material are the critical
energy E. and the radiation length X,. The critical energy describes the point at which the
energy loss of an electron due to bremsstrahlung is equal to the energy loss due to ionizationEI
The radiation length describes the mean distance over which an electron looses all but 1/e of
its energy by bremsstrahlung |7]. The transverse distribution of a shower can be described by
the Moliere radius, defined as Ry, = X021EM. About 90 % of the shower energy is deposited
within a cylinder of radius R,; while about 99 % is deposited within 3.5 - Ry, |7]. During

! Here, a hit refers to a signal from a detector element such as a crystal in the Crystal Barrel detector.
? Alternative definitions exist, e.g. in [152].
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Figure 6.1: Cross sections of photons as a function of energy in lead [7]. Important contributions are
the photoelectric effect o, . , Compton scattering ocompton and pair production at the nucleus .
Other contributions are Rayleigh scattering ogayieign, pair production at the shell electrons . and
the photoelectric effect at the nucleus o, 4, . In the energy range relevant for the experiment, pair
production becomes the dominant effect.

energy deposition, the scintillation process generates low-energy photons whose number is
proportional to the energy deposited. The readout is then responsible for processing and
digitizing this information. For more information on the readout, see Chapter

6.1.2 Energy Reconstruction

The process of energy reconstruction is largely identical for the Crystal Barrel detector and
MiniTAPS. Therefore, it is explained in detail for the Crystal Barrel detector and only the
differences are described for MiniTAPS.

6.1.2.1 Crystal Barrel Detector

For each event, a set of crystals with energy deposition is recorded. To suppress noise, only
energy depositions in crystals with E > 1MeV are considered for reconstruction. These
energy depositions are then grouped into clusters associated with incident particles. The
clustering process consists of the following steps:

1. Grouping neighboring crystals with energy deposition.

2. Performing time clustering on each spatial cluster to separate signals that occur close
in space but at different times. This is done by applying an energy-dependent time
cut, as described in detail in Section For each spatial cluster, only the time cluster
closest to the trigger is kept.
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6.1 Photon Reconstruction

3. Performing spatial clustering again to account for possible changes in neighborhood
relations after time clustering.

After clustering, a central crysta]lﬂ with energy E onira1 > 20 MeV and a total cluster energy
Euster > 20MeV s required to further suppress the backgroundﬁ Clusters can be classified
as either single-particle clusters (l—PEDEI) or multi-particle clusters (e.g. 2-PED) (cf. Fig. .
A 1-PED cluster is formed by a single incident particle and the particle energy is equal to the
sum of all the individual energy depositions within the cluster. Multi-particle clusters are
formed by overlapping showers of multiple incoming particles. In this case, the cluster must
be split into these multiple incident particles. Therefore, local maxima within the cluster
are identified, each corresponding to the central crystals of an incident particle. Again, the
requirement is an energy Fioniral > 20 MeV for each local maximum. The energy depositions
are then distributed to the incident particles using their theoretically expected energy as
weight [153]. For a crystal i, the expected energy is calculated using an exponential description
of the transverse distribution of a shower

d.:
E;heo = Ecentral * €XpP (_Rz ) . (61)
M

Here, R, is the Moliére—radiueﬂ and d; the distance of the i-th crystal to the central crystal.
Finally, the energy of a crystal ¢ associated with a particle pk is given by

E‘Fheo,pk
%, B,

The energies of the central crystals are corrected once to remove the contributions from
neighboring PEDs before they are being used in Eqn. to calculate the expected energy of
the other crystals. Also, an energy-dependent penetration depth is explicitly considered in
the calculation of the distances d;. For more information see [153].

An energy correction function (ECF) is applied to the reconstructed energies to account for
energy deposition in non-sensitive materials such as the support structures or the titanium
covers of the crystals, as well as for energy loss in the boundary regions of the detector [146].
The ECF depends on the energy and the polar angle 8 of the reconstructed particles and was
developed based on Monte Carlo simulations of the detector. In a first step, the ECF ensures
that the most probable Valuesﬂ of photon energy distributions match the expected values.
However, during the development of the ECF, it was found that despite this correction, the
reconstructed invariant masses of the mesons are shifted to lower values. This is a result of
product distributions which are constructed from on the asymmetric energy distributions in

% The crystal with the highest energy in the cluster.

* In this particular case, the total cluster energy is already ensured by requiring a central crystal with
Eeentral > 20 MeV.

g Particle-Energy-Deposit

% The Moliére radius is an exponential description of the transverse distribution of a shower. The radius is
defined as Ry, = XO% [7].

" The maxima of the distributions. In the case of asymmetric distributions, this is not equal to the expectation
value.
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1-PED 2-PED

Figure 6.2: Difference between 1-PED and 2-PED cluster events [153]. For the 2-PED event, two
separate maxima are shown in red. Crystals bordering both maxima are marked in yellow.

the invariant mass calculation [154]. While this shift in the invariant mass can be compensated
in the data by energy calibration (cf. Section [4.2)), it is difficult to do so for the Monte Carlo
simulations, where no energy calibration is applied. Instead, the ECF is modified as it is
applied to both data and Monte Carlo events. After modification, the ECF ensures that the
reconstructed 7 invariant mass is on average equal to the literature value [146]. This version
of the ECF is known as sigma85 and is used by default for reconstruction in the Crystal
Barrel detector. The energy resolution for the Crystal Barrel detector is [125]

op\?  ((239£005) %\ [(0.46£0.08)% )  /(0.048 % 0.007) %\
(E) _< VE/GeV >+< VE/GeV >+< E/GeV ) (6:3)

6.1.2.2 MiniTAPS Detector

Energy reconstruction in the MiniTAPS detector is similar to energy reconstruction in the
Crystal Barrel detector. However, there are a few differences. One such difference is in the
energy thresholds. Only energy depositions with £ > 17 MeV for the inner two rings and
E > 13 MeV for the rest are considered in MiniTAPS. The higher value for the inner rings
accounts for the higher rate close to the beam.ﬁ After clustering, a central crystal with an
energy above 20 MeV and a total cluster energy above 25 MeV is required. Furthermore,
instead of using an energy dependent time cut to remove random coincidences within a cluster,
a constant maximum time difference of 5ns is used. Similar to the Crystal Barrel detector,
an energy correction function (ECF) is applied for energy reconstruction in MiniTAPS [155].
The ECF depends on the energy and the point of impact of the photon. The energy resolution

for MiniTAPS is |156]

0.59
B g9 4 00N (6.4)

E VE/GeV’

8 The constant fraction discriminator thresholds are also set to higher values compared to the outer rings.
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6.1.3 Directional Reconstruction

The reconstruction of the direction is also very similar for the Crystal Barrel detector and
MiniTAPS. Therefore, the process for the Crystal Barrel detector will be explained again
first and only the differences for MiniTAPS will be described.

6.1.3.1 Crystal Barrel Detector

The direction with respect to the center of the target is reconstructed from the position of the
crystals within a PED cluster. For higher resolution, the center of the shower is determined
by calculating a weighted average in polar () and azimuthal (¢) directions [147]

Oprp = Y wif;  dppp = »_ w;d;. (6.5)
i i
For single-particle cluster, the weight for each crystal ¢ is given by
7. E.
w; = w1~ , with @; = max {0;4.25 +In < ! )} . (6.6)
Ei Wy cluster

The logarithmic weighting accounts for the expected exponential decrease of energy in the
transverse direction of the shower. The value of 4.25 leads to a cut-off at 1.4 % - Ejuster i
energy, below which crystals are not considered for directional reconstruction. For multi-
particle clusters, first the energy correction is applied as already described for the energy
reconstruction. This time, however, only the crystals directly neighboring the central crystal
of each PED are taken into account. By using the weighted determination of the direction,
angular resolutions of about 1.4 — 2.2° for photons with £ = 100 MeV and 0.7 — 1.2° for
photons with £ = 1000 MeV are achieved which is significantly better than the granularity of
the crystals alone [146]. For other types of particles such as protons or charged pions, which
may deposit their energy in a single crystal, the angular resolution is still dominated by the
granularity of the crystals.

6.1.3.2 MiniTAPS Detector

In the case of the MiniTAPS detector, the crystals do not point head-on towards the vertex,
resulting in asymmetric shower distributions with respect to the entry point of the incident
particle. As a consequence, the directions determined from the crystal positions have to be
corrected depending on the penetration depth of the showers [155] (cf. Fig. . Uncorrected
angles would otherwise be overestimated. Angular resolution in the order of 0.2 — 0.8° is
achieved for MiniTAPS [155].

6.2 Time

Time information for particles is available from both calorimeters and charge-sensitive
detectors. For the MiniTAPS detector, a time resolution of FWHM = 0.85ns is achieved
with respect to Tagger bars. For the Crystal Barrel detector, the time resolution is strongly
dependent on the energy and the discriminator thresholds set in the experiment, varying
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Figure 6.3: Illustration of the angle correction in MiniTAPS depending on the penetration depth of
the showers [155].

from 1ns for high energies to 20 ns for low energies (cf. Fig. [5.3)). Time resolutions for other
detector components are listed in Table

Time information from TDCs is available as soon as the energy deposition in a crystal
exceeds the predefined thresholds set in the discriminator modules. The central crystal
always meets this criterion because its energy must be above 20 MeV, exceeding the highest
discriminator thresholdsﬂ When multiple crystals have time information, the central crystal
is used to define the time of the incident particle. This takes advantage of the better time
resolution at higher energies. In scenarios where energy information is only available from
charge-sensitive detectors but not from the calorimeters, the time information from the
charge-sensitive detectors is used as an alternative source. This ensures that time information
is always available for the analysis.

6.3 lIdentification of Charged Particles

In addition to the energy and time information from the calorimeters, other detector com-
ponents are dedicated to the identification of charged particles. These detectors are also
capable of providing time and directional information, allowing charge identification to be
matched with the reconstructed clusters in the calorimeters. Charge information is provided
by three detector systems: the Inner detector, scintillating plates in the forward direction
of the Crystal Barrel detector (Forward Veto detector) and scintillating plates in front of
MiniTAPS (MiniTAPS Veto detector).

6.3.1 Inner Detector

The Inner detector consists of 513 scintillating fibers which are arranged in three layers. The
first step of reconstruction is to cluster the activated fibers within each layer. The clustering

9 Referring to threshold A, i.e. the lower threshold.

94



6.3 Identification of Charged Particles

process requires a maximum time difference of 14 ns for fibers within a cluster. Based on the
clusters, crossing points of two layers can be determined. Again, a maximum time difference
of 14 ns is applied. Due to the geometry of the Inner detector, hits in two fibers in two
different layers already define a unique crossing point in the Inner detector. A crossing point
through three layers corresponds to three of these two-crossing points. Thus, if possible, three
reconstructed two-crossing points are combined into a single three-crossing point. During
this process, a distance cut is applied to remove coincident background that does not actually
correspond to part of a three-crossing point. More information about this distance cut can
be found in [157]. Fibers that are part of a three-crossing point are then removed and not
used for further isolated two-crossing points. This reduces the amount of ghost hits due to
ambiguities in case of multiple hits in the Inner detector [158].

6.3.2 Forward Veto Detector

There are 180 scintillating plates positioned in front of the first three rings of the Crystal
Barrel detector. With a separation of 6° x 12° in # and ¢, they overlap in azimuthal direction.
This allows to require coincident hits of two plates with a maximum time difference of 20 ns.
While the polar resolution is given by the size of the plates, the azimuthal resolution is
improved to 6° by the overlap.

6.3.3 MiniTAPS Veto Detector

A scintillating plate is placed in front of each crystal in MiniTAPS. Unlike the Forward Veto
detector, there is no overlap between the plates and a single hit is sufficient to identify charge.
In this case, the center of the plate is used as incident point. The resolution is determined by
the size of the plates which have a front face diameter of 5.9 cm.

6.3.4 Linking to Clusters

Charge information and reconstructed clusters in the calorimeters may belong to the very same
particle. To match the charge information with the clusters, their individually reconstructed
directions and time information are compared.

For the Inner detector and the Crystal Barrel detector, charge information is matched with
calorimeter hits if the following conditions are met

|At] = 50ns |Ag| < 12° |AG| < 12°,

where At is the maximum time difference and A¢, Af are the azimuthal and polar angle
differences, respectively. An exception is the Liquid Hydrogen target (LHy), where A# is
increased to 50011—_0] For the Forward Veto detector and the Crystal Barrel detector the
matching conditions are

|At] = 50ns |Ag| < 14° |AG| < 10°.

19 The LH, target is significantly longer than the Frozen Spin target, which degrades the polar resolution.
The effect is most pronounced for the Inner detector, which is close to the target.

95



Chapter 6 Event Reconstruction

In the case of the MiniTAPS Veto detector and the MiniTAPS calorimeter, the distance
on the surface of the detector is used for comparison, instead of angular differences. The
conditions for matching charge information and clusters are

|At| = 15ns |Ad| < 6.51 cm.

A motivation of these conditions is given in [159] and, with small variations, in [158]. In
this work, only the allowed time differences At for the Inner- and Crystal Barrel detector as
well as the Forward Veto- and Crystal Barrel detector are chosen differently. A higher value
of |At] = 50ns is used to account for the time resolution within the new detector setup (cf.

Table [5.1).

6.4 The Beam Photon

Up to this point, only the properties of the final state particles have been discussed. For
a complete description of the reaction, the energy and time of the incoming photon must
also be determinedE-I To obtain the energy and time information of the beam photon, the
Tagging system is used that measures the deflection of the outgoing electrons.

6.4.1 Tagging System

The Tagging system consists of two components: the Tagger bars and the Tagger fibers.
Overlapping bars allow the requirement of coincident hits from two bars. Neighboring hits
are then clustered, with a maximum time difference of 4 ns. Similarly, neighboring hits in
fibers are clustered, but with a slightly larger maximum time difference of 7ns due to the
lower time resolution. Also, due to partial lack of fiber overlap, hits in only one fiber are also
considered. In regions where bars and fibers overlap, their clusters are matched for optimal
reconstruction [103, [160]. Again, a maximum time difference of 4 ns is required for a match.
In regions where only bars exist, only their information is used. To reconstruct the energy
information, the positions of the hits in the Tagger bars and fibers are related to the energy
using a polynomial dependence. This dependence is carefully determined based on a beam
calibration and the magnetic field set in the tagger. The average of all energies within the
cluster is then calculated. If energy information is available from fibers, these are used solely
because of their better spatial and improved energy resolution. For time information, the
times of bars and fibers are also averaged. However, time information from bars is weighted
twice as much as that from fibers because bars have better time resolution.

" The direction of the beam photon is defined by the experimental setup (along the z-axis).
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Event Selection for the pn’#7° Final State

During data taking, a wide range of information on various types of events is recorded. For
a reliable analysis of the p7r07ro final state, a precise event selection is essential. Therefore,
a procedure has been developed that maximizes the available statistics while keeping the
background contamination to a minimum.

For a fixed target experiment, the process of 700 photoproduction off the proton can be
expressed in terms of four-momenta as

BN () = (5) (50 4 (5
Dy 0 Dy Py Py
= (%’) + (Eﬂl> + <E12> + (@’%) + (%4> , (7.1)
pp/ Dy Dr, p’Ys Dy,

assuming a decay of each 7 into two VH E., and p,, is the energy and momentum of the
incoming photon and m,, the mass of the target proton at rest. Ep/ and ﬁp/ is the energy

and momentum of the outgoing proton in the final state. E,  and p, , are the energies

and momenta of the photons resulting from the decay of the two 7. During event selection,
charge information is used to identify the outgoing proton and to ensure that the photons
are unchargedEI Time information is used to ensure a correlation of all interacting particles.
In addition, conservation of energy and momentum is used to verify that a reaction is indeed
described by Eqn.

The event selection is performed for the following periods of data taking: December 2017,
May 2018, February 2019, and June 2021. They represent the butanol data available after
modification of the experiment up to the time of writing. The data were taken with a
transversely polarized target and a linearly polarized beam. A detailed explanation of each
data taking period can be found in Chapter [9] In the following, some figures are presented
only for the May 2018 data, as an example. However, in case of statistical limitations, all data
periods are combined. A good agreement between the different periods is ensured beforehand.
Furthermore, beam flux normalization is applied as it is explained in detail in Section

LA R° decays into two vy with a probability of 98.82% [7].
2 Later, the requirement of uncharged - is relaxed a bit, as described in Section
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7.1 Combinatorics

After the event reconstruction described in Chapter [6] a set of four-momenta candidates is
available for each eventE| From Eqn. a final state consisting of five particles is expected:

one proton and two photon pairs resulting from the decay of the two .
The assignment of the four-momenta candi- s
dates to the different particle types is not unique. *‘000_%'1‘0“”” S A A AR AN AR R
Without any assumptions all combinations must i ]
be considered. Assuming that there is no prior in- 800~ B
formation about the charge, each of the particles i ]
must be tentatively treated as the proton once. 600 B
From the other four particles the two 7 can be L ]
constructed in three different ways. This leads to 400 ]
a total of 15 combinations just considering the I ]
final state. In addition, due to the high rate of 200 ]
the beam, multiple beam photons are tagged per L |
O F 015 20 25 30 35 40 45 50

event (cf. Fig. . As before, each beam photon \
must be considered once. The incorrect combina- !
tions are assumed to be eliminated later on in the gjgyre 7.1: Multiplicity of beam photons N,
event selection process. Incorrect combinations during data taking in May 2018 without any
remaining after event selection contribute to the additional cuts for 5-PED events.

final background contamination. To reduce the

number of combinations, charge information that defines the proton will be used in the

following. For a more detailed discussion of the use of charge information, see Section [7.3]

7.2 Event Classes

There are three classes of events that can be distinguished depending on the detection of
the outgoing proton: 5-PED, 4.5-PED and 4-PED, where PED refers to a reconstructed
final state particle. The event classes are particularly well separated within the kinematic
region spanned by the kinetic energy E;f/m and the polar angle 9p/ of the outgoing (missin

proton (cf. Fig. [7.2). The event classes extracted from the data are compared with a
Monte Carlo phase space simulationﬂ that assumes a photon flux following the Bethe-Heitler
cross section (c.f. Eqn. 2.4). The Monte Carlo simulation is used to verify that the event
classes are correctly reconstructed. In all cases, event selection is applied (cf. Section .
For the experimental data, carbon subtraction (cf. Section and flux normalization (cf.
Section M) are also performed. To allow for a direct comparison of structural features

3 Only for the photon, the real four-momenta can be measured. The proton cannot be fully reconstructed.
Only its direction but not its energy is available.

* As the outgoing proton can not be fully reconstructed, the missing proton is used instead. The missing
proton is recalculated using the initial state information and the four-momenta of the four v. For the
calculation of the missing proton refer to Eqn.

® For the simulation, the position of the Inner detector was updated to match the current setup (valid for all
data taking periods in this work). This also applies to the aluminum tube, which is still in place [161].
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between data and Monte Carlo, all distributions are normalized to a total integral of one.
The event classes are explained in more detail below.

5-PED In 5-PED events, all final state particles are reconstructed. The photons as well
as the proton are detected in the calorimeters. This is the case for most of the kinematic
regions, as can be seen in Fig. (top).

4 5-PED In 4.5-PED events, the proton is only detected in charge-sensitive detectors but
not in a calorimeter. This can happen for two reasons: an angular range is only covered by a
charge-sensitive detector but not by the sensitive material of a calorimeter, or the kinetic
energy of the proton is too low to leave a signal in the calorimeter. Both can be seen in
Fig. (middle). The enhancement at low kinetic energies corresponds to protons that,
after leaving a signal in a charge-sensitive detector, do not have enough energy to leave
another signal in the calorimeter. The horizontal line just below 6 ; ~ 30° up to high kinetic
energies corresponds to insensitive material in the calorimeter at the transition to the Forward
detector. while the Inner detector still covers this region. For the selection of 4.5-PED events,
the signals from charge-sensitive detectors must occur within —100ns < ¢ < 85ns around the
trigger. This is the same time range as specified in the general selection procedure described
in Section [7.4] If multiple signals from charge-sensitive detectors are available, the signal
which is closest (based on the opening angle) to the missing proton po is used. The other
signals are discarded.

4-PED In 4-PED events, the proton is not detected at all. Nevertheless, there is enough
information available to recalculate the missing proton p),, from the other measured quantities
(cf. Fig.[7.2] (bottom)). 4-PED events occur at even lower kinetic energies than 4.5-PED
events. Here, the protons do not even leave a signal in the charge-sensitive detectors. A
horizontal line appears at about Gp/ ~ 12° up to high kinetic energies. This line corresponds
to the transition to the MiniTAPS detector, where only insensitive material exists and no
charge-sensitive detector.

The comparison with the Monte Carlo for 4-PED events is complicated by low statistics and
carbon subtractionﬁ Both lead to fluctuations at higher kinetic energies. Still, for all event
classes, a good agreement between data and Monte Carlo can be observed. This confirms
that the event classes are selected according to expectations when analyzing the data. The
proportion of each PED class is given in Table [7.I] Despite the dominant contribution of
5-PED events, it is important to note that for a complete analysis, all event classes must be
included. This is the only way to cover the whole kinematic region.

7.3 Charge Information

Charge information can be used to identify the outgoing proton. This reduces the number
of combinations that need to be considered for each event (cf. Section |7.1)). If one charged

% A detailed explanation of carbon subtraction is given in Section
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Figure 7.2: Distribution of the event classes 5-PED, 4.5-PED and 4-PED as a function of the kinetic
energy Epin and the polar angle Op/m of the missing proton. Left: Data from December 2017, May
2018, February 2019 and June 2021 are shown. In addition to event selection (cf. Section, carbon
subtraction (cf. Section [8.3) and flux normalization (cf. Section [8.3.1)) are performed. Right: Event
classes from a Monte Carlo phase space simulation (only structural differences can be checked).
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Table 7.1: Proportion of each event class after event selection during data taking in December 2017,
May 2018, February 2019 and June 2021. For June 2021 no 4-PED events are used (cf. Section.
Event selection (cf. Section [7.4)), carbon subtraction (cf. Section and flux normalization (cf.
Section m) are applied.

5-PED 4.5-PED 4-PED

83 % 13% 4%

particle and four uncharged particles are required, the proton can be uniquely identified. This
reduces the number of combinations by a factor of five. In the experiment, however, it may
happen that photons convert into e~ e’ -pairs within the material between the interaction
point and the detector. This is particularly important to consider for the Frozen Spin target
due to the additional material of the cryostat. Here, the conversion probability of a photon is
estimated to be in the region of 10 %. Given four photons in the final state, the probability
for conversion of k£ photons is described by the binomial distribution

P(k) = <2>0.1’“(1 —0.1)"""  with (Z) = k!(fik)!. (7.2)

This gives an estimated probability of conversion of 29 % for one photon, and 5%, 0.3 %,
and 0.01 % for the conversion of 2, 3, or all 4 photons within a single event, respectively. In
case of conversion, the opening angle of the electron-positron pair is small enough so that
all the energy is deposited in a single cluster. Requiring uncharged photons would rule out
these events. On the other hand, considering charged photons increases the combinatorial
complexity. It is therefore not clear from the beginning how to use the charge information
best. Three different approaches are therefore compared.

charged In a charged analysis, the proton is required to be the only charged particle. The
photons must be uncharged. This reduces the number of combinations by a factor of five
down to three combinations, which minimizes the background contribution. However, it is
not possible to account for the conversion of photons.

semicharged In a semicharged analysis, the proton is still required to be charged. But at
the same time up to one charged photon is allowed. This allows for a potential conversion of
one of the photons. If a charged photon is present, the number of combinations increases
by a factor of two to six combinations compared to the charged analysis. A conversion of
more than one photon is not taken into account, as the probability of more photons being
converted is greatly reduced.

dontcarecharged Within a dontcarecharged analysis no charge information is used at
all. All 15 possible combinations must be considered.
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Figure 7.3: Comparison of the missing mass for a charged, semicharged and dontcarecharged
analysis. Left: Missing mass distribution after the full kinematic fit (cf. Section [7.4.3)). In this
case, the background is no longer visible due to the fulfilled kinematic requirements. The amount

of statistics can be estimated from the integral. Right: Missing mass distribution after the m

0_0
™

fit (cf. Section . The background corresponds to the right-hand increment. In each case, the
combined data of December 2017, May 2018, February 2019, and June 2021 are used. In addition
to event selection (cf. Section [7.4)), carbon subtraction (cf. Section and flux normalization (cf.
Section are performed. Note that the binning differs between the images for better visualization.
An overlay is used when the peak is dominant.
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Fig. shows a comparison of the different approaches. For each case, the invariant mass
distribution of the missing proton (missing mass) at the end of the event selection is shown.
The amount of statistics in the final event sample can be estimated from the integral of the
distributions on the left. The amount of background corresponds to the right-hand increment
in the distributions on the right. More details on the background estimation are given in
Section [T.7l

The comparison shows that the semicharged analysis has the best signal-to-noise ratio for
5-PED and 4.5-PED events. Compared to the semicharged analysis, the dontcarecharged
analysis does not significantly improve the statistics further but instead shows a slight increase
in the background contribution. For 4-PED events, the background increases significantly
when the charge requirement is relaxed. This is due to the limited number of constraints on
event selection for this particular event class. As a result of the comparison, a semicharged
analysis is performed for 5-PED and 4.5-PED events, while a charged analysis is used for
4-PED events. This improves the statistics for 5-PED and 4.5-PED by 33 % compared to a
standard charged analysis.

7.4 Selection

In order to select only p7r07r0 events for analysis, certain constraints are applied. In the
following, the constraints resulting from time information and kinematics are presented.

7.4.1 Time Cuts

Time information can be used to ensure correlation between all the interacting particles.
Non-correlated particles result from random coincidences. Two criteria are used to remove
the random coincidences: the time of each individual particle in the final state (particle time)
and the time difference between the initial and the final state of a reaction (reaction time).

Particle Time Particles that truly participated in the reaction are detected around the trigger
time t = Ons. Therefore, only final state particles with a time within —100ns < ¢ < 85ns are
considered. In this way, particles that are not part of the reaction are excluded. The time
range is carefully selected using the time distribution of all final state particles as shown
in Fig. (left). The flat background corresponds to random coincidences. The cut on
individual particle times is performed before the event classes (PEDs) are constructed, as the
number of particles can change.

Reaction Time Due to the limited time resolution of the trigger, the individual particle
times cannot be used to ensure correlation between the initial and the final state of a reaction.
Instead, the reaction time is used, which is defined as the time difference between the beam
photon and the average time of the mesons in the final state

Lreaction = tbeam — fmesons- (73)

This removes the effect of the trigger. The time of the mesons #,.spns i determined by
averaging all the photon times associated with the mesons. The time of the proton, which
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Figure 7.4: Left: Time of all reconstructed final state particles relative to trigger. The cut is displayed
in blue. Right: Reaction time from Eqn. [7:3] The cut on the prompt peak is displayed in blue while
the selected sideband is shown in yellow. The data is based on May 2018 as an example.

may travel slower, is excluded. The reaction time is shown in Fig. [7.4] (right). The prompt
peak around Ons results from correct combinations between the initial beam photon and
the final state. Wrong combinations are flatly distributed. A cut at the prompt peak
—151n8 < treaction < 151ns removes most of the incorrect combinations. However, some
background remains below the prompt peak. This part is removed by sideband subtraction.

Sideband Subtraction The background below the peak is removed by sideband subtraction.
Therefore, a part of the flat background (sideband) is retained in the region —150ns <
treaction < —1001ns and 15008 < tetion < 3001s (cf. Fig. [7.4] (right)). Events from the
sideband behave exactly like events below the peak. Thus, the sideband events can be
subtracted from the prompt events using the ratio of the widths of the different bands as the
weight

W — Atprornpt B 30ns _
 Atgqeband  D0ns + 150ns

0.15. (7.4)

In this work, sideband subtraction is performed on all the data to eliminate any influence of
false beam photons.

7.4.2 Kinematic Cuts

The conservation of energy and momentum in Eqn. [7.I] defines the behavior of the final state.
Measured energy and angle information can therefore be used to discard events that behave
differently. The criteria used are explained below. The missing mass and invariant mass
criteria are only mentioned for completeness. In the final selection of the events, a kinematic
fit is applied instead, which replaces both (cf. Section .
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Coplanarity The beam photon travels along the z-axis while the target proton is at rest.
There is no transverse momentum in the initial state. The same must be true for the total
transverse momentum in the final state. Thus, the outgoing proton p’ and the system of the
two mesons 7 7 must be coplanar. The azimuthal angle difference is then given by

A¢=|p,; — 00 =180°. (7.5)

To calculate coplanarity, the proton must be measured. Therefore, coplanarity can only be
used as a selection criteria for 5-PED and 4.5-PED events, but not for 4-PED events.

Missing Mass The reaction is overdetermined, which allows one particle to be treated as a
missing particle. The missing particle is calculated from the other measured quantities. Due
to the lack of full detectiorﬁ the proton is conveniently treated as the missing particle pl,,.
The invariant mass of the missing proton can then be compared to the expected value of

938.27 MeV [7]
2 2
az = (B = [(B) o (M) - (5 - (5 (7.6)
o \Py, 2 0 2 Pz
— (938.27 MeV)?.

Polar Angle Difference As before, the proton can be treated as missing particle pl,,. The
polar angle of the missing proton can then be compared to the measured proton

A§ = \ep, — 0,

= 0°. (7.7)

Similar to the coplanarity the proton must be measured for the polar angle difference.
Therefore, the polar angle difference can be used as a selection criteria for 5-PED and
4.5-PED but not for 4-PED events.

Invariant Mass The coplanarity, the missing mass and the polar angle difference do not
depend on the type of mesons involved in the reaction. To select the target reaction, a cut
on the invariant mass of both 7° (134.98 MéV [7]) is performed

2
M2, = (Ew°> (7.8)

o
= (134.98 MeV)?.

Even for proper vp — p7T07r0 events, the criteria defined above are not fulfilled exactly
but each criteria is distributed around its expected values due to the finite resolution of the
detectors. To ensure as much statistics as possible while keeping background contamination

T Only the direction can be reliably measured, not the energy.
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low, ranges are defined within which events are accepted. If one criteria is not fulfilled, the
reaction is discarded. The ranges correspond to 20 of the underlying distributions, which in
the case of a normal distribution corresponds to 95.45 % of the eventsﬁ

To complicate matters, the shapes of the distributions vary as the kinematics change. One
way to describe the variations is by expressing them as functions of the beam energy FE. and
the cosine of the polar angle of the mesons cos(f o o) in the CMS of the reaction. Thus, the
final cut ranges are determined as a function of these variables. In addition, the fraction of
bound protons in the butanol target introduces further smearing due to Fermi motion. The
non-zero momentum of these bound protons violates the fixed-target assumption, leading to
broader distributions. Carbon subtraction allows to remove these variations and to extract
narrower cut ranges. The procedure of carbon subtraction is explained in detail in Section [8:3]
In Section in the Appendix, the extracted cut ranges are shown as a function of E, and
cos(0 o o) for each of the criteria discussed above. All periods of data taking and all PED
event classes are used simultaneously for their determination.

After applying the time and kinematic cuts, the probability that reactions other than the
target reaction remain is greatly reduced. The effect of the cuts is shown in Fig. [7.5] for
5-PED events. Equivalent pictures for 4.5-PED and 4-PED are shown in Section in the
Appendix.

7.4.3 Kinematic Fit

The use of kinematic cuts already reduces the background significantly. However, not all
background can be removed.

In Fig. the remaining ambiguities (combi-
natorial background) are shown as the multi-  * 10°
plicity of reactions per event. This multiplicity

does not take into account reactions with dif- 10
ferent beam photons since these are already 10°
considered in the sideband subtraction. It can

be seen that while only one reaction can be 10°
correct, there are events where multiple com- 107

binations remain.

A kinematic fit can be used to assign a proba- 10
bility (confidence) to each reaction with respect
to a particular hypothesis (a particular type of
reaction). In the case of multiple candidates, Nrcaston
the reaction with the highest confidence can  Figure 7.6: Multiplicity of 5-PED, 4.5-PED and
then be selected, reducing the combinatorial 4-PED reactions after application of time cuts
background. In addition, the kinematic fit can and kinematic cuts for the May 2018 data as
be used to apply a general cut to the confidence an example. The multiplicity does not include
level to further reduce the overall background. reactions with different beam photons.
Confidence for other types of background reac-
tions (anti-hypotheses) can also be calculated and used. In this way, competing reactions can

oo b e b el b e e ey
1 2 3 4 5 6

=

® 1o corresponds to 68.27 %, 20 to 95.45 % and 30 to 99.73% [162].

106



7.4 Selection

107~ N
1071

107

107°F

-10
200 10 -100 0

Coplanarity Polar angle difference

H+ LN B BB B B B B B B Bt B H+ L L O R B A BN B A B

500 1000 1500 2000 200 400 600 800 1000
M, [MeV] M,, [MeV]
Missing mass Invariant mass

Figure 7.5: Effect of the cuts on the kinematic variables for 5-PED events. The distributions before any
cuts, and the distributions after kinematic cuts are shown.
In each case, all kinematic cuts are applied except the one shown in the picture. For completeness, the
distribution after carbon subtraction is also shown. Flux normalization is applied (cf. Section .
The combined data from December 2017, May 2018, February 2019, and June 2021 are used. Note
that the y-axis is logarithmic.
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be specifically suppressed.

7.4.3.1 Method

The kinematic fit minimizes the deviation of measured quantities with respect to certain
constraints. During the minimization process, the measured values are varied within their
estimated errors until the constraints are exactly satisfied. The constraints are given by
the conservation of energy and momentum and the masses of the particles involved in the
hypothesis. They can be expressed as

fk(f7ﬁ):0 k:1727"'7m7

where f), are the m constraints, 77 are the true values and # the unknown (not measured)
values that can be additionally determined by the fit. The measured values ¥ differ from the
true values by an error

E=1y—1.
The errors are assumed to be normal distributed and centered around zero. Minimization of
M=¢c,le (7.9)
while satisfying the constraints f;, leads to the solution for & and 77 [163]. C, is the
covariance matrix, which for uncorrelated errors corresponds to a diagonal matrix of the
different uncertainties aiz . For the minimization, the method of the Lagrange multiplier or
the orthogonal transformation can be used [163]. In each case, as many constraints m are
needed as there are unknowns r in &. M follows a X2 distribution with m — r degrees of
freedom. For a given hypothesis, the P-values are uniformly distributed between 0 and 1
The P-value describes the probability that an event reaches a X2 equal to or greater than
the one calculated with the hypothesis. In other words, it describes how likely it is that an
event is consistent with the hypothesis. Background that does not match the hypothesis
accumulates at low P-values. In the following, the P-values are referred to as the confidence
level (CL). The confidence level can be used to select only those reactions that are most
likely to be the reaction of interest. Furthermore, within the kinematic fit, the fitted energy
and the fitted angles 6 and ¢ of the particles are optimized to minimize M and to satisfy
the constraints. This results in improved values for these quantities, which can be used to
improve the accuracy of the subsequent analysis.

7.4.3.2 Hypotheses

The hypothesis refers to the choice of constraints. For the event selection one hypothesis and
one anti-hypothesis is used.

o Assuming perfectly known errors for the different values fitted.
19 /E is used instead of E to correct for asymmetric energy distributions. The distribution of vE follows a
more Gaussian shape, which is beneficial for the kinematic fit.
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Figure 7.7: Left: Confidence level for the hypothesis CLy,y,, . The events that pass the cut are shown
in blue. Right: Anti-hypothesis CL,p;. nyp. versus hypothesis CLy,, . The cut on the hypothesis is

shown as a vertical line, while the requirement that CLy,, > CLgyti. hyp. is shown as a diagonal line.

The hypothesis is yp — p/mﬂ'oﬂ'o and the anti-hypothesis is yp — p;nﬂ'O?’].

Hypothesis vp — p,,,nﬂ'oﬂ'o The target reaction is used as a hypothesis. As before, the
proton is recalculated from the conservation of energy and momentum and is treated as missing
particle. In this way, only the masses of the final state particles remain as constraints. For
each event, only the reaction with the highest confidence is kept, reducing the combinatorial
background. Furthermore, a general cut on the confidence is applied. In Fig. (left) the
CL is shown. The signal events are expected to be uniformly distributed between 0 and
1 and the background events are expected to peak at low values. While the background
events indeed peak at low values (note the logarithmic y-axis), the signal events are not
uniformly distributed. This is the result of asymmetric (non-Gaussian) distributions within
the experiment, which is especially the case for the energy distributions. Using v/E instead
of E in the kinematic fit cannot fully compensate for this. The effect is discussed in more
detail in . To complicate matters, the fraction of bound protons in the butanol target
has additional Fermi motion, which violates the assumption of a fixed target experiment.
Deviations are therefore expected. Nevertheless, a good separation of signal and background
events is possible.

A cut at CL > 0.05 reduces most of the background and rejects only some signal events.
The cut represents a trade-off between statistics and background contamination of the final
event sample.

Anti-Hypothesis vp — p;nﬂ'o’l’] The pinwon final state has a high potential to be a
background contribution. 7 decays into 7y with a probability of 39.36 % [7] ending in
exactly the same detection pattern (pyyy7y) as the hypothesis. To keep the background
from the anti-hypothesis as low as possible, the confidence for both the hypothesis and for
the anti-hypothesis is calculated for each reaction. If the confidence for the anti-hypothesis
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is higher than the confidence for the hypothesis, the reaction is discarded. In Fig. [7.7]
(right) the confidence of the hypothesis is compared to the confidence of the anti-hypothesis.
In most cases, the kinematic fit assigns a high confidence to either the hypothesis or the
anti-hypothesis, leading to an accumulation along the x-axis or y-axis. As a result, the cut
on CLyy, for the hypothesis already rejects most of the p;n7ro17 events. Only in a few cases,
mostly at lower CL, n events are removed by the additional anti-hypothesis requirement.

Besides plmﬂon, there are other types of reactions that can lead to the same detection
pattern. In Table 4.1 in [159] the influence of different final states has been investigated
using simulated data. Of all the states considered, p;n7r077 is the only one with a significant
influence on the p7T07T0 final state.

The kinematic fit is applied after the time cuts but before the kinematic cuts. After
the fit, the conservation of energy and momentum is exactly satisfied, and the masses are
by definition equal to their literature values. This eliminates the need to use kinematic
cut ranges for the missing and invariant mass criteriam Only the angle information for
5-PED and 4.5-PED events can still be used to perform further cuts. In this case, the cut
ranges determined in Section will be used. The effect of the kinematic fit is shown in
Fig. [7.8| for 5-PED events. Equivalent pictures for 4.5-PED and 4-PED events are shown in
Section in the Appendix.

7.5 Efficiency

The event selection not only removes background. Some of the signal events are also discarded
to achieve the best signal-to-noise ratio. The reconstruction efficiency € is a measure of how
well the detector, the reconstruction and the selection process together retain signal events.
It is defined as the fraction of simulated signal events that survive event selection

N,
= _ree. 1
€= (7.10)

s1m.
The efficiency is determined using a set of 60 x 10° phase space simulated reactions of the
type vp — p7r07r0 assuming a photon flux that follows the Bethe-Heitler cross section (c.f.
Eqn. . The global efficiency is found to be 22 %. However, depending on the kinematic
region, more than 30 % of the events remain. In Fig. the efficiency is plotted as a function
of the beam energy E. and cos(&ﬂoﬁo) for each PED class as well as for the total. As already
discussed in Section the different regions in which each PED class dominates become
visible. At high COS(QWOWO) the proton is emitted in the backward direction with low energy,
resulting in 4.5-PED and 4-PED events. The horizontal lines for 4.5-PED and 4-PED events
at low cos(f o o) correspond to the transition to the Forward detector and the MiniTAPS
detector, respectively.

To further reduce background contamination, in the following an efficiency cut is ap-
plied as the last step of event selection. For each PED class, a reconstruction efficiency

"' In other words, by applying requirements at the CL level of the kinematic fit, a cut is already performed on
the masses.
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Figure 7.8: Effect of the kinematic fit on the missing mass distribution for 5-PED events. Since the
missing mass after the kinematic fit is limited to the literature value, the measured values are shown
instead. The distribution after time cuts but before cuts on the CL is shown as well as the distribution
with cut on the hypothesis and . The anti-cut has only a small
effect and is not visible (the yellow distribution is on top of the green distribution). The distribution
after angle cuts is also shown, as is the final distribution after carbon subtraction. In each case, flux
normalization is applied (cf. Section . Note that the y-axis is logarithmic.

€ (Ew cos(@ﬂoﬂo)) > 0.02 (2 %) is required. This ensures that only events in kinematic regions
where signal events are expected contribute to the final event sample. The effectiveness of
this cut in reducing the background contribution is discussed in Section [7.7]

7.6 Distribution of Events

A three-body final state can be described by five different kinematic variables. One choice is
(E,,cos(0), M,¢",0"). Here, E. is the photon energy of the beam. cos(f) is the cosine of the

polar angle of the 70 system or the p7r0 system (quasiparticle) in the final state. M is the
invariant mass of the system. ¢ is the angle between the reaction plane and the secondary
decay plane spanned by the particles defining the quasiparticle. 8™ is the angle of one of the
particles defining the quasiparticle relative to the reaction plane. A detailed description of
the kinematic variables is given in Chapter

The distribution of the selected events in these kinematic variables depends on several
factors such as the cross section and the reconstruction efficiency. Fig. shows the
distribution of the events after event selection for the different kinematic variables as a
function of the beam energy E,. The high statistic at low beam energies is clearly observed,
reflecting the 1/F. dependence of the generated bremsstrahlung photons (cf. Section .
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Figure 7.9: Reconstruction efficiency € (cf. Eqn.[7.10)) for the different PED classes after event selection
with kinematic fit as a function of the beam energy E. and the cosine of the polar angle of the mesons

in the CMS cos(6_o_o). For the determination of the efficiency a set of 60 x 10° phase space simulated
reactions of the type yp — p7ro7r0 with a 1/E.,, distribution is used to simulate the photon flux.

The dependence of the cross section on E. is also observed as well as its angular dependence.
In Section [B.4] in the Appendix, the distributions are shown for other combinations of
kinematic variables.

7.7 Background

The goal of the event selection is to achieve the best possible selection of the p7r07r0 final state.
However, even after implementing all the selection criteria described above, there will still
be background. To estimate the percentage of background, the invariant mass distribution
of the missing proton (missing mass) is used. The missing mass distribution is particularly
sensitive to the remaining background because it includes most of the detected particles in its
calculation. However, it cannot directly distinguish between the combinatorial background
originating from the photons and competing final states such as p'won. These background
contributions may have a similar missing mass distribution as the signal events, making them
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Figure 7.10: Distribution of pr’7” events after event selection for the different kinematic variables as
function of beam energy F.,. Carbon subtraction (cf. Section is performed. All PED classes from
December 2017, May 2018, February 2019 and June 2021 are used. In Section [B:4]in the Appendix,
the distributions are shown for other combinations of kinematic variables.

impossible to separate. However, such contamination is avoided by applying a cut on the
confidence level of the hypothesis and anti-hypothesis in the kinematic fit (cf. Section .

After the kinematic fit, the missing mass is constrained to its literature value and does not
allow any separation of signal and background. The original measured Valueslgl cannot be
used either as they were already part of all the selection criteria and behave as signal events
by definition. Thus, a more profound method is needed for background estimation.

7.7.1 =°z° Fit

The kinematic fit constrains all the masses of the particles in the final state. To use the
missing mass for background estimation, its corresponding constraint must be removed.
Therefore, instead of performing a full kinematic fit, only the 7070 are fitted. In the fit, the
photons are combined with the mesons in every possible way. A confidence is calculated for
each combination. The combination with the highest confidence is then selected. As before,

2 The measured (original) values are still available for the constrained and optimized quantities.
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a cut on the CL of the hypothesis (7°7") and the anti-hypothesis (7°n) is performed using
exactly the same criteria as in the case of the full kinematic fit. In this way, the 70 fit can
be used to parameterize signal and background.

7.7.2 Binned Q-Factor Method

To separate the signal from the background, a parametrization is fitted to the missing mass
distribution. The signal events are described by a variation of the Crystal Ball function as
discussed in [165]

e F kL (53H)  gor Tu <y
g
I

2
fs(x): e % 4 ) for _kL<%§kH
ekTH*kH(%) for ky < =E.

The function is continuously differentiable and consists of two exponential tails which are
stitched to a Gaussian core. kj, and kp describe the transition from the core to the exponential
tail in units of the width ¢. This function is particularly useful for modeling loss processes,
as it is the case for the photon energies used in the reconstruction of invariant masses. A
Chebyshev polynomial of degree 2 is used to describe background events

fog(@) =1+ ¢ - Ti(z) + ¢ - T(w)
=lte-zte(2°—1). (7.11)

The degree is a compromise between description of the background and stability of the fit.
Signal and background can be combined in a final fit model of the missing mass distribution

F(a)=1I-[u- f2(2) + (1 - p) - o™ ()] - (7.12)

fo7™ and fpg"" are the normalized versions of the signal and background. They are combined
proportionally weighted by the fraction of signal events . I corresponds to the overall scale
(integral) of the distribution. Fig. shows the fits to the missing mass distributions for
the different event classes. Each fit describes the data well and justifies the chosen model.

While 1 — u gives a realistic background contribution after applying the o0 fit, it
overestimates the background in the final event sample after performing the full kinematic
fit. This is due to the additional constraint on the missing mass in the full kinematic fit,
which further reduces the background. To account for this, a Q)-factor is calculated for each
missing mass x. A Q-factor refers to the probability of signal events at a given point in the
distribution

B - SR ()
@)+ (1 ) (@)

Assuming that the general shape of the signal and background does not change, the Q-factors
can then be applied to the missing mass distribution after the full kinematic fit. For this

Q(x) (7.13)
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purpose, the measured quantities are used. They are shown in Fig. as red distributions.
The extracted background contributions are listed in Table with and without the cut
on the reconstruction efficiency ¢ > 0.02 (cf. Section . As expected, the background
is highest for 4-PED events. But here, the cut on the efficiency reduces the contribution
significantly from 27.41 % down to 11.07 %.

The extracted background corresponds to a global value that integrates over all kinematic
dependencies. To account for variations, the background must be determined as a function
of the relevant kinematic variables. Due to statistical limitations, an event-based @Q-factor
method is used.

Table 7.2: Fraction of the background ¢ after event selection. The values are obtained by a fit to the
missing mass distributions in Fig. Values are given for no cut on the efficiency € > 0 and with
cut € > 0.02. The combined data of December 2017, May 2018, February 2019 and June 2021 are
used.

e>0 € > 0.02
5-PED 4.5-PED 4-PED ‘ 5-PED 4.5-PED 4-PED

Background & [%] | 0.69%  2.61% 27.41% | 0.41% 239% 11.07%
Xg/ndf 1.85 1.13 1.76 1.68 1.27 1.15

7.7.3 Event-Based Q-Factor Method

To determine the background as a function of all kinematic variables (E., cos(f), M, ", 0%),
an event-based Q-factor method is used instead of a binned approach [166]. This ensures
sufficient statistics for reliable fits of the signal and background function to the data.

7.7.3.1 Method

At the end of the event based @-factor method, each event in the final event sample is
assigned a probability ) that it is a signal event. This probability can then be used to
estimate the background contribution in the data. The event-based Q-factor method consists
of three steps. All three steps are shown in Fig. assuming two arbitrary dimensions for
explanation purpose.

Step 1: Initialize In the first step (cf. Fig. (top left)), the final event sample after the
full kinematic fit is considere This is the same event sample that will be used to extract
the polarization observables. The butanol events are shown schematically as black dots. For
each of these events, a Q-factor (Step 2) and a P-factor (Step 3) are determined. An example
event is marked with a green star.

'3 The combined data of December 2017, May 2018, February 2019 and June 2021 and all event classes 5-PED,
4.5-PED and 4-PED.
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Figure 7.11: Fit of Eqn. to the missing mass distribution after the 7°7° fit for each event class.
The missing mass distribution after the full kinematic fit using the measured quantities is also shown.
The background £ is calculated with the Q-factors in Eqn. Left: No cut on the efficiency for
each PED class is applied. Right: A cut on € > 0.02 is performed (cf. Section . In each case, the
combined data of December 2017, May 2018, February 2019 and June 2021 are used. An overlay

highlights the background fit.
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Step 2: Q-factor In the second step (cf. Fig.|7.12| (top right)), the butanol events are
shown after the 77 fit (black dots). In addition, events from the sideband (blue dots) and
from the carbon reference measurement (red dots) are shown to illustrate the sideband and
carbon subtraction (think of assigning negative weights to these points)ﬂ Only in this step
signal and background can be parameterized, as only the 70 fit is applied and not the
full kinematic fit. For each point from Step 1, a hypersphere is constructed that contains
a certain statistical significance. Within this hypersphere, the missing mass distribution of
the proton is used to parameterize the signal and background as described by Eqn. [7.12]
The @Q-factor is then determined by the fraction of signal at the position of the point in the
missing mass distribution using Eqn. The parametrization of the signal and background
for the example event is shown in an overlay. The position of the example event is indicated
as a vertical line.

Step 3: P-factor Step 1 includes all butanol events. Consequently, a Q-factor is also
assigned to the sideband and carbon events within the butanol. The background, which is
calculated from all the )-factors, is later on used as a systematic error on the extracted
polarization observables (cf. Section . For the polarization observables, however, sideband
events are explicitly considered in their determination (cf. Section and carbon events do
not contribute as a source of error due to their non-polarizable nature. Thus, the inclusion
of sideband and carbon events in the background estimation would lead to inaccuracies in
the systematic error later on. This is especially true for 4-PED events with a high amount
of carbon, which tends to be located at higher missing masses. Therefore, in addition to
the Q-factor, a P-factor is also determined. It refers to the probability that the event is
not a sideband or carbon event. In Step 3 (cf. Fig. (bottom left)), the event sample is
considered again after the full kinematic fit. This time, however, events from the sideband
(blue dots) and from the carbon reference measurement (red dots) are also included. A
hypersphere is constructed with the same size as in Step 2. Within this hypersphere, the
distribution of butanol events Ng(z) is compared with the distribution after subtracting the
sideband and carbon N]%ub (). The probability that the example event is not a sideband or
carbon event is then given by the ratio of the two distributions at the position of the example
event
N§™(x)

P(x) No() (7.14)
As before, the distributions are shown in the overlay with the example event as a vertical
line.

After Step 1-3, a ) and P-factor is determined for each event in the five-dimensional space
spanned by all kinematic variables. The resulting background contribution £ can then be

! Sideband and carbon subtraction can only be applied when binning the data. This is not the case for Step
1, so subtraction cannot be applied there.
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Chapter 7 Event Selection for the pwoﬂo Final State

Figure 7.12: Steps for an event-based determination of the Q- and P-factor in two arbitrary dimensions.
Butanol events, carbon events and sideband events are schematically shown as dots. In Step 1, the
final butanol event sample after the full kinematic fit is shown. An example event is marked with a
green star. Step 2 is then used to calculate the Q-factor. Here, the butanol event sample is shown
after the 7°m° fit, along with carbon and sideband events for subtraction. Signal and background are
parametrized using the missing mass in a hypersphere around the example event, which gives the
Q-factor. Step 3 is used to calculate the P-factor. In this step, the final event sample after the full
kinematic fit is shown again, this time also with carbon events and sideband events for subtraction.
The P-factor is calculated by comparing the missing mass distribution with and without subtraction
in the same hypersphere as before around the example event. The overlays show the missing mass

.
1 o o R e © 2
. .
. o o N
.
° ° hd °
o ° ° L] A4
e o . °
%
.
o o ﬁ .« °° . °
] o ¢ L] [ ]
o’ o ° L
. ° °
o ® L4 o . .. T
° . ° . |
.
. ° ® o | ) .
o J
. ° J
. °
° ¢ ° )
i
4 J
C 1 1 1 1 1 1 .
o ° o 800 900 1000 1100 1200 1300
° . [MeV]
° P
e o
e o °
° L4 ®
» T T T T ]
- P=0.921 .
e ° ° e | J
° L J
800 900 1000 1100
Mp. [MeV]

distributions of the proton at Step 2 and 3. See the text for a more detailed explanation.

118



7.7 Background

calculated via a weighted average

2i(1-Q)- P
2. b
The use of the P-factor as a weight in the calculation ensures that the influence of sideband

and carbon events within butanol is minimized, as they should not play a role in the systematic
error on polarization observables.

€= (7.15)

7.7.3.2 Size of the Hypersphere

An important choice is the size of the hypersphere. It controls the amount of statistics
available to fit the missing mass distribution but also determines the fuzziness of the calculated
background contribution. To account for the different density of events, the Euclidean distance
is normalized to the standard deviation o along each axis. In this way, the distance d;;

between points pij is defined as

i j\ 2
@:ZGFW>. (7.16)

k#r Tk

Here, k iterates over the different axes in the coordinate space i.e. the kinematic variables
(E,,cos(0), M, ¢",0%). The axis r refers to the axis that contains the information of the
missing mass distribution and is excluded from the metric. Using the normalized Euclidean
distance, a hypersphere corresponds to an ellipse in normal Euclidean space. Within the ellipse,
axes with more dense information will have a smaller radius compared to axes with less dense
information. To also account for energy-dependent variations in the distribution of events,
an energy-dependent standard deviation is used for normalizationE This is particularly
important for the distribution of the invariant mass M, where the energy dependence is most
pronounced. In the following, the size of the hypersphere is chosen so that the integral of the
fitted missing mass distribution reaches 1500 events. This value represents a compromise
between statistics for the fit and size of the sphere. In Section [B.5]in the Appendix fits to the
missing mass distribution of a random collection of points are shown. It can be seen that a
further reduction of the number of events within a hypersphere is hardly possible, especially
for the distributions with higher background contribution.

The resulting size of the hyperspheres can be characterized by the distances between all
points within each hypersphere along each axis (cf. Fig. . The width o of the distance
distributions characterizes the average size of the hyperspheres containing ~ 68.27 % of
the events. Since the normalized Euclidean distance is used, the ¢ is approximately the
same for all kinematic variables. Shifts and asymmetries in the distributions are due to the
construction of hyperspheres in boundary regions due to kinematic constraints. In these
regions, the events tend to lie in the direction of the kinematically allowed range. This effect
is particularly pronounced for kinematic variables such as M _o_o, where many events lie close
to these boundaries (cf. Fig[7.10)).

Another way of looking at the size of the hyperspheres is by considering the total radius

'> The only exception is the energy itself.
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Figure 7.13: Distributions of the distances between all points within each hypersphere along each axis
(E,,cos(0 0 0),M o 0,¢ 0 0,670 o). The width o of the distance distributions is determined by a
Gaussian fit and characterizes the average size of the hyperspheres containing ~ 68.27 % of the events.

along each semi-axis. The total radius along a semi-axis of a given hypersphere is defined as
the distance between the minimum and maximum points along that axis. The radius as a
function of beam energy is shown in Section [B:5]in the Appendix. It can clearly be seen that
the hyperspheres become larger as the beam energy increases, due to the lower event density
in this region.

7.7.3.3 Background &

In total, over 2 x 107 fits are performed to determine all Q-factors and P-factors. Eqn.
can then be used to calculate the background contribution in all binsm In Fig. (top left)
the background ¢ is shown as a function of E, and cos(f o o). A background well below 2 %
is present over a wide kinematic range. At high energies, the background increases up to 4 %.
The highest background contribution of about 9% comes from the region with high cos(f o o)
values. This is also the region where 4-PED events dominate (cf. Fig.[7.9)). Fig. also
shows the background for all the other kinematic variables as a function of beam energy F..
The high background contribution at low M o o with high E, is an artifact of the kinematic
situation. Only a few statistical signal events are to be expected in this region. Consequently,
the remaining events are more likely to be background. In Section [B.5]in the Appendix, the

16 Later, the polarization observables are determined for specific kinematic regions, which are called bins. For
each of these bins, a background estimate is required.
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Figure 7.14: Background ¢ for (cos(6_o_o), M o o, (ﬁ;oﬂo, 9;':0”0) as function of £,. In Section in
the Appendix, the background is shown for several other kinematic regions.

background is shown for several other kinematic regions.

The global background contribution determined with Eqn. [7.15] for the combined data of
December 2017, May 2018, February 2019 and June 2021 as well as considering all event
classes 5-PED, 4.5-PED and 4-PED is 1.8 %. This is in good agreement with the binned
background results in Table [7.2]
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CHAPTER 8

Determination of Polarization Observables

The cross section for photoproduction off the proton depends on the spin configuration of
the initial state particles (beam and target) as well as the final state particles, i.e. the proton
(recoil). This can be used to disentangle the contributing amplitudes, including the resonances
and their properties. For a transversely polarized target (A, # 0,A, # 0,A, = 0) and a
linearly polarized beam (§;), the cross section for two-pseudoscalar meson photoproduction

(cf. Eqn. is reduced to
do do

£ (), s
+ o;sin(20p) [I°+ Ay - 170+ Ay - 1) ] (8.1)

+ 6 cos(20p) [I°+ Ay - 17, + A, - ]>

Recoil polarization is not measured in this work and is omitted. The polarization observables
are defined as follows: P, P, and [ ®, I° represent single polarization observables with respect
to target polarization 7 and beam polarization 3. Double polarization observables (beam
and target) are denoted as /7., /7, /., and /. The angle ¢ 5 describes the orientation
of the beam polarization relative to the reaction plane. In the case of a two-body final state
such as yp — p7r0, the reaction plane is spanned by the beam photon and the meson or recoil
nucleon in the CMS of the reaction. In the case of a three-body final state, the beam photon
and the combined momentum of two of the three final state particles define the reaction
plane. Thus, for the reaction yp — p7707r0, there are two possibilities (cf. Fig. . In this
work, the different possibilities are referred to with 70 and pr as subscripts.

In the experiment, the polarization is determined in the laboratory frame. Here, the angles
of the target polarization vector and the beam polarization vector are defined as 5 and «.
However, in Eqn. the quantities A,, A, and ¢p are given with respect to the reaction
plane, which differs from the laboratory frame by a rotation around the z-axis. To express
all quantities in the laboratory frame, the angle ¢ between the laboratory frame and the
reaction plane can be calculated. With this angle A,, A, and ¢p can be expressed in the
laboratory frame as

A, =cos(f—¢)- A
A, =sin(B — ) A (8.2)
¢p=a—p.

A visualization of the target polarization and the beam polarization vector is shown in Fig.
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R

Figure 8.1: Definition of the reaction plane for yp — p7r07r0. There are two different ways to define
the quasiparticle ¢ (7rO7T0 or pwo). The reaction plane is then spanned by the beam photon and
the quasiparticle in the CMS of the reaction. The angle ¢ 5 describes the orientation of the beam
polarization relative to the reaction plane. The illustration is taken from [159].

A beam polarization plane

target polarization direction

reaction plane

»
>

L et

Figure 8.2: Definition of the coordinate system with the target polarization vector and the beam
polarization vector. 4. and x4 refer to the laboratory frame, while y and = describe the reaction
plane. The z-axis points along the axis of the beam (in the direction of the reader). The illustration
is adapted from [158].

This leads to the following definition of the cross section used to extract the polarization
observables

do ( do

5= () (1 reoss—g)- Pt Asin( =) - 1,

+dsin(2(a— @) [I"+Acos(B—p)- I, + Asin(B—)- 1] (8.3)

+ 9y cos(2(a— @) [I“+ Acos(B— ) - I, + Asin(B — ¢) - ])

8.1 Polarization Degree

In the experiment, the target is transversely polarized and the beam is linearly polarized.
In the following, details of the target and the beam polarization are discussed, which are
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8.1 Polarization Degree

important for the analysis of the data.

Target polarization A

To maintain the desired degree of target polarization, repolarization is performed periodically
every few days during data taking. The angle of the target polarization vector in the
laboratory frame is 3 = 90°. This angle is used to calculate the polarization with respect to
the reaction plane (cf. Eqn. E| To reduce systematic effects, the polarization orientation is
periodically switched by 180° during data taking. The different polarization orientations are
referred to as Ay. Fig. [8.3| (left) shows the target polarization for each period of data taking
used in this work. The breaks in the polarization correspond to periods of repolarization
or interruptions in the measurements for various reasons. The average target polarization
for each data taking is listed in Table It is noticeable that the target polarization for
December 2017 is significantly lower compared to the polarization of the other periods. A
detailed examination of the extracted polarization observables shows that the polarization
was measured too low. This is compensated by applying a correction factor of 1.44 to the
target polarization for December 2017. A more detailed explanation of the correction is given

in Section [0.1.11

Table 8.1: Average target polarization for each data taking. For December 2017, next to the measured
values also corrected values are given in parentheses.

December 2017 May 2018 February 2019 June 2021

A, +51.6% (+74.3%) +78.5% +77.8% +72.9%
A_ —499% (-71.9%) -79.2% —77.6% —75.3%

Beam Polarization ¢,

The beam in the experiment is linearly polarized. The degree of polarization depends on the
energy of the beam photons. The angle of the beam polarization vector in the laboratory
frame is o = 45°. Similar to the target polarization, the orientation of the beam polarization
is periodically switched by 90° to reduce systematic effects during data taking. Fig. |8.3
(right) shows the beam polarization as a function of energy for each period of data taking.
Note the two different positions of the coherent edgeE| The position of the coherent edge is
an important choice and has a strong effect on the degree of polarization. The position of
the coherent edge and the maximum beam polarization achieved for each data taking are
listed in Table

! The value of 8 has been investigated in [145] and found to be consistent with the expectation.
% For an explanation of beam polarization and the coherent edge, cf. Section
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Table 8.2: Coherent edge and maximum beam polarization §;"** for each period of data taking.

December 2017 May 2018 February 2019 June 2021

Coherent edge 1350 MeV 1350 MeV 1600 MeV 1600 MeV

max
[ 55.3% 55.1% 45.9% 44.7 %
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Figure 8.3: Polarization for the data taking in December 2017 (uncorrected values), May 2018,
February 2019 and June 2021. The target polarization is shown as a function of time, while the beam
polarization is shown as a function of beam energy E.,.

8.2 Kinematics

The kinematics of a reaction can be described by a set of independent variables that
characterize the initial and final states of the particles involved. For a two-body final state,
such as single-pseudoscalar meson photoproduction, two variables are required. Typically,
the beam photon energy E., and the cosine of the polar angle of the meson in the CMS cos(6)
are chosen. In the case of a three-body final state five independent variables are needed to
fully describe the kinematics. In this work, the same set of variables as in [159] is used for
better comparability. The kinematic variables are defined as

E, cos(f oo

y 0) M 0 0 0 ¢*0 0 0*0 0

wo /pw T 7r0/p7r oy /p7r0'

- (8.4)
E,, corresponds to the beam photon energy and cos(f) is the cosine of the polar angle of the
quasiparticle in the CMS. The quasiparticle can be defined by either the 7°7° or the pwo
system. M is the invariant mass of the quasiparticle. ¢* is the angle between the reaction
plane and the secondary decay plane spanned by the particles defining the quasiparticle. 6™
is the angle of one of the particles defining the quasiparticle relative to the reaction plane

The two choices for the quasiparticle lead to different reaction planes and thus to different

% The 7° in the case of 7°7° and the p in the case of p7r0.
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Figure 8.4: Kinematic variables describing the reaction vp — pro® (cf. Eqn. @) The two choices of
the quasiparticle are shown: 7’7 and p7r0. The illustrations are taken from [159)].

behavior of the polarization observables. In this work the choice of the quasiparticle is
indicated by using 70 or p’ﬂ'o as subscripts for the corresponding variables. The kinematic
variables and the two choices of the quasiparticle are illustrated in Fig. 84

It is important to note that the indistinguishability of the two 0 requires symmetrization.
Both orderings 7r(1)7rg and wgw‘f have to be considered in all calculations. As a result of this
symmetrization, it follows for ¢;o7ro and the polarization observables O

¢ 0 0= gf);gﬂg + 180° — O(qb*) = O(¢* + 1800).

T T

Examples of this symmetry are shown in Fig. and in Chapter 9] However, as
soon as eroﬂo is also considered (i.e. not integrated over), the symmetry is broken, since the

symmetrization of ((ﬁjroﬂo, 9;%0) has to be considered at the same time.

8.2.1 Connection to Single Pseudoscalar Meson Photoproduction

Integrating over the angles ¢* and §* simplifies the three-body dynamics to a quasi-two-body
configuration (see Fig.|8.1). In this case, the kinematic variables in Eqn. are reduced to

E, cos(f o o /pﬂ_o) 207 /0 (8.5)

This quasi-two-body system effectively mimics the conditions of single-pseudoscalar meson
photoproduction, for which the polarized cross section is defined as [167]:

o= (52) - (1-sieostzta— o) m+ Asin( )7 )
— oA sin(Z(a — gp)) COS(B — 90) .

— oA cos(2(a — ) sin(B — @) - )

Here, 7" and > are single polarization observables with respect to target polarization 7
and beam polarization 5. and /' are double polarization observables with respect to
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beam and target polarization . In the case of single-pseudoscalar meson photoproduction,
the double polarization observable Pis equal to the recoil polarization observable P. By
comparison with the polarized cross section of the three-body final state (Eqn. , the
following correspondences between the observables can be identified:

P,=0, P,2T =0, [°=-% P=-H P,=0 P;=0, P;=—P (87)

However, in this context, P no longer corresponds to the recoil polarization observable P, in
two-pseudoscalar meson photoproduction. For a detailed explanation refer to Appendix D
in [159]. The observables P, and P, for the quasi-two-body final state are shown in Fig.
and in Chapter [9] Here, P, is 0 as expected according to Eqn. 8.7

Parity conservation must also be satisfied. As shown in [49], the symmetry properties
of the spin amplitudes under parity transformation can be used to infer the behavior of
observables under the substitution ¢* <+ 27 — ¢*. Specifically, the observables exhibit the
following symmetry behavior:

P,, I°, P}, P; are odd in ¢*: O(2r —¢") = —O(¢")
P,, I, P;, P, are even in ¢": O(2w — ¢*) = +0(¢")

As a result, integrating over ¢* effectively cancels the contribution of observables that are
odd in ¢* (cf. Eqn. . This symmetry is clearly reflected in the extracted observables: P,,
which is odd in ¢*, vanishes on integration, while Py, which is even, remains non-zero. This
behavior is illustrated in Fig. and Fig. in Chapter [0

8.3 Carbon Subtraction

Butanol (C,HgOH) is used as target material. Butanol consists of polarizable quasi-free
protons in hydrogen (H) and non-polarizable protons bound in carbon (C) and oxygen (O).
As a result, reactions on polarized and non-polarized protons are present in the selected event
sample

00
Y+ Phee 7P+

0_0
’7+pbound—>p+7r ™ .

For the extraction of polarization observables, only reactions on polarizable quasi-free protons
are of interest. Reactions on bound protons reduce the effective degree of polarization and
dilute the observables. To correct the dilution, a reference measurement is performed using
carbon foam as target material. The target density of the foam corresponds approximately
to the density of the bound nucleons in the butanol target. To ensure that the conditions of
the reference measurement are equivalent to those of the butanol measurement, the entire
experimental setup is kept the sameE| In this way, the reference measurement only needs to
be scaled by a factor to subtract the effect of reactions on bound nucleons in the butanol
data. The scaling factor takes into account small differences in the target densities. Different

* The carbon foam is filled into a cylinder and placed in the exact same cryostat with the same coolant that
is used for the Frozen Spin target.
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8.3 Carbon Subtraction

measurement times and energy dependent changes of the beam flux are corrected by flux
normalization (cf. Section [8.3.1). After determining the scaling factor ¢, the number of
reactions on quasi-free protons Ny in the butanol data Ny can be calculated as

Ny = Ng — ¢+ N&, (8.8)

where N&T is the reference measurement on carbon foam.

In Table the reference measurements for the different periods of data taking are
listed. While in most cases a reference measurement with the same setting for the coherent
edge exists, this is not the case for February 2019. At that time, a reference measurement
was scheduled shortly afterwards, but the accelerator failed before. Maintenance work did
not allow for another reference measurement until November 2021. To ensure equivalent
conditions in the experimental setup, a reference measurement from November 2018 will be
used instead. This measurement is closer in time but was performed at a different coherent
edge.

Table 8.3: Butanol measurements and corresponding reference measurements with carbon foam as
target material. Each measurement is given with the month and year of data taking as well as
the setting of the coherent edge in MeV. In May 2018, measurements with butanol (B) and carbon
(C) were performed in the same month. For completeness, the associated scaling factor ¢ after flux
normalization is also listed.

Butanol Carbon foam c

December 2017 (1350MeV)  May 2018 (C, 1350MeV)  (0.83 £0.02

May 2018 (B, 1350 MeV)  May 2018 (C, 1350 MeV)  (0.87 = 0.02
February 2019 (1600 MeV) November 2018 (1350 MeV) (0.85 £ 0.03
(

)
)
)
June 2021 (1600 MeV) November 2021 (1600 MeV) (0.83 £ 0.02)

8.3.1 Beam Flux Normalization

The scaling factor ¢ takes into account small differences in target density between the data
and reference measurements. In principle, the scaling factor can also account for different
measurement times and global differences in the beam flux. Only energy dependent changes
cannot be correctedﬂ In February 2019, the data measurement was performed with a different
coherent edge than the reference measurement, resulting in such energy dependent changes.
Therefore, a normalization of the beam flux is required. In the following, the normalization
is performed for all periods of data taking.

In beam flux normalization, the event yields are normalized to the integrated number of
photons hitting the target as a function of energy. The beam flux @, is calculated with

q>'y = NTagger : P’y : P’sorr ) flivea (89)

® An energy dependent scaling factor would be needed which is harder to calculate.
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where Nrugee, is the number of reconstructed photons within the Tagging system in a time
window At (cf. Section . The time window is arbitrary but should be large enough to
minimize statistical errors. It must also exclude the hadronic trigger to prevent any effect on
the measured energy distributions of the photons. P, - P{*" describes the probability that a
photon reconstructed in the Tagging system also reaches the target (cf. Section . flive
corresponds to a scaling factor to scale the photon flux for the small time window At to the
full livetime of the experiment (cf. Section . The procedure for determining the beam
flux for the experimental setup before the modification of the readoutﬁ is described in detail
in [103} 158]. Here, a similar method is proposed and applied to the new data.

8.3.1.1 Nypgger

For the calculation of Nygge,, reconstructed photons within the time window At = 100—700 ns
are counted. To avoid the influence of a slightly changing TDC window between the data
taking in December 2017 and the subsequent ones starting in May 2018, the left side of the
TDC window is not used (cf. Fig. (left)). Furthermore, the influence of the hadronic
trigger is eliminated by starting at 100 ns, which is far enough away from the trigger at Ons.
The hadronic trigger only needs to be excluded for high-rate runs (standard data runs). For
low-rate rung'| the Tagging system is used for triggering. Here, the time window is increased
to At = —20 — 700 ns for more statistics.

8.3.1.2 P,

The number of reconstructed photons in the Tagging system is not directly equal to the
number of photons hitting the target. The number of photons is reduced by the collimator
behind the Tagging system. Also, additional background in the Tagging system will lead to
an overestimation of the number of photons reaching the target. Therefore, the true number
of photons in the target is calculated with

NTarget - NTagger ’ P’y ) Psorr. (810)

The photon definition probability P, describes the probability that a reconstructed photon
will also reach the target and can be determined from the coincidences between hits in the
Tagging system and the GIM which is positioned behind the target

N
P’Y _ TaggerN\GIM ) (811)
N Tagger

The coincidence between the Tagging system and the GIM is defined by events satisfying
a time difference of —81ns < fmugeer — tgmv < 15ms. Random coincidences are removed
by subtracting events from the sideband selected as —28 to — 19ns and 19 to 35ns. To
account for the limited double-pulse resolution of the GIMﬂ the peak and sideband events

5 For more information on the readout, see Chapter

" Runs with lower beam current and using the Tagging system as trigger (tagger-or trigger), which are
recorded from time to time. They are used in the following to correct the photon definition probability P, .

8 Already a hit in one of the GIM crystals is interpreted as a photon. To avoid overcounting in cases where a
photon leads to signals in multiple crystals, all hits following up to 12 ns after a first hit are removed. This

130



8.3 Carbon Subtraction

L I L L ) I ) B LN I s ) N O B B S B B B B A

S ] s F A
© L --- December 2017 © L ---w/o. dead time
0.00151~ —May 2018 N 101 —w. dead time |
0.00lj i 10—2? =
0.0005~ B 107 3
I e R I I O A R S o N s - L N
—%00 -400 -200 O 200 400 600 800 1000 -60 -40 =20 0 20 40 60
tv [ns] tTaggt—.‘r - tGIM [ns]
TDC window Time difference

Figure 8.5: Left: TDC window for a high-rate run during data taking in May 2018. December 2017
is shown for comparison to illustrate the changes in the TDC window. The time window for the
flux determination is shown in blue for a high-rate run (At = 100 — 700 ns). Right: Time difference
between the reconstructed photons in the Tagging system and the GIM with (w) and without (w/o)
artificial dead time on Tagger fibers for a high-rate run in May 2018. Coincidences are time differences
within the blue area (—8 to 15ns). The background is subtracted using sideband events within the
yellow regions (—28 to — 19ns and 19 to 35ns). The small peak on the left is from afterpulses within
the GIM but has no effect on the selected time ranges. The dip before the prompt peak is from the
dead time of the GIM tffj;‘fi = 12ns. Note the logarithmic scale on the y-axis.

are normalized to their corresponding livetime. This is necessary because there is more dead
time around the coincidence peak due to more hits in the peak interval compared to a time
interval of the same size in the sideband. The live times are determined on an event-by-event
basis as described in more detail in [158]. The final number of coincident hits is then given by

k theat deband

— nPea live sideban

NTagger/\GIM - NTagger/\GIM - tsideband " {VTaggerANGIM - (812)
live

The distribution of the time differences between the Tagging system and the GIM is shown
in Fig. [8.5] (right). In order to remove the influence of afterpulses from the Tagger fibers, an

artificial dead time 5> = 45ns is additionally applied

For standard data runs, the high rate leads to a saturation of the GIM detector. Therefore,
during the data taking, runs with lower beam current (low-rate runs) are also recordedm By
comparing the P, from such a low-rate run with an adjacent high-rate run, a correction of

results in a dead time of tfgé = 12ns.

% The artificial dead time affects the reconstruction in the Tagger in such a way that the afterpulses are
removed without affecting the real events. The dead time is also applied for the general analysis to match
the flux determination.

9 Low-rate runs are recorded every few days.

131



Chapter 8 Determination of Polarization Observables

o~ I ] 5 [ ]
0.9F ER - 3
08 . SRR 2l .
075" " ]
0.6 3 L8 .
0.5 o - 3 i 1

E B o ety E 1.6

045 E B
03F = 14f ]
0.2F = i ]
E 3 1.2 .
0.1:— E L ]
B v 0 e e ey 1y e ey 1]
0 1000 1500 2000 2500 3000 - 1000 1500 2000 2500 3000
E, [MeV] E, [MeV]

COorr
P, Py

Figure 8.6: Left: Photon definition probability P, as a function of the beam photon energy £, for a
low-rate (run number 201583) and a high-rate run (run number 201577). Right: Correction factor
PS (cf. Eqn. [8.13). The final correction is determined by fitting an exponential function with linear
offset to the data.

the saturation can be calculated

Plow—rate

corr 1wy
P’Y - Phigh—rate' (813)

gt

For each period of data taking, several low-rate runs are recorded so that multiple corrections
are available each at different times. The correction closest in time is used to correct the P,
of each high-rate run. An exception is when the beam current is adjusted. In this case, a
correction valid for the updated beam current must be used. Furthermore, the correction is
determined and applied separately for each of the polarization settings in the experiment.

In Fig. (left), the P, is shown for an example pair of a low-rate run and a high-rate
run for May 2018 data. The enhancement at the coherent edge at 1350 MeV results from
smaller opening angles in the case of coherent bremsstrahlung. As a result, the collimator
behind the Tagging system has less effect and the number of photons reaching the target
increases. In Fig. (right), the correction P;°" is shown. The final correction is obtained
by fitting an exponential function with linear offset to the data, removing any fluctuations.

8.3.1.3 five

Nrageer only corresponds to the number of tagged beam photons within the time range At.
Livetime-gated scaler modules can be used to scale this number to the total livetime of the
experiment. From and including December 2017, 96 scaler count all hits for individual bars
during livetimem To determine the livetime factor, the scaler values are compared to the

" Before that, only coincidences were counted with 95 scalers.
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number of TDC hits within At

live, scaler

o Tagger
flive - NAt,TDC . (814)

Tagger

A further complication arises from the dead time of the Cherenkov detector, which acts
as a veto trigger. In the case of a veto, the livetime-gated scaler continues to count even
though no more trigger signals are accepted. In these situations, the livetime calculated
with Eqn. [8:14] is overestimated. In most of the data relevant to this work, the veto of the
Cherenkov detector is only checked for the case where there is no hit or only one hit in the
Crystal Barrel detec‘coxiﬂy (cf. Section . However, this is almost never the case for the
p7r07ro final state because of the high probability of > 2 hits in the Crystal Barrel detector.
For this data, the dead time of the Cherenkov detector can therefore be neglected. Only for
the first runs during data taking in December 2017, the veto of the Cherenkov detector was
always CheckedH For these runs, the livetime factor is modified by

flive * €vetor

where €., = 0.88 is the relative livetime of the Cherenkov detector. The value is obtained
from a dedicated scaler that counts all clock cycles with an active veto of the Cherenkov
detector[™]

8.3.1.4 &,

The flux is determined for each run. The flux integrated over all runs for each period of
data taking is shown in Fig. |8.7 (left). The difference in the statistics and the different
positions of the coherent edge can be clearly seen. Fig. 8.7 (right) shows the flux for the four
different polarization settings for May 2018 as an example. The flux for the different settings
is comparable, confirming that the data were collected with roughly the same measurement
time for each setting, which is one of the goals of data taking.

8.3.2 Calculation of the Scaling Factor c

The beam flux normalization already takes into account energy dependent differences in flux
and different measurement times. As a result, the scaling factor only needs to account for
the different target densities. It can be determined either directly from the target material
densities or from data.

12 Trigger pattern trigd2_i and trigd2k (up to the point of writing).

13 Trigger pattern trig 42g and trig_42h. Effected run numbers are 200024—-200271, 200286—-200316 and
200410-200412.

' The veto scaler is only available for data starting with run 200343 during data taking in December 2017. By
this time, most runs with trigger pattern trig 42g and trig 42h have already been recorded. Therefore,
€veto Was determined using the veto scaler for later runs and applied to the runs without veto scaler. It was
ensured beforehand that the beam current did not change for the affected runs.
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Figure 8.7: The integrated beam flux for each period of data taking (left) and the beam flux for each
polarization setting (Ay,dy) for May 2018 as an example (right). An energy binning of 25 MeV is
used for better visualization.

8.3.2.1 Calculation from Target Densities

To calculate the scaling factor ¢ from the target materials, the target densities of bound

protons
'l . Nbound . N
;)ound _ P leff P A (815)

Mmol

must be determined for the butanol target and the carbon foam. Here, p is the density and
My 1S the molar mass of the target materials. [ describes the length of the targets. For
the butanol target, the length is modified by a filling factor of (0.61 + 0.05)5 which accounts
for the empty space between the butanol beads that are in the target cell [168]. Ny is
the number of bound protons in the material and N4 is the Avogadro constant. All values
are listed in Table In addition to the target materials, a PTFE (polytetrafluoroethylene)
window used to cover the target cell must also be considered. The setup of the target cell
is identical for both measurements, so the PTFE container must also be considered for the
measurement with carbon foam [109]. The scaling factor is

bound bound
+ 0.298 + 0.024 0.032
e MeB T pprEE _ )+ — (0.97 £ 0.07). (8.16)

e + noPeE 0.307 + 0.032

8.3.2.2 Calculation from Data

The scaling factor can also be determined directly from the data. Here, the Fermi motion of
the bound protons is used. Their non-zero momentum leads to a violation of the assumption

5 In |168], different filling factors are given for different target lengths. A factor of 0.61 is a realistic value for a
target length of 2cm [109]. However, an error of £0.05 is assumed due to the high uncertainty of the value.
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Table 8.4: Material values |7, |169] and lengths [161] for the butanol target, the carbon foam and the
PTFE window. The target density of bound protons is calculated using Eqn. The length of the
butanol target is modified by the filling factor of (0.61 + 0.05) [168]. The uncertainty in the filling
factor dominates in the calculation of the target density. As a result, only butanol has errors assigned.

Target ple/em®] g lom]  mpgg [gmol ] Ny gt b7
Butanol (C,HyoOH) 0.94  2.00-(0.61 4 0.05) 74.12 32 (0.298 4 0.024)
Carbon foam (C) 0.50 2.04 12.01 6 0.307
PTFE window (CyF,)  2.20 0.05 100.02 48 0.032

that the target nucleon is at rest. As a result, distributions such as coplanarity are broadened.
In regions of coplanarity, where quasi-free protons are negligible, the scaling factor can then
be determined as follows

Np

c=—=, 8.17
v (8.17)

where Np is the number of events in that region during data taking with the butanol target
and Ng ! the number of events in the very same region for the reference measurement with
carbon foam.

The coplanarity distribution of 5-PED events is well suited to calculate the scaling factor.
In the case of vanishing transverse momentum in the initial state, the coplanarity distribution
is centered around 180° (cf. Section . In contrast, bound protons with additional initial
momentum are distributed more towards the tails of the distribution. The scaling factor is
first determined as a function of the width of an anti-cut on the coplanarity distribution

180° + A(;Santi—cut' (818)

If the anti-cut is too small, the quasi-free protons are not negligible and the scaling factor is
too high. However, once the region where carbon dominates is reached, the scaling factor
converges to a constant value. The application of the anti-cut and the effect of carbon scaling
is shown in Fig. [8.8] By combining the data from December 2017, May 2018, February 2019
and June 2021, a global scaling factor of

¢ = (0.86 + 0.01) (8.19)

is determined.

A comparison with the scaling factor based on the target material densities (cf. Eqn.
shows that the value obtained from the data is smaller than expected. One explanation
could be the uncertainty of the filling factor, which dominates in the calculation of the target
density of butanol. Because of this uncertainty, the value directly obtained from data is used
in the following. The scaling factor is validated using the missing mass distribution after the
770 fit in Fig. This distribution is especially sensitive to errors due to the accumulation
of carbon at higher missing masses. Nevertheless, a good working carbon scaling can be
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Figure 8.8: Coplanarity distribution for 5-PED events after the full kinematic fit (left). Carbon
subtraction is demonstrated using the scaling factor ¢ = 0.86. The butanol distribution before carbon
subtraction and the scaled carbon distribution are shown. The butanol distribution after carbon
subtraction is shown as filled area. The scaling factor is determined using an anti-cut 180° &= A, i cut
on the coplanarity distribution (right). Combined data from the December 2017, May 2018, February
2019 and June 2021 data taking is shown.

seen. Leftovers on the right hand side of the distribution correspond to the background in
the event sample. For more information on background refer to Section [7.7} More resulting
distributions after carbon scaling can be found in Appendix

In Fig. 810} the scaling factor is shown for each period of data taking as a function of the
beam energy E. or cos(é?ﬂoﬂo). Since the flux normalization takes into account the energy
dependent differences in the flux, a constant behavior is expected. Furthermore, the scaling
factor after flux normalization should be consistent between the different periods of data
taking. Both are clearly the case. The remaining fluctuations are taken into account in the
systematic uncertainties (cf. Section . The scaling factors for each period of data taking
are listed in Table [8:3] However, for the following analysis, the scaling factor from Eqn. [8:19
is used, which is determined simultaneously on all periods of data taking in this work.

8.3.2.3 Exclusion of 4-PED Events for June 2021 Data

As noted in several places in this work, 4-PED events are excluded from the analysis for the
June 2021 datam The reason for this is a non-functional carbon scaling. Similar to the other
periods of data taking, the scaling factor for June 2021 is determined using 5-PED events and
the coplanarity distribution. The resulting scaling factor is consistent with the scaling factors
for the other periods (cf. Table or Fig. and can be applied to 5-PED and 4.5-PED
events. However, when the scaling factor is applied to 4-PED events, there are significant
deviations in the butanol distribution after subtraction (cf. Fig. . Instead of removing
only the influence of carbon, too much data is subtracted, resulting in negative values.

' Otherwise, all event classes are used for each period of data taking.
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Figure 8.9: Application of carbon scaling for 5-PED, 4.5-PED and 4-PED events using the missing
mass distribution after the 77 fit as an example. In all cases ¢ = 0.86 is used as the scaling factor.
The butanol distribution before carbon subtraction and the scaled carbon distribution are shown. The
butanol distribution after carbon subtraction is shown as a filled area. Combined data from December
2017, May 2018, February 2019 and June 2021 are shown.
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Figure 8.10: The scaling factor ¢ as a function of the beam energy E. or cos(f o o). The different
periods of data taking December 2017, May 2018, February 2019 and June 2021 are compared. The
horizontal lines correspond to global scaling factors. In each case (also for the global scaling factors),
5-PED events and the coplanarity distribution are used.

The impact of excluding 4-PED events for the June 2021 data is manageable. As explained
in Section [7-1], 4-PED events affect only a small kinematic range. Nevertheless, about one
third of 4-PED events are lost (cf. Table[9.1). It is therefore of great interest to solve this
problem in the future. The same effect is also observed in other analyses based on the same
data [170]. At the moment the problem is still under investigation.

8.3.3 Dilution Factor d

The protons bound in carbon and oxygen dilute the polarization observables. Since the cross
section for oxygen behaves similarly to the cross section for carbon, any difference between
oxygen and carbon is neglected in the following [171]. The polarized cross section for butanol
data is then given by
dU B dU S C S S C C 4 dU S C ¢
m :dS)<P177Py7I717Px7Py7Pm7Py) +dQ<IC7IC> :
All observables are included in the cross section of the hydrogen data. For carbon only
the beam observables contribute due to the non-polarizable bound protons in the target.
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Figure 8.11: Application of carbon scaling for 4-PED events for the June 2021 data using the missing
mass distribution after the 7’7 fit as an example. A scaling factor of ¢ = 0.83 is used. The butanol
distribution before carbon subtraction and the scaled carbon distribution are shown. The butanol
distribution after carbon subtraction is shown as a filled area.

Substituting the expression for the polarized cross section (cf. Eqn. we get
do B do\# do\¢
— == — N\1+d-A,P,+d-A,P, 2
a0 Kd9>o +(d9)o] (1+a-acrvap, (8.20)
+ o;sin(2¢p) [d-I°+ (1 —d) - I&+d- APy +d- APy
+Gcos(26p) [d-T° + (1—d) - IS +d - A, PE +d.- Ayp;]>.
For simplicity, the following expression has already been replaced
()
_ 0
=T N (8.21)
(m)o + (m)o

It becomes clear that the observables Op extracted from the butanol data are diluted by a
factor of

Op=d-0. (8.22)

Using the proportionality of the cross section to the event yield the dilution factor d can be
expressed as

Ny  Ng—c-Ngt

d: pr—
Ny + N¢ Np

(8.23)

In the last step, Eqn. is used to express the unknown event yield of hydrogen Ny using
the event yield of the reference measurement with carbon foam N¢* f. The event yield of the
reference measurement is scaled by the carbon scaling factor ¢. This allows the extracted
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observables to be corrected. An exception are the beam polarization observables, where the
dilution depends on the observables of the carbon itself

Lf=d- '+ 1-d-1d° (8.24)

Without knowledge of the beam polarization in carbon, the dilution of the beam polarization
cannot be corrected. For this reason, the beam polarization observables are not extracted as
a result of this work. They can be analyzed with higher accuracy using data measured with
a liquid hydrogen target. An example of such an analysis is [164].

In Fig. [B:12] the dilution factor is shown for each period of data taking as a function of
the beam energy E., or cos(f o o). As before with the scaling factor, the dilution factor is
expected to be the same for the different data takings. This is clearly the case for 5-PED
and 4.5-PED events. Only for the sum of 5-PED, 4.5-PED, and 4-PED events does the June
2021 data behave differently. This is because for June 2021 4-PED events are not included in
this analysis.

A decrease of the dilution factor with increasing energies is observed. This can be explained
by wider cut ranges at high energies (cf. Fig. to in the Appendix). They allow
more carbon events to be reconstructed within the cut ranges, thus lowering the dilution
factor. Other structures arise from the shape of the cross section or from acceptance effects.
Furthermore, a decrease of the dilution factor can be seen as soon as all PED classes are used.
The reason for this is that 4-PED events are particularly sensitive to carbon since no angular
cuts can be appliedlﬂ (cf. Section . Also, the influence of reactions on bound neutrons is
present in 4-PED events, since the nucleon and its charge are not measured. In Fig. the
dilution factor for all kinematic variables is plotted as a function of beam energy FE.. Again,
a decrease is clearly visible at high values of cos(f o o), where the 4-PED events are located.
In Section in the Appendix, the dilution factor for several other kinematic regions is
shown. For the final results of this work, the dilution factor is determined using the same
binning as the extracted polarization observablesE

8.4 Event Based Likelihood Fit

An event-based likelihood fit is used to extract the polarization observables [158, |172].
Therefore, the polarized cross section (cf. Eqn. is interpreted as a probability density
function fphys(®). The likelihood £ that a set of events is described by a particular f,, s is
defined as the multiplication of the probabilities of the individual events

L = fonys(event 1) - fopos(event 2) - ... - fons(event n)

= H Jpnys(event ). (8.25)
i=1

7 For the calculation of coplanarity and the polar angle difference the proton must be measured, which is not
the case for 4-PED events.
'8 There is no requirement on the statistics, that is, no minimum number of events required within a bin.
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Figure 8.12: The dilution factor d as a function of the beam energy E., (left) or cos(6 o o) (right).
The different periods of data taking December 2017, May 2018, February 2019 and June 2021 are
compared. Top: Only 5-PED events are used. Middle: Both 5-PED and 4.5-PED events are used.
Bottom: 5-PED, 4.5-PED and 4-PED events are used. Here, June 2021 behaves differently, because
4-PED events are excluded (cf. Section .
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data from December 2017, May 2018, February 2019 and June 2021. In Section [C.1]in the Appendix,
the dilution factor for several other kinematic regions is shown.

To find the best fitting f}},,s, meaning to extract the polarization observables as parameters
of the function, £ must be maximized. However, for numerical reasons it is more practical to
minimize the negative log-likelihood instead

—log (L) = — Zlog (fonys(event 7)) . (8.26)
i—1

The probability density function of the cross section fyys can be rewritten as a Fourier

series |159]

3

fohys(w) =1+ Z ay sin(ky) + by, cos(ke) (8.27)
k=1
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with the coefficients
ay =+ dA [P, sin(3) — P, cos(f)]
— %délA [(P; — Py) (sin(2a) sin(B) + cos(2a) cos(B))]
+ %déll\ [(P; + Py) (sin(2a) cos(B) — cos(2a) sin(B))]
by =+ dA [P, cos(B) + P, sin(f)]
- %dfm [(P2 — P%) (cos(2a) sin(B) — sin(2a) cos(B))]
+ %délA [(PE + P?) (sin(2a) sin(8) + cos(2a) cos(B))]
ay =+ & [—1I° cos(2a) + I sin(2a)]
by =+ &; [+1° sin(2a) + I cos(2a)]
) (—sin(2«) sin(3) + cos(2a) cos(B))]
( ) (sin(2a) cos(3) + cos(2a) sin(f))]
by =+ 50, dA [(P; + Py) (cos(2a) sin(f) + sin(2c) cos(5))]
( )

(—sin(2a) sin(B3) + cos(2a) cos(5))]

In the case of an event-based likelihood fit, the effects of the detector acceptance along
o must be explicitly considered. This can be achieved by using a normalized Fourier series
decomposition of the acceptance [15§]

faer(0) = 14 ) cpsin(ky) + dy cos(ky). (8.28)
k=1

It can be shown that it is sufficient to consider the coefficients ¢, and dj, for k < 6 without
loss of information in the polarization observables [158, 159]. Finally, by multiplying f,nys by
fdet and normalizing, we obtain the total probability density function

_ fphys((p) : fdet((p)
f(go) % f fphys((p) ’ fdet d‘P
(1 + 30—, agsin(kg) + by cos(k:np)) : (1 + 30 e sin(ky) + dy cos(kgo))

= . (8.29)
1+ %22:1 Qp.Cp. + bkdk

The last aspect to be considered are the background events bg, which arise from random
coincidences of beam photons. Other remaining background in the event sample is not
considered in the fit but will be taken into account later in the systematic error. To remove
the influence of the random beam photons, the selected sideband eventﬂ are also fitted with

19 . . . .
For more information on sideband events, see Section
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their own probability distribution. This results in the overall likelihood function
L= H( Sowd 6117Az701 87617--'7067d17--'d6)
F (L =7) - flsd' 85, Ny OB B cRB dYE, . dgg>) (8.30)
m .
I ey d 615, A5, OB g 08, B dVB, . dg®),
j=1

where f(p) is given by Eqn. [8.29, O;_g refers to the set of the eight observables. d is the
dilution factor, A the target polarization and §; the beam polarization. 7 refers to the fraction
of signal events

r=— " with w = 0.15, (8.31)

where n is the number of selected events, m is the number of events within the sideband,
and w is the weight of sideband events calculated in Eqn. [7.4 A total of 40 parameters
are determined: eight observables I°,1°, P,, P, P;, Py, P,, P, twelve detector asymmetry
coefficients ¢q,...,¢cq,dq,...dg, and the same number of parameters for the background
(sideband) events.

8.4.1 Toy Monte Carlo Simulation

The implemented likelihood method is validated using a Monte Carlo simulation. The data
are simulated according to the polarized cross section. The input is a random constellation
of polarization observables. After applying the event-based likelihood fit, the extracted
observables can be compared with the observables used as input for the simulation.

For a realistic scenario, the event yields for signal events, background due to random beam
photon coincidences, and sideband events are simulated using the Poisson distribution

Nsienal _ Poisson(7 - N)

N8 = Poisson((1—7) - N) (5.3
b ‘ .
Nsi<gieband = POISSOH(IT . N)’

where N is the event yield, 7 is the fraction of signal events, and w is the weight of sideband
events. For the simulation, 7 = 0.86 and w = 0.15 are assumed, which reflects the situation
in real data. All the parameters used in the simulation are listed in Table The event
yield is chosen differently for the different polarization settings to model a complex case. For
simplicity, the dilution factor is assumed to be 1. In addition, a bhnd spot in ¢ is simulated
as a worst-case scenario for the detector mefﬁmencym cf. Fig.|8.14] (left)). For illustration,
the cross section for each polarization setting is shown in Fig. (rlght).

2% Such an inefficiency is not expected in the detector and is used only for a thorough test of the event-based
likelihood fit.
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8.4 Event Based Likelihood Fit

Table 8.5: Parameters and event yields used as input to the polarized cross section to simulate one
Monte Carlo data set. The event yields are chosen differently for different polarization settings to
model a complex case. For the same reasons, the background observables are chosen with opposite
signs to the signal observables. 6400 Monte Carlo data sets are simulated with these parameters to
test the event-based likelihood fit.
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Figure 8.14: Left: Simulated inefficiency in ¢ which is used for an in-depth test of the event-based
likelihood fit. Right: Cross sections for each polarization setting with the parameters specified in

Table @

A total of 6400 Monte Carlo data sets are simulated. The resulting distributions for the
extracted polarization observables are shown in Fig. There is good agreement with the
input parameters. As expected, the distributions for the single polarization observables are also
narrower than those for the double polarization observables. The normalized residuals (pulls)
are shown in Fig. [8.16] They are calculated as the deviations of the extracted polarization
observables from the corresponding input parameters, normalized to the statistical error

O(n) — 0°™(n)
AO(n)

pull(n) = with n=0...6400. (8.33)
If the resulting distributions correspond to normal distributions with mean 0 and width 1, the
extracted values are in agreement with the simulation. In each case, a normal distribution
is present, so that a correct working likelihood fit can be assumed. For completeness, the
distributions of the background observables and all coefficients for the inefficiency are shown

in Section in the Appendix.
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Figure 8.15: Distributions of extracted polarization observables after 6400 Monte Carlo simulations.
The input parameters are listed in Table [8.5|and marked as red lines. The corresponding distributions
of the normalized residuals are shown in Fig.

146



8.4 Event Based Likelihood Fit
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Figure 8.16: Normalized residuals of the polarization observables after 6400 Monte Carlo simulations
(cf. Eqn.[8.33)). If the resulting distribution corresponds to a normal distribution with mean 0 and
width 1, the extracted values are in agreement with the simulation.
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Chapter 8 Determination of Polarization Observables

8.5 Systematic Uncertainties

For the final results of the polarization observables, not only the statistical error of the
likelihood fit, but also the systematic uncertainties must be considered. Input parameters
that have uncertainties are the target polarization A, the beam polarization §;, and the
dilution factor d. In addition, the remaining background £ in the final event sample can also
bias the extracted observables. A method for quantifying the total systematic error in the
final results is presented in the following. The method is based on considerations in [158].

8.5.1 Polarization Degree

One source of systematic error is the uncertainty associated with the target and beam
polarization. The uncertainty of the target polarization arises primarily from the temperature
measurement during calibration of the nuclear magnetic resonance (NMR) measurement.
The relative systematic error in target polarization is estimated to be [109]

%é:z%. (8.34)
Similarly, beam polarization introduces a systematic error into the analysis. To estimate the
systematic error, deviations of the calculated ANBEI spectrum and the measured enhancement
spectrum were analyzed in [173]. Based on this comparison, the relative systematic uncertainty
in the beam polarization is estimated to be
A% =5%. (8.35)
o
An increase in the systematic uncertainty of the beam polarization near the position of
the coherent edge was proposed in [158]. However, more recent studies find no evidence to
support the need for such an adjustment [164]. Therefore, a global estimate is used in this
work.
The degree of polarization enters as a multiplicative factor in the extraction of polarization
observables, leading to a direct propagation of the relative systematic uncertainty to the
extracted observables

AOL;  AA
o A
A0S, A
o =5 (8.36)

AOTS (AA>2 (Ml)z
= ) + (=) .
OT B A 5
Here, 07 and OF are single polarization observables with respect to the target polarization

(7T) and the beam polarization (B), respectively. Double polarization observables dependent
on both target and beam polarization are denoted as o078,

2 ANalytical Bremsstrahlung
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8.5 Systematic Uncertainties

8.5.2 Dilution Factor

The systematic error of the dilution factor is derived from the systematic error of the scaling
factor. A global scaling factor is used across all periods of data taking. The systematic error
of the scaling factor is estimated to be Ac = 10 % and accounts for the small fluctuations
between the different periods (cf. Fig. [8.10). The propagation of the systematic error from
the scaling factor to the dilution factor is given by

NET T Ac

As with the polarization degrees, the dilution factor is used as a multiplicative factor in
the extraction of polarization observables, leading to a direct propagation of the relative
systematic uncertainty to the extracted observables

A0, _ Ad
O d’

(8.38)

8.5.3 Background

Remaining background £ in the final event sample can bias the extracted observables, as the
measured observables represent a mixture of signal and background contributions

Omeas = (1 - f)o + fobg‘ (839)

The fraction of background events & is carefully examined in Section [7.7] While it is, in
principle, possible to correct the extracted observables for their background contributions [159],
such a correction requires a precise and reliable determination of £. Any systematic uncertainty
in the estimation of £ would otherwise be directly reflected in the final results. Therefore,
in this work, no correction is applied and O,,.,c = O is assumed. Instead, the potential
influence of background is taken into account in the total systematic uncertainty.

In [158], a realistic estimate for the systematic uncertainty due to background, AO,,, is
derived as

A0, S €. (8.40)

In the following, AO,,, = £ is chosen as a conservative estimate.

8.5.4 Combination of Systematic Errors

To combine the different sources of systematic uncertainty, the first step is to convert the
relative uncertainties A(’);f,ls into absolute uncertainties AO:;,)SS . A straightforward approach
would be to use

AOYE = AOLL - 0| (8.41)

sys

but this neglects the statistical uncertainty AQOg, associated with the measured observables.
To account for the statistical error, Eqn. is convolved with the probability distribution
of the estimate for @. This distribution is modeled as a Gaussian with mean O and standard
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Chapter 8 Determination of Polarization Observables

deviation o = AOq,;. The convolution integral is given by [158]

AOS}?: = / A(’);f,ls O =z - N(z,00)dx

o0 2
= / AO;;IS 1O — x| exp (2) dz. (8.42)

1
V2705 200
This integral is evaluated numerically over the range [—50¢, 500)].

The total systematic uncertainty is then obtained through Gaussian error propagation.

For the different types of observables, the following expressions are used

r 2

50T
AAN? Ad\?

0" = /\/(A) +<dd> O — 2| N(z,07)dz| +¢

_—50’T

B 50’8 A6 2 2
aot= 1 \/<5l) 08 — o] N(w,05)dz| +€ (8.43)

\ 595 :

[P AN AGNE AN 2
a0’ = || [ ﬂ) (T + () 107 —al-Nz,ops)do| +€

o A 5, d

As before, 07 and OF refer to single polarization observables associated with target polariza-
tion (7)) and beam polarization (B), respectively. Double polarization observables dependent
on both target and beam polarization are denoted as 0’5,
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CHAPTER 9

Discussion of the Results

In this chapter, the results for the polarization observables P,, P,, P,, P}, P; and P, for

Yp — p7T07r0 are presented and discussed. The results are checked for consistency between the

different periods of data taking relevant to this work. Their combination is used to obtain
the final results that are compared with existing data as well as with predictions from recent
partial wave analyses solutions.

9.1 Different Periods of Data Taking

In this work, four periods of data taking are analyzed. They are listed in Table together
with their coherent edge and the number of extracted p7r07r0 events after carbon subtraction.
The different data takings were recorded over a period of four years, during which the

Table 9.1: Characteristics of the different periods of data taking used in this work. For December
2017 the first runs (200024 — 200208) are discarded as the configuration of the experiment was not
yet finalized. The number of p7r07r0 events is given after carbon subtraction for the sum of all PED
classes. The relative proportion of each data taking is given in parentheses. In every case, the event
selection presented in Chapter [7]is applied.

Data taking Coherent edge Run range Total events p7r07r0
December 2017 1350 MeV 200209 — 200941  0.86 x 107 1.44 x 10° (18 %)
May 2018 1350 MeV 201475 — 202308  1.22 x 10°  2.55 x 10° (31 %)
February 2019 1600MeV 205482 — 206052  0.80 x 107 1.47 x 10° (18 %)
(33%)

June 2021 1600 MeV 206832 — 207832 1.90 x 107  2.71 x 10° (33%

experiment was continuously improved. Most notable is the change from a QDC to a full
SADC readout at the beginning of June 2021. After that pile-up correction is available and
usedEI Furthermore, for all periods of data taking time information is used for the first time
as described in Chapter [5] including time clustering.

In June 2021, there were also some challenges in stabilizing the coherent edge. In addition
to drifts away from the nominal position, discrete jumps occurred that shifted the coherent
edge by up to 100 MeV. This led to the need for a modified treatment of the linear polarization
in the analysis. For these data, the linear polarization is determined on a per—spil]ﬂ basis

! The effect of the pile-up correction is described in [141].
A spill refers to one extraction cycle from the accelerator and lasts about 4 seconds.
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Chapter 9 Discussion of the Results

instead of for runs. This allows to take into account the volatile behavior of the coherent
edge [174].

9.1.1 Correction of Target Polarization in December 2017

In |145], the p7r0 final state was analyzed for the December 2017 and May 2018 data. There,
a discrepancy was found between the polarization observables extracted from the two periods.
An investigation of the target asymmetry T revealed that, for the data to be consistent,
the target polarization in December 2017 needs to be scaled by a factor of (1.41 £ 0.02).
This discrepancy is attributed to an underestimation of the target polarization during that
period. The NMR coil used to measure the target polarization was positioned outside of the
target cell for December 2017, whereas in the other periods it was placed inside. The outer
placement can lead to the formation of a thin ice layer on the coil, containing non-dynamically
polarizable protons. This layer of ice artificially lowers the measured degree of polarization.
The explanation is supported by previous measurements by the A2 collaboration at MAMI,
where a direct comparison of an outer placement of the coil with an inner placement confirmed
that the outer placement leads to a systematically reduced polarization [173].

In |145] the correction factor for December 2017 was determined by calculating the ratio
of the target asymmetry for each data poimﬂ

PDec2017

Y
PMay2018 ' (91>

y
For verification, the factor is determined again. This time, instead of calculating the ratio, a
more sophisticated method is used.
If the extracted observables for the two periods of data taking are consistent, their residuals
normalized to the statistical error must follow a normal distribution with mean 0 and width
1. Thus, assuming a factor f for the December 2017 data, the quantity

May2018 Dec2017
P i B% (92
\/(AP;\/Iay%lS)Z n <f_AP;3ec2017)2

must be normal distributed once the correct factor is found. Therefore, minimizing the
negative log-likelihood

n 2
~log (£) = = Y loglaa(bin 1)), ole) = = exp<—92) (93
i=1

gives the best estimate for f. For the minimization, the target asymmetry P, in bins of £,
and cos(f o o) is used, since it is a single polarization observable and independent of the
beam polarization. The negative log-likelihood and the minimization results are shown in
Fig. m (left). The minimization is performed for the pr’7” data from this work as well as

% The mean of the resulting distribution was used as the correction factor.
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Figure 9.1: Left: Minimization of —log (L) (cf. Eqn. . The resulting factor f is shown for prln®
data from this work as well as for pr” data from [145]. Right: Difference in the target asymmetry P,

for pr’n’ data from December 2017 (corrected) to May 2018, normalized to the statistical errors.

for the pr° data from [145]. The resulting factors are

00 1 p7r07r
(FPTT =(0.709 4 0.020) < <f> = (1.41 £ 0.04)
0 1 pfr0
()P =(0.694+0.005) < <f) = (1.44 +0.01). (9.4)

f corresponds to the factor used in Eqn. to scale the December 2017 data, while %
corresponds to the correction of the target polarization. The values agree within their errors
and are close to the value determined in [145]. In the following, an error-weighted average

of ? = (1.44 +0.01) is used as the scaling factor for the target polarization. The measured
degrees of polarization for December 2017 are corrected to

A" = 451.6% - 1.44 = +74.3%
AT = —49.9% - 1.44 = —T1.9%. (9.5)

A comparison of the uncorrected and corrected target asymmetries for the December 2017
data is shown in Fig.[9.2] Furthermore, the distribution of the normalized residuals for the
corrected data from December 2017 to May 2018 is shown in Fig. m (right). As expected,
the normalized residuals are normal distributed. The correction factor is also confirmed
in |144] which is an independent analysis of the same data.
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Figure 9.2: Target asymmetry P, as a function of (E cos(f_o o)) for data taking in May 2018,

™ T

December 2017 (uncorrected) and December 2017 (corrected) (Aeoyy = 1.44 - A). The systematic
uncertainties are shown as bars on the x-axis.

9.1.2 Comparison of the Different Periods of Data Taking

For the final results, the different periods of data taking are combined into a single event-based
likelihood fit. It is therefore necessary to ensure that the individual results are consistent
within statistical uncertainties. In Fig. the target asymmetry P, for 5-PED and 4.5-PED
events is compared for each of these periods. 4-PED events are excluded because they are not
used for June 2021 (cf. Section. A comparison including the 4-PED events but without
June 2021 is shown in Section [D.1]in the Appendix. In all cases, the target polarization for
December 2017 is corrected by a factor as described above. Already qualitatively, a good
agreement can be seen.

For a more detailed comparison, the residuals normalized to the statistical error are
compared for each combination of the four periods of data taking (cf. Fig.[9.4). If the values
agree within their statistical uncertainties the distributions must follow a normal distribution
with mean 0 and width 1, which is largely the case. Small deviations can be explained by the
systematic uncertainty of the target polarization which is independent for each period of data
taking. The same comparison can be made for double polarization observables. However,
high statistical errors make comparison and interpretation more difficult. A comparison for
the double polarization observable P, is shown in Fig. and
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Figure 9.3: Target asymmetry P, as a function of (Ewcos(ﬁwoﬁo)) for 5-PED and 4.5-PED events.
The different periods of data taking December 2017, May 2018, February 2019 and June 2021 are
compared. The systematic uncertainties are shown as bars on the x-axis.

9.2 Comparison to Existing Data

So far, comparisons have been made between different periods of data taking. However, it is
also important to compare the results with existing data from an independent analysis. For
such a comparison, the results of Seifen et al. [20] are used. This is the only study on pro7?
with equivalent polarization settings and with an overlap in the same kinematic region (see
Table . In Seifen et al., data were also measured with a transversely polarized target
and a linearly polarized beam, and the single polarization observables P, P, as well as the
double polarization observables Py, P;, P;, P, were extracted. Only the coherent edge of
the beam polarization has been set to 950 MeV, which is significantly lower than for the data
in this work (1350 MeV and 1600 MeV). As a result, there is no significant overlap of the
extracted double polarization observables. Only for the single polarization observables, a
detailed comparison can be performed. Furthermore, in Seifen et al. only 5-PED and 4.5-PED
events are used. Thus, the 4-PED events in this work are also excluded in the following
comparison. Moreover, to be consistent with the definitions in Seifen et al., in the case where
pr° span the secondary decay plane, the cos () of the recoiling ™ (definition in Seifen et al.)
is used instead of the cos(f) of the pr” system (definition in this work). This redefinition is
used here for comparison purpose only. Finally, the same binning of the kinematic variables
is used as in Seifen et al.
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Figure 9.5: Target asymmetry P, as a function of (E,,cos(f o o)) for 5-PED and 4.5-PED events.
The different periods of data taking December 2017, May 2018, February 2019 and June 2021 are
compared. The systematic uncertainties are shown as bars on the x-axis.
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Figure 9.6: Residuals of the target asymmetry P, for 5-PED and 4.5-PED events normalized to the
statistical error for each combination of the four different periods of data taking December 2017, May
2018, February 2019 and June 2021.

A comparison of the target polarization P, as function of E, and cos(HTroﬂo) is presented in
Fig.[0.7 Their normalized residuals are shown in Fig. [0.§ well matching a normal distribution
with mean 0 and width 1. For an even more thorough comparison, the target asymmetry
P, and P, is extracted for a specific energy range E, and as function of three kinematic
variables (cos(Gpﬂo), M o, gb;To). The four-dimensional comparison is shown in Fig. [9.9| for

an energy range of £, = 800 — 950 MeV. Other energy ranges are shown in Section [D.2]in
the Appendix. In all comparisons, small deviations can be explained within the systematic
uncertainty of the target polarization, which is independent for the data sets. Furthermore,
in Seifen et al. the polarization observables are corrected for their background influence.
In this work, however, the background is included in the systematic error. Despite these
differences, a good agreement can be seen for the full energy range.

For completeness, a comparison of the double polarization observables is shown in Fig.[9.10
It can be clearly seen that this work complements the existing data by extending the double
polarization observables to higher energies. However, due to the lack of overlap, a systematic
comparison is not possible.
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Figure 9.7: Target asymmetry P, as function of (Em cos(@ﬂoﬂo)) for 5-PED and 4.5-PED events. The
combined data of this work is shown in comparison to Seifen et al. [20]. The systematic uncertainties
are shown as bars on the x-axis. For completeness, model predictions of BnGa-2022 and

are already presented.
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Figure 9.8: Difference in the target asymmetry P, as a function of (Ew cos(@woﬂo)) normalized to the

statistical error for data from this work compared to data from Seifen et al. [20].

158



9.2 Comparison to Existing Data

Q_X F-10< cos(e ) <-0.6 F-06< cos(ep“a) <-0.2 F -0.2<cos(8,,)<0.2 F02< cos(epn‘,) <0.6 F 0.6<cos(®,) <1
0.5 1050 < M < 1186 r 1050< Mpno <1186 C 1050 < M <1186 C 31050 < Mpn‘, <1186 C 50 < M < 118
‘ F N i i . J{ a: i
0t }%ﬁ—; B - 2 +
i ‘; : Ty 4+ i—}j ; Tt T }Lﬁ TT 13 {T
-0.5 F e e E
:\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\\\\\\
F-l0< cos(emp) <-0.6 F-06< cos(epno) <-0.2 F-02< cos(epnu) <0.2 F 0.2< cos(epno) <0.6 F06< cos(epna) <1.0
05 1186<M,, <1322 F 1186 <M, <1322 r 1186 <M, <1322 r. 1186 <M, <1322 r 1186 <M, <1322
i SN ; E E R W
[ 4 XIS ® r r [
e R S e T e e
[ B r Bl E L L} j/é £ e vi,/
-0.5 e e e E
:\HH\HH\HH\H‘:H‘\HH\HH\H:H‘\HH\HH\H:H‘\HH\HH\H‘:HH\HH\HH\H‘
F -1.0<cos(f TP) <-0.6 F -06< cos(epna) <-0.2 F-02< cos(epnﬂ) <0.2 F 0.2< cos((-)pna) <0.6 F 06< cos(Spna) <1.0
0.5 132%< Mpn” <1458 r 132jiMpn‘, <1458 r 132£< MprP <1458 r 1322< Mpn‘, <1458 r 1[322 < Mpn‘, <1458
5 n n n b N
ottt o s e e - A N
g H{j/{» ? Eol ij/% F \E g /% J T ‘\4}/?/% F B
-0.5 - e C ! [
:\HH\HH\HH\H:\"‘\""\"H\H‘E\HH\HH\HH\‘ E\HH\HH\‘ ‘\H‘E\“‘\HH\HH\H
0 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300
o [
pr®
D_> F-l0< cos(epno) <-0.6 F-06< cos(Opr‘o) <-0.2 F -0.2<cos(f nq) <0.2 F 0.2<cos(6,,)<0.6 F06< cos(epn‘,) <1.0
0.5 1050 < Mpno <1186 . 1050< Mpn‘j <1186 r . 1050 < M < 1186 ? C 1050 < M < 1186 L 1050< Mpn° <1186
[ [ [ 1 [ [
i S SWES ii} J,Eii 3 4+
Oj % Fhay o s /i/ Tor EE T+ E —;_ r *#%;% _%jf—
E /{ E ; S I £ £ E
-05C ¢ 3 . g - LI - 8 E
:\\\\\\\L\\\\\\\\\\\:\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\\\\\\\
f -1.0<cos(8,)<-0.6 f-0.6<cos(8,,)<-0.2 - -0.2<cos(f,,) <02 - 0.2<cos(§,,) <06 f 0.6<cos(®,,) <10
r  1186<M ,<1322 . 1186<M ,<1322 . 1186< M <1322 r  1186<M_ ,<1322 . 1186<M ,<1322
0.5¢ or® E pre E E pr’ E pr
z z i o Y = z
N e e o W IV ra s RS S E s ¢
£ 3 £ 3 / o C
0.5 e e b A bt S E
[ [ o [ b
S O o S T T O T S T o S T T T o N T S T T AR
- -10<cos§,)<-06 [ -06<cos(®,)<-02 [ -0.2<cos(f,)<0.2 F 0.2<cos(®,,) <06 F 0.6 <cos(,,) <10
0.5 1322 </${Ip“§\< 1458 . 1322< Mmﬂi< 1458 . 1322< M <1458 . 1322< Mpﬂ‘, <1458 o 1322< Mpn‘, <1458
5 L/ 5 /T I\ r /é i \ r PN 5
O+ — b Fye ——
5 f\\_i’_/ X i_f_ . /? P / * £ /8 RN 5 e t i
05! + e = ; ;?\j/ L/l ;+ i/ . \é W ; ¢ F \¥
:\HH\HH\HH\“E PRSI RS IR E\‘H\HH\HH\HE\HH\HH\H‘ ‘E o b e L
0 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300 0 100 200 300
o [
pr®
E., = 800 — 950 MeV
Figure 9.9: Target asymmetries P,, P, as function of (cos(9mo ), M o, ¢;ﬂo) in a specific energy

range E. = 800 — 950 MeV for 5-PED and 4.5-PED events. The combined data of this work is shown
in comparison to Seifen et al. [20]. The systematic uncertainties are shown as bars on the x-axis.
Comparisons in other energy ranges are given in Section [D.2]in the Appendix. For completeness,
model predictions of BnGa-2022 and are already presented.
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Figure 9.10: Double polarization observables P;, P, as function of (E,, cos(@ﬂoﬂo)) for 5-PED and
4.5-PED events. The combined data of this work is shown in comparison to Seifen et al. [20]. The
systematic uncertainties are shown as bars on the x-axis. For completeness, model predictions of
BnGa-2022 and are already presented.
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9.3 Comparison to Model Predictions

For the comparison with Seifen et al. only 5-PED and 4.5-PED events were used to ensure
identical settings. In the following, 4-PED events are also included, representing all the
available statistics in this work. The extracted observables are compared with the predictions
available from several frameworks. In this work, particular emphasis is placed on the Bonn-
Gatchina PWAH [53-55, 65]. The Bonn-Gatchina PWA provides easily accessible predictions
for the p7r0770 final state. Moreover, the predictions can be used in all relevant kinematic
regions. Two different solutions are used for comparison.

Bonn-Gatchina 2014 The BnGa-2014 solution is based on a pure K-matrix approach [53].
While this solution already includes data from a variety of channels and experiments, it does
not yet include the data from Seifen et al. [20]. This makes this solution, along with the most
recent one, interesting for comparison.

Bonn-Gatchina 2022 The BnGa-2022 solution is the latest version. Instead of a pure
K-matrix formalism, the N/D technique is used. For more information on this method,

see [20, 21, |65]. Also, additional data such as the results from Seifen at al. are included in
this solution 20}, 54].

A full five-dimensional representation of the extracted observables is not possible due to
statistical limitations. Therefore, the observables are presented for different combinations
of kinematic variables, while integrating over the other variables. In Section the
extracted observables are presented as a function of two kinematic variables. In Section [9.3.2]
four-dimensional representations are presented. These two sections are used for a qualitative
presentation of the results and visual comparison with the model predictions. In Section [0.3.3]
a more quantitative comparison is made.

9.3.1 Polarization Observables in Two Dimensions

For the following, a binning of the observables is used which is fine tuned to the statistics in
this work. A fine binning is used for single polarization observables. In contract, for double
polarization observables a coarser binning is chosen to account for their larger statistical
uncertainties. In addition, the energy binning for double polarization observables is tuned to
the high beam polarization region.

P,, P,

In Fig. and the target polarization observables P, and P, are shown as a function
of (E,,cos(f_o_o)). This choice of kinematic variables represents a quasi-two-body dynamicsﬂ

for which the relations P, = 0 and P, = T hold (cf. Eqn. . In Fig. and the

* Partial Wave Analysis
It is integrated over the angles between decay plane and reaction plane (qb:owo,@:roﬂ_o), which reduces the
three-body dynamic to a quasi-two-body dynamics (cf. Chapter .
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target polarization observables P, and P, are shown once again, but this time as a function
of (E,, qﬁjroﬂo). Thus, the quasi-two-body dynamics is no longer valid and P, # 0. Due to
parity conservation, P, is odd in ¢*, while P, is even in ¢* (cf. Section .

In general, a good qualitative agreement with the model prediction of BnGa-2022 is present.
This is also to be expected as the data from Seifen et al. already constrains the model
in this kinematic region for single polarization observables. This data is not included in
the BnGa-2014 solution, which shows larger deviations. Only at higher energies deviations
become visible also for the BnGa-2022 solution. One example is P, at energies around
E, =2000MeV. More figures on the single polarization observables in different kinematic

regions, also for the p7r0 instead of the 7’7" system, are presented in Appendix

P, P;, PS, PS

In Fig. and double polarization observables Py, P,, Py, P, are shown as a function
of (E,,cos(f o o)) and (E,, ¢;07r0). In this energy range there is no data yet included in
the model predictions for these observables. However, both the BnGa-2022 and BnGa-2014
solutions can follow the data to some extent. For Pyc there are some more significant deviations.

They are expressed in terms of a x° /N in Section As before, further figures on the

double polarization observables in different kinematic regions, also for the p7ro instead of the

7or° system, are presented in the Appendix

9.3.2 Polarization Observables in Four Dimensions

A full five-dimensional representation of the polarization observables is hardly possible.
Due to statistical limitations, at most a four-dimensional representation can be extracted.
Such a four-dimensional representation is shown in the following for both single and double
polarization observables. Each figure corresponds to a selected energy range. In each figure
(energy range), the extracted observables are presented as a function of (cos(6), M, ¢*).

P,, P,
The four-dimensional target asymmetry P, is extracted for the energy range
E., =650 — 1850 MeV with a binning of AE., =150 MeV.

Only the last energy bin is increased to 300 MeV for more statistics. In Fig. to the
four-dimensional representation of P, for the higher energy range 1100 — 1850 MeV is shown.
This is the first time that the observables have been extracted in four dimensions at such
high energies. In the Appendix @ all energy ranges for the target asymmetries P,, P, are

shown for both the 7°7° and the pﬂ'o system.
P:, P, PS, P

The double polarization observables can only be extracted in a small energy range corre-
sponding to the region of high beam polarization. Therefore, only two energy bins are used
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Figure 9.11: Target asymmetry P, as function of (E'w cos(@ﬂoﬂo)). The combined data of this work is
shown as well as the model predictions BnGa-2022 and

. The systematic uncertainties are
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Figure 9.12: Target asymmetry P, as function of (E,, cos(&ﬂoﬂo)). The combined data of this work is
shown as well as the model predictions BnGa-2022 and . The systematic uncertainties are

shown as bars on the x-axis.
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Figure 9.13: Target asymmetry P, as function of (E’w ¢;oﬂo). The combined data of this work is
shown as well as the model predictions BnGa-2022 and . The systematic uncertainties are

shown as bars on the x-axis.
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Figure 9.14: Target asymmetry P, as function of (E'w (b:_oﬂ_o). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
shown as bars on the x-axis.
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Figure 9.15: Double polarization observable P, P; as function of (E,y, cos(9ﬂoﬂo)). The combined
data of this work is shown as well as the model predictions BnGa-2022 and . The systematic
uncertainties are shown as bars on the x-axis.

for the four-dimensional representation of the double polarization observables
E., =1000 — 1600 MeV with a binning of AE., = 300 MeV.

The four-dimensional representation of the double polarization observable P; is shown as
an example in Fig. This observable contained larger deviations in its two-dimensional
representations. In the Appendix [H] all energy bins are shown for all double polanzatlon
observables P,, P;, Py, P;. The results are presented in both the 70 and pr system.
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Figure 9.16: Double polarization observable Py, P, Py, P, as function of (E,, ¢ 0 o). The combined
data of this work is shown as well as the model predictions BnGa-2022 and . The systematic
uncertainties are shown as bars on the x-axis.
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9.3.3 x?/N of BnGa-2022 and BnGa-2014

For a quantitative study of the agreement between the extracted results and the model
predictions, the X2 /N criterion is used. It is defined as

2
1 N O?nGa N O;iata
X2/N = NZ p 2 ;) 2 (9-6)
S (a0t + (aots)

where N is the number of data points.
In Fig. (top) the calculated x? /N for the target polarization observable Py(v/s,c08(6 o o))

and P,(y/s,4 0 o) as function of /s is shown. For the calculation of the x*/N the center of
mass energy /s is used instead of the beam photon energy E., allowing a better comparison

with resonance regions. The calculated X2 /N is in agreement with the previous visual obser-
vations. In the case of single polarization observables, there is a good agreement between
the data of this work and the BnGa-2022 solution. Here the data from Seifen et al. already
constrain the solution. It is only at higher energies in (y/s,cos(f o o)) that discrepancies

start to appear. On average, the comparison with BnGa-2022 a XQ/N of 2.2 (left) and 1.3
(right) is reached. In contrast, the BnGa-2014 solution shows significantly poorer agreement,
with average x> /N values of 6.8 (left) and 5.4 (right). This is to be expected, since in this
case the data from Seifen et al. do not yet constrain the solution. It should be noted that
the significance of the X2 /N values decreases at higher energies, where increased statistical
uncertainties prevent small deviations from being reliably resolved.

In Fig;/@ (bottom), the x*/N for the double polarization observable Py(\/5,c08(6 o 0))
and Py (/s, ¢_o0_o) is shown, which contained larger differences from the model predictions.
In the energy range shown, neither BnGa-2014 nor BnGa-2022 are constrained by measured
data. Especially in the range of /s = 1725 — 1875 MeV significant deviations can be seen. In
this range the data extracted in this work will have a high impact on the next generations of
BnGa solutions. For P, the BnGa-2014 achieves a better average x*/N of 2.0 (left) and 1.9
(right) compared to the BnGa-2022 with 2.3 (left) and 2.8 (right). However, looking at the
data in Fig. (bottom), BnGa-2022 seems to represent the overall shape slightly better,
although there are larger deviations in some places.

For a more detailed analysis of the impact of the data extracted in this work, a two-
dimensional representation of the X2 /N is shown in Fig. for P, and in Fig. for P; .
As before, for P, the deviations from the BnGa-2022 solution, especially at center of mass
energies 1900 — 2300 MeVEI are much better when compared to the BnGa-2014 solution.
Here the data from Seifen et al. already constrain the solution. This is not the case for the
double polarization observable P; , where the x2 /N remains high. As before, especially at
Vs =1700 — 1850 MeV there are significant deviations.

In summary, the single polarization observables in the Bonn-Gatchina model BnGa-2022
are already reasonably well constrained by the data from Seifen et al. However, deviations
remain, particularly at higher energies. For double polarization observables, more pronounced
discrepancies are observed. It is noticeable that BnGa-2022 better describes the data in

6 At higher energies, the resolution of the x2 /N criteria decreases due to higher statistical uncertainties.
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Figure 9.17: x*/N (cf. Eqn. of the target asymmetry P, (top) and the double polarization
observables P, (bottom) in bins of (v/s,cos(f o _o)) (left) and (y/s,¢70 o) (right) as a function of /s
compared to BnGa—Q()M and .

some kinematic regions, while BnGa-2014 again better describes the data in other regions.
Incorporating the data from this work into the Bonn-Gatchina model will help to contribute
to further refine the predictions.
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(cos(f 0 0),M o 0,40 o). The combined data of this work is shown as well as the model predictions
BnGa-2022 and . The systematic uncertainties are shown as bars on the x-axis.
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Summary and Outlook

The theory of Quantum Chromodynamics (QCD) poses significant challenges. In the energy
region where hadrons form, perturbation theory cannot be applied. A promising approach to
probe QCD in this region is the study of the excitation spectrum of baryons. However, classical
(unpolarized) cross section measurements alone are insufficient to isolate the contributions
of individual excited states due to their large width. To disentangle overlapping resonance
contributions, polarized cross sections are measured, which further constrain the spin degrees
of freedom. Extracted polarization observables are then used in partial wave analysis
(PWA) to gain insight into resonance parameters and their properties. The CBELSA /TAPS
experiment makes an important contribution to the field of baryon spectroscopy investigating
the photoproduction of mesons off the proton p or neutron n. In this work, the yp — p7707r0
reaction is analyzed.

A recent upgrade of the CBELSA /TAPS experiment improved both the readout electronics
and trigger system, allowing higher data quality, improved rate capability and higher trigger
efficiency. As part of the modification, time information for the full Crystal Barrel detector
became available for the first time. In this work, the time information was investigated in
detail. It was used to independently validate the pile-up detection and pile-up correction
functionality of the newly installed sampling-analog-to-digital-converters (SADCs). Based
on this work, significant shortcomings in pile-up detection were identified, which have been
resolved in [141]. In addition, time information was included in the clustering of energy
depositions in the Crystal Barrel detector. This ensures improved particle reconstruction not
only for this work, but also for future work.

Based on the improved reconstruction process, an analysis was performed on data recorded
by the CBELSA /TAPS experiment using a linearly polarized photon beam and a transversely
polarized butanol target. Four different periods of data taking were combined: December 2017,
May 2018, February 2019, and June 2021. To achieve an optimal coverage of all kinematic
regions, in addition to 5-PED and 4.5-PED events, the more difficult-to-handle 4-PED events
were also included in the analysis. In total, 8.17 x 10° events on quasi-free protons with a
p7r07T0 final states were selected in a beam photon energy range of 650 — 3 100 MeV and an
average reconstruction efficiency of 22 %. At the same time, the average background was
reduced to < 2%. Events on bound protons were successfully subtracted using reference
measurements with carbon foam as a target material.

Using an event-based likelihood fit, polarization observables were extracted for different
combinations of the kinematic variables (E., cos(6), M, $",0"). The secondary decay plane
was chosen as either 7°7° or p7r0. The single polarization observables P, and P, were
extracted in a beam photon energy range of 650 — 3 100 MeV with high statistics. The double
polarization observables P,, P, Py, and P, were extracted in a beam photon range of
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850 — 1700. This is the first measurement of these double polarization observables at such
high energies. Moreover, the inclusion of 4-PED events enabled this analysis to extract results
also at the very forward angles of COS(Qﬂ_oﬂo). The results were compared with existing data,
where available, and with model predictions from the Bonn-Gatchina partial wave analysis.

The results of this work will help to further disentangle the ambiguities in partial wave
analysis. The next step is to incorporate the results of this work (cf. Appendix [E| to into
an updated solution of the Bonn-Gatchina model. This will improve the accuracy of resonance
parameters and branching ratios. In this way, this work contributes to the understanding of
strongly bound systems in QCD.
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APPENDIX A

Time in the Crystals Barrel Detector

This appendix presents additional material to Chapter |5} In Section a close comparison
of the output of the signal filter to the input of the discriminator module is shown. In
Section [A-2] energy dependent time distributions and example fits of a Novosibirsk function to
these time distributions are presented. This results in the final time resolution of the Crystal
Barrel detector which is shown in Fig. [5.3] The Section [A3] contains all the distributions
and some example fits needed for developing the method for selecting TDC times in the
Crystal Barrel detector. The Section [A74] contains more information about the clustering of
timestamps at threshold A.

A.1 Signals in the TDC Branch

S -
D B i
1.51 |
17 \‘N\ :
0.5 s
L M‘\“m
O e
T s S I S R
-20 0 20 40 60 80 100

t [ps]

Figure A.1: Comparison of the output signal of the signal filter to the input signal at the discriminator
module. For completeness, the output signal of the preamplifier is shown as well. The signal at
the discriminator input exhibits an undershoot due to core saturation effects of the transformer.
Such undershoots have an amplitude of 4 — 8% of the signal’s voltage and last up to 80 — 100 ps
depending on the size of the signal. All signals were recorded on an oscilloscope in a laboratory where
an equivalent readout was constructed for a single crystal as it is used in the experiment.
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A.2 Time Resolution of the Crystal Barrel Detector
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Figure A.2: Examples of energy dependent time distributions of coincident hits in the Crystal Barrel
detector using Tagger bars as reference detector (TDC branch). Different crystal regions with different
threshold configuration are shown. Only signals from photons originating from a 7 decay during
data taking in May 2018 are considered. Example fits to single distributions are shown in Fig.
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Figure A.3: Fits of a Novosibirsk function (cf. Eqn. to time distributions of the Crystal Barrel
detector using Tagger bars as reference detector (TDC branch). Examples are shown for different
thresholds © 4 or ©p, different index regions with approximately constant threshold and different
energies of the crystals. Only signals from photons originating from a ° decay during data taking in
May 2018 are considered. The resulting time resolution is shown in Fig. [5.3
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A.3 Method for Selecting TDC Times
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Figure A.4: Relation between the time difference At p = tgp — t4 and energy (QDC) for crystals
exhibiting a pure AB pattern around trigger time (—200 — 200 ns) during data taking in May 2018.
Different crystal regions with different threshold configuration are shown. The deviating accumulations
at small values correspond to events that only have a timestamp at threshold B due to the influence
of noise. However, their actual energy is lower. As a result, the time difference At4p is too small.
The distribution using the normalized energy g E N is shown in Fig. (top). Example fits to
single normalized distributions are shown in Fig.
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Figure A.5: Relation between time-over-threshold at threshold B Atror =tp, — tp, and energy for
crystals exhibiting a pure ABB pattern around trigger time (—200 — 200 ns) during data taking in
May 2018. Different crystal regions with different threshold configuration are shown. At low energies,
pile-up events lead to a flat band that expands to high Atpor. The second tail at high energies for
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are shown in Fig.
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Figure A.10: Single distributions from Fig. as function of energy E (TDC). Examples are shown
for different combinations of index regions with approximately constant threshold and the energy of
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coincidences is determined using linear functions. As soon as the slope of a linear function fitted
to surrounding points shows a flat behavior the transition point is found (red line). The resulting

dependency is shown in Fig. (right).
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Figure A.11: Left: Subsequent time differences in crystals which only contain timestamps at threshold
A during data taking in May 2018. The maximal time difference used for grouping timestamps via
the single-linkage procedure is defined to be the transition point to a flat behavior created by random
coincidences. Right: Fit of Eqn. @ to the threshold dependent transition points.

A.4 Clustering of A timestamps

In situations where only timestamps are available at threshold A, no artificial dead time can
be applied. Instead, these timestamps are grouped into pulses according to the principle
of single-linkage. The time difference for the single-linkage principle ¢y is determined by
examination of subsequent time differences in crystals which only contain timestamps at
threshold A (cf. Fig. (left)). At some time difference, a transition to random coincidences
is visible. Preceding entries can be associated with the behavior of a group. The determination
of the transition point is based on the same procedure as already used for the determination
of the artificial dead time. The dependence on the threshold is then described by a simple fit

(cf. Fig. (right))
ta(©.0) =[0) - exp (1) (04~ 2)| + 13 (A1)

with parameters

[0] = (82.5 +0.5) x 10*

[1] = (—1.20 £ 0.02)

2] = (—1.84 £ 0.04)

3] = (1.556 + 0.002) x 10°.

An exception applies to timestamps at threshold A which occur shortly before a AB pattern,
i.e. the beginning of a new pulse. These timestamps are likely to correspond to noise at the
leading edge. Thus, timestamps at threshold A which occur 300 ns before an AB pattern are
discarded.
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APPENDIX B

Event Selection

This appendix presents additional material to Chapter [7] Section presents the cut ranges
for the coplanarity, missing mass, invariant mass, and polar angle difference. The color scale
is chosen so that yellow areas correspond to regions where wide cuts are applied and blue
areas correspond to regions where narrow cuts are applied. In addition, the application of
these cuts is illustrated in a series of example distributions for 5-PED, 4.5-PED and 4-PED
events (cf. Fig. to . The distributions can be used to get a feel for the effect of the
cut ranges. They also give transparent insight into the performance of the carbon scaling,
which is explained in Chapter [8] The scale on the y-axis is kept constant to give a sense of
the statistics in the different kinematic regions. Section and show the impact of cuts
and the kinematic fit for 4.5-PED and 4-PED events. The distributions for 5-PED events
are presented in the work. Section [B.4] presents the event distributions after event selection
for 5-PED, 4.5-PED and 4-PED events. Finally, in Section a collection of example fits
determining the Q-factor are shown. They can be used to assess the quality of the fitting
method. The background £ for certain combinations of kinematic variables is also presented,
as well as the size of hyperspheres.

B.1 Cut Ranges of Kinematic Cuts
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Figure B.1: Cut ranges for coplanarity and missing mass distributions as function of the beam energy E. and the cosine of the polar angle of
the mesons in the CMS cos(€ o o).
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Figure B.3: Coplanarity distribution of 5-PED events for a collection of different E. and cos(f o o) bins for data taken in December 2017,
May 2018, February 2019, and June 2021. The bins are randomly selected from areas where 5-PED events are expected. The butanol
distribution before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon
subtraction is shown as solid line. The filled area corresponds to the cut range from Fig. B-I] In every case, all kinematic cuts are applied

except of the one shown here.
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except of the one shown here.
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Figure B.5: Invariant mass distribution of 5-PED events for a collection of different £, and cos(6_o_o) bins for data taken in December
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distribution before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon
subtraction is shown as solid line. The filled area corresponds to the cut range from Fig. B:2] In every case, all kinematic cuts are applied

except of the one shown here.
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Figure B.6: Polar angle distribution of 5-PED events for a collection of different E. and cos(f o o) bins for data taken in December 2017, May
2018, February 2019, and June 2021. The bins are randomly selected from areas where 5-PED events are expected. The butanol distribution
before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon subtraction is
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Figure B.7: Coplanarity distribution of 4.5-PED events for a collection of different £, and cos(f o o) bins for data taken in December 2017,
May 2018, February 2019, and June 2021. The bins are randomly selected from areas where 4.5-PED events are expected. The butanol
distribution before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon
subtraction is shown as solid line. The filled area corresponds to the cut range from Fig. B-I] In every case, all kinematic cuts are applied
except of the one shown here.
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Figure B.8: Missing mass distribution of 4.5-PED events for a collection of different E., and cos(f o o) bins for data taken in December 2017,
May 2018, February 2019, and June 2021. The bins are randomly selected from areas where 4.5-PED events are expected. The butanol
distribution before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon
subtraction is shown as solid line. The filled area corresponds to the cut range from Fig. B:I] In every case, all kinematic cuts are applied
except of the one shown here.
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Figure B.9: Invariant mass distribution of 4.5-PED events for a collection of different £, and cos(6_o_o) bins for data taken in December
2017, May 2018, February 2019, and June 2021. The bins are randomly selected from areas where 4.5-PED events are expected. The butanol
distribution before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon
subtraction is shown as solid line. The filled area corresponds to the cut range from Fig. B:2] In every case, all kinematic cuts are applied
except of the one shown here.
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Figure B.10: Polar angle distribution of 4.5-PED events for a collection of different E. and cos(f o o) bins for data taken in December 2017,

May 2018, February 2019, and June 2021. The bins are randomly selected from areas where 4.5-PED events are expected. The butanol
distribution before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon
subtraction is shown as solid line. The filled area corresponds to the cut range from Fig. B:2] In every case, all kinematic cuts are applied
except of the one shown here.
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Figure B.11: Missing mass distribution of 4-PED events for a collection of different E. and cos(f o o) bins for data taken in December
2017, May 2018, February 2019, and June 2021. The bins are randomly selected from areas where 4-PED events are expected. The butanol
distribution before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon
subtraction is shown as solid line. The filled area corresponds to the cut range from Fig. B-I] In every case, all kinematic cuts are applied
except of the one shown here.
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Figure B.12: Invariant mass distribution of 4-PED events for a collection of different £ and cos(f o o) bins for data taken in December
2017, May 2018, February 2019, and June 2021. The bins are randomly selected from areas where 4-PED events are expected. The butanol
distribution before carbon subtraction and the scaled carbon distribution are shown as dashed lines. The butanol distribution with carbon
subtraction is shown as solid line. The filled area corresponds to the cut range from Fig. B:2] In every case, all kinematic cuts are applied
except of the one shown here.
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B.2 Effect of Cuts on 4.5-PED and 4-PED Events
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Figure B.13: Effect of the cuts on the kinematic variables for 4.5-PED events. The distributions before
any cuts, as well as the distributions after kinematic cuts
are shown. In each case, all kinematic cuts are applied except the one shown in the picture. For
completeness, the distribution after carbon subtraction is also shown. Flux normalization is applied.
The combined data of December 2017, May 2018, February 2019, and June 2021 is used. Note that
the y-axis is logarithmic.
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B.3 Effect of Kinematic Fit on 4.5-PED and 4-PED Events
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Figure B.14: Effect of the cuts on the kinematic variables for 4-PED events. For a description, cf.

Fig. @

B.3 Effect of Kinematic Fit on 4.5-PED and 4-PED Events
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Figure B.15: Effect of the kinematic fit on the missing mass distribution for 4.5-PED and 4-PED
events. Since the missing mass after the kinematic fit is limited to the literature value, the measured
values are used. The distribution after time cuts but before cuts on the CL is shown as well as the
distribution with cut on the hypothesis and . The anti-cut has
only a small effect and is not visible (the yellow distribution is on top of the green distribution). The
distribution after angle cuts is also shown, as is the final distribution after carbon subtraction. In
each case, flux normalization is applied (cf. Section 8.3.1)). Note that the y-axis is logarithmic.
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B.4 Distribution of Events
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Figure B.16: Distribution of pr’7” events for different kinematic regions. Carbon subtraction (cf.
Section is performed. All PED classes from December 2017, May 2018, February 2019 and June
2021 are used. The distributions for kinematic variables as function of beam energy E. are shown in

Fig. [7.10}
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B.5 Event Based Q Factor Method
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Figure B.17: Fits I of Eqn. to the invariant mass distribution of the missing proton for a random
collection of points with the kinematic variables (£, cos(f o o), M o o, gb:_oﬂ_o, 9;%0). The green line
represents the missing mass Mp/m of the current point. At this position, the @-factor is determined.
Note that binning varies between the distributions.
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Figure B.18: Fits II of Eqn. to the invariant mass distribution of the missing proton for a
random collection of points with the kinematic variables (E.,cos(6 o o), M o _o0,¢ 0 0,070 o). For a

description, cf. Fig.
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Figure B.19: Fits III of Eqn. 2| to the invariant mass distribution of the missing proton for a
random collection of points with the kinematic variables (£, cos(f o o), M o _o, (bjroﬂo, 9;%0). For a

description, cf. Fig.
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B.5 Event Based QQ Factor Method
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APPENDIX C

Determination of Polarization Observables

This appendix presents additional material to Chapter [§] In Section the dilution factor d
is presented for various combinations of kinematic variables. In Section the distributions
and normalized residuals of the background polarization observables within the Monto Carlo
simulation are presented. The normalized residuals are calculated as the deviations of the
extracted polarization observables from the corresponding input parameters normalized to
the statistical error (cf. Eqn. . If the resulting distributions correspond to normal
distributions with mean 0 and width 1, the values are in agreement. The distributions of the
coefficients used to model the inefficiency in the simulation are shown in the end.
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C.1 Dilution Factor d

= 1 © &=
g 1400 ;E
'_3:' 5
= 1200 250
1000 200
800 150
600 100
400 50
-1 -08-06-04-02 0 02 04 06 08 1 0—1 -08-06-04-02 0 02 04 06 08 1
€0s(8,,0) €0s(8,,0)
*
M o o vs. cos(f o o) ¢ 0 o vs. cos(0 o o)
o 180 1 - = 1 -
%
160
= 5 300
250
200
150
100
50
0—1 -08 06 -04-02 0 02 04 06 08 1 0 400 600 800 1000 1200 1400
cos(8,5,0) Moo [MeV]
0%0 o vs. cos(f _o_o) ¢ 0 0 vs. M o o
™ T ™ T ™ T T T
n — 180 1 -
- & 160 0.9
= & Lo 08
- 120 0.7
E 0.6
- 100
E 0.5
- 0.4
= 0.3
0.2
0.1
400 600 800 1000 1200 1400 150 200 250 300 350 0
M;or0 [MeV] L [
9*0 ovs. M o o 9*0 0 VS. (15*0 0
™ T ™ T ™ T ™ T

Figure C.1: Dilution factor d for different kinematic regions for the combined data from December
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of beam energy E, is shown in Fig. 8.13]
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C.2 Toy Monte Carlo Simulation
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Figure C.2: Distributions of background polarization observables after 6400 Monte Carlo simulations.
The input parameters are listed in Table and marked as red lines. The corresponding distributions
of the normalized residuals are shown in Fig.
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Figure C.3: Normalized residuals of extracted background polarization observables after 6400 Monte
Carlo simulations (cf. Eqn. . If the resulting distributions correspond to a normal distributions
with mean 0 and width 1, the extracted values are in agreement with the simulation.
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C.2 Toy Monte Carlo Simulation
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Figure C.4: Distributions of coefficients ¢;_g and d,_g for the detector efficiency after 6400 Monte
Carlo simulations.
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Carlo simulations.
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APPENDIX D

Discussion of the Results

This appendix presents additional material to Chapter 0] In Section additional views on
the comparison of the different periods of data taking are presented, including 4-PED events.
In Section [D.2] additional views on the comparison of the polarization observables extracted
in this work with Seifen et al. [20] are presented. Only 5-PED and 4.5-PED events are used
for the comparison. Additional material on the final results of this work is included in the

Section [E to Hl

D.1 Comparison of the Different Periods of Data Collection
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Figure D.1: Target asymmetry P, as function of (E,Wcos(ﬂwoﬂo)) for 5-PED, 4.5-PED and 4-PED
events. The different periods of data taking December 2017, May 2018 and February 2019 are
compared. June 2021 is not used in the comparison because it excludes 4-PED. The systematic
uncertainties are shown as bars on the x-axis.
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Figure D.3: Target asymmetries P,, P, for 5-PED and 4.5-PED events for a specific energy range
E., = 650 — 800 MeV as function of (COS(Hpﬂ_O)7 M, o, qb;ro). The combined data of this work is shown

in comparison to Seifen et al. [20]. The systematic uncertainties are shown as bars on the x-axis. For
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D.2 Comparison to Existing Data
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APPENDIX E

P,, P, in Two Dimensions

In this appendix, final results on single polarization observables P,, P, are presented in two
dimensions. For the extraction of the results, the combined data of four periods of data
taking are used: December 2017, May 2018, February 2019 and June 2021. In each case,
5-PED, 4.5-PED and 4-PED events are included for a complete coverage of the kinematic
region. An exception is June 2021, for which 4-PED events are excluded (cf. Section [8.3.2.3).
Combinations of kinematic variables for which the observables are expected to be zero when
integrated over ¢ are excluded (see Section . The results are compared with the model
predictions of BnGa-2022 and BnGa-2014. The systematic uncertainties of the results are
shown as bars on the x-axis.

7r07r0—5ystem

The series of Fig. to deals with observables extracted in the Woﬂo—system.
o Fig. [E.T] to [E.5] shows the observables in bins of E,.
» Fig. m to shows the observables in bins of cos(6 o o).
« Fig. to shows the observables in bins of M o o.

o Fig. [E.13|to shows the observables in bins of qf);owo.
0

pm -System

The series of Fig. to deals with observables extracted in the pﬁo—system.
» Fig. to shows the observables in bins of E,.

« Fig. to shows the observables in bins of cos(&pﬁo).
« Fig. to shows the observables in bins of M o.

 Fig. to shows the observables in bins of qﬁ;ro.
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Appendix E P, P, in

Two Dimensions
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Figure E.1: Target asymmetry P, as function of (E,,cos(f, 0 o)). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.2: Target asymmetry P, as function of (E’w Mﬂoﬂo). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.3: Target asymmetry P, as function of (E'v’ (b:oﬂo). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.4: Target asymmetry P, as function of (E,Y7 (b:oﬂo). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.5: Target asymmetry P, as function of (Ew Hioﬂo). The combined data of this work is shown
as well as the model predictions BnGa-2022 and
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Figure E.6: Target asymmetry P, as function of (COS(GWOW")7 Mﬂoﬂo). The combined data of this work
is shown as well as the model predictions BnGa-2022 and
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Figure E.7: Target asymmetry P, as function of (cos(6, 0 o), ¢ 0 o). The combined data of this work
is shown as well as the model predictions BnGa-2022 and
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Figure E.8: Target asymmetry P, as function of (cos(6, 0 o), ¢ 0 o). The combined data of this work
is shown as well as the model predictions BnGa-2022 and
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Figure E.9: Target asymmetry P, as function of (COS(9n°w°)7 0;071_0). The combined data of this work
is shown as well as the model predictions BnGa-2022 and
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Figure E.10: Target asymmetry P, as function of (Mﬂoﬂo,(ﬁjroﬁo). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.11: Target asymmetry P, as function of (M7Tf>7rr)7 (;S:oﬂo). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.13: Target asymmetry P, as function of ((b:oﬂ_o, 9:%0). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.14: Target asymmetry P, as function of ((b::_oﬂo,ej;oﬂ_o). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.15: Target asymmetry P, as function of (Ew cos(Gmo)) The combined data of this work is

shown as well as the model predictions BnGa-2022 and
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Figure E.17: Target asymmetry P, as function of (Evv d);ro). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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Figure E.18: Target asymmetry P, as function of (Ew gZ);ro). The combined data of this work is

shown as well as the model predictions BnGa-2022 and
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Figure E.19: Target asymmetry P, as function of (Ev,e;ﬂo). The combined data of this work is

shown as well as the model predictions BnGa-2022 and
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Figure E.23: Target asymmetry P, as function of (cos(ﬂpﬂo), 0;0). The combined data of this work

is shown as well as the model predictions BnGa-2022 and
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Figure E.24: Target asymmetry P, as function of (Mpw0’¢;w“)' The combined data of this work is

shown as well as the model predictions BnGa-2022 and
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Figure E.25: Target asymmetry P, as function of (Mpﬂo7 qS;Wo). The combined data of this work is
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Figure E.26: Target asymmetry P, as function of (Mpw"’ 0

shown
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as well as the model predictions BnGa-2022 and

o). The combined data

of this work is
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Appendix E P, P, in

Two Dimensions
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Figure E.27: Target asymmetry P, as function of <¢;7r0’

shown as well as the model predictions BnGa-2022 and

254

0*770)' The combined data of this work is



2 F 00<@ <72 E 72<¢ <144 E l44<q@ <216 F216<¢* <288 | 288<¢@ <36.0
0.5+ pre = pre = pre - e - pré
E e — L E . E TTl E E ;T
OF -4 = —= = L r —= 5 r =  S—
Fre,o* 43 [ KRN ettty § [ X T Fowewe® #0700 Lol §T e §AT
-0.5— = = e e
T Y B Y S B I S A B NI IS B P
E 36.0<<p*"0<43.2 E 43.2<q)*no<50.4 = 50.4<q?*"0<57.6 £ 57.6<<p*"0<64.8 £ 64.8<q7*na<72.0
05; P ; P ; P ; P ; P
- : = = = ‘et
0; sess e ffi?ﬂ Foeg®qote Q/T“f * Feo tjti?‘% EF~/E'T‘ Ltﬁ%’ Fo e i
-0.5 = - - o
N N Y S N A A N A W S IS A W T IS I W W N
E 72.0<q;*"0<79.2 £ 79.2<<p*“0<86.4 £ 86.4<qy*"0<93.6 E 93.6<q)*n0<100.8 E 100.8<qy*rp<108.0
0.5 P = P = P e P e P
B E E sy 1 ees? 1+ E erea iy
o— —e* & e S e - = — - = et
= e AT tT e e 1
-0.5— = = e —
N O Y B Y S A B SIS SN A BT ATINS IS S P N
= 108.0<(p*no<115.2 = 115.2<(p*n0<122.4 = 122.4<q?*na<129.6 = 1296<(p* <1368 [ l36.8<qy*n0<144.0
05; P | — P | — p | | p
£ £ £ = ¢ L
= = = = _® o = e B
X T S etready b et ttes B ttessdy
C®e . C it} C*e e :i“i/. Fewe
-0.5— = = e e
= T B Y = B A I IS = N O A AU = I S SIS A = BT I I I
= 144.0<<p*no<151.2 = 151.2<(p*no<158.4 = 158.4<<p*n0<165.6 = 165.6<(p*no<172.8 = 172.8<(p*n0<180.0
0.5 P = P = P e P — P
- §$ C _ C - C C
| ('/Tig\ j, E ,/(n'\‘gi_ % PR S i = NI S 54 ¢ o o oo b
OEF(/; o E{y; [ E /./' H} :r‘/./‘ é\ F®ee ¥ iT§\
-0.5— = = e —
Hoovw b bew e b B ew by by bl b b b B b s bl b b by
= 180.O<qr"0<187.2 = 187.2<(p*nc<194.4 = 194.4<qy*"0<201.6 = 201.6<<p*"0<208.8 = 208.8<q:i*na<216.0
05} P ; P ; P ; P ; P
Of’kff/“—hﬂ”ﬁ?ﬂl T//aT}i’iTix f’ /6"?”'\_% B r;j°/..i§§£}1 f’ﬁj/‘(ﬁi}#i,
C®e C Cee Ceg C .
-0.5— = = e e
= O Y = S B Y = S S B I RS A B UG - IS B T
= 216.O<(p*"0<223.2 £ 223.2<q)*nq<230.4 = 230.4<qy*"0<237.6 = 237.6<q}*n°<244.8 = 244.8<qy* <252.0
0.5 P = P = P e P —
c PR ) E - E [ g C
R f,';;\?; - /6/; [y itii; o (r!_l'§¥ii EE— ,i»/ri\i\ii% — ,*, e éi%i
C Ce® e Ce C . C
-0.5 = = - -
N N Y S N A A N A W S IS A W T IS I W W N
= 252.0<¢r"a<259.2 £ 259.2<(p*no<266.4 = 266.4<qy*"0<273.6 = 273.6<qy*"0<280.8 = 280.8<qy*no<288.0
0.5 P = P = P e P e P
E .o E S T vis g it F t
F— e b e Sy I Rt Y ) e N RPUR. S S — I R
OE! — -;#, B +F e ST e — o=
-0.5— = = e —
N O Y B Y S B SIS NS S BT ATINS IS B P N
= 288.O<q)*"0<295.2 = 295.2<q;*n0<302.4 = 302.4<q?*"0<309.6 = 309.6<(p*“0<316.8 = 316.8<(p*“0<324.0
0.5 ’ = g = b o ’ o g
0: - %L C /7 8 i* C _ C - C _ i
EGT'./.. *T E(ﬁ‘ioo\! — Feeoe “o o % 77’§fT E;ﬁi‘rl é‘fT Fe f;.'*!fé%ff\t
-0.5— = = e e
N N Y S N A A N A W S IS A W T IS I W W N
= 324.o<go*no<331.2 = 331.2<q)*n0<338.4 = 338A4<qfn0<345.6 = 345.6<qf*no<352.8 = 352.8<q?*n0<360.0
0.5 P % = P = P e P — P
o — F - = B —vvE— v e
e R, TR SRR TN ST
-0.5— = = e —
B dvwedon o b By ew e by by by Bl b b b B by s by B b b by
0 150 0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
" [
pr®

Figure E.28: Target asymmetry P, as function of (gb:mo, 0;0). The combined data of this work is
shown as well as the model predictions BnGa-2022 and
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APPENDIX F

S S (& C = . .
P,, P/, P, P, in Two Dimensions

In this appendix, final results on double polarization observables P, P,, P, P, are presented
in two dimensions. For the extraction of the results, the combined data of four periods of
data taking are used: December 2017, May 2018, February 2019 and June 2021. In each case,
5-PED, 4.5-PED and 4-PED events are included for a complete coverage of the kinematic
region. An exception is June 2021, for which 4-PED events are excluded (cf. Section [8.3.2.3]).
Combinations of kinematic variables for which the observables are expected to be zero when
integrated over ¢" are excluded (see Section [8.2.1)). The results are compared with the model
predictions of BnGa-2022 and BnGa-2014. The systematic uncertainties of the results are
shown as bars on the x-axis.
7r07r0—System
The series of Fig. to deals with observables extracted in the 7°7%-system.

« Fig.[F.T]to[F.3]shows the observables in bins of £, .

« Fig. H to shows the observables in bins of cos(f o o).

« Fig. to @ shows the observables in bins of M o o.

o Fig. shows the observables in bins of gb;oﬂo.

p7rO—System
The series of Fig. to deals with observables extracted in the pwo—system.
o Fig. [[.9 to [F.I1] shows the observables in bins of E..

Fig. to shows the observables in bins of cos(Gpﬂo).
Fig. to shows the observables in bins of M_o.

Fig. shows the observables in bins of qﬁ;ro.
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Appendix F P;, P;, P;, P, in Two Dimensions
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Figure F.1: Double polarization observable P;, P, as function of (E,,cos(f o o)) and (E,, M o o).
The combined data of this work is shown as well as the model predictions BnGa-2022 and .
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Figure F.2: Double polarization observable Py, Py, Py, P, as function of (E,, ¢ 0 o)

data of this work is shown as well as the model predictions BnGa-2022 and

. The combined
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Appendix F P;, P;, P;, P, in Two Dimensions
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Figure F.3: Double polarization observable Py, P, as function of (E., 0;:0_“_0). The combined data of
this work is shown as well as the model predictions BnGa-2022 and
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Figure F.4: Double polarization observable Py, Py, Py, P, as function of (cos(f o 0),¢ 0 o). The
combined data of this work is shown as well as the model predictions BnGa-2022 and .
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Figure F.5: Double polarization observable P;, P, as

(cos(f 0 0),6070 o).
BnGa-2022 and
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function of (cos(f o o), M o o) and

The combined data of this work is shown as well as the model predictions
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Figure F.6: Double polarization observable Py, P;, P;, P, as function of (M o 0,470 o). The
combined data of this work is shown as well as the model predictions BnGa-2022 and
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Figure F.7: Double polarization observable Py, P, as function of (M o o, 0;%0). The combined data
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Figure F.8: Double polarization observable P,

Yo

P;, P;, P, as function of

data of this work is shown as well as the model predlctlons BnGa-2022 and

(¢70.0,070 o). The combined
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Figure F.10: Double polarization observable P,, P;, P;, P, as function of (E,, gb;ﬂo

data of this work is shown as well as the model predictions BnGa-2022 and
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Figure F.12: Double polarization observable P;, P;, P;, P, as function of (cos(d o),¢" o). The
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Appendix F P;, P;, P;, P, in Two Dimensions
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apPenDIX G

P,, P, in Four Dimensions

In this appendix, final results of the single polarization observables P,, P, in four dimensions
are presented. Each figure represents a selected energy range. In each figure (energy range),
the extracted observables are presented as a function of (cos(#), M, ¢"). For the extraction
of the results, the combined data of four periods of data taking are used: December 2017,
May 2018, February 2019 and June 2021. In each case, 5-PED, 4.5-PED and 4-PED events
are included for a complete coverage of the kinematic region. An exception is June 2021, for
which 4-PED events are excluded (cf. Section [8.3.2.3)). The results are compared with the
model predictions of BnGa-2022 and . The systematic uncertainties of the results
are shown as bars on the x-axis.

7r07r0—5ystem

The series of Fig. to deals with observables extracted in the 7T07T0—SyStel’I1.

pr—System
The series of Fig. to deals with observables extracted in the pﬂo—system.
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Appendix G P, P,

in Four Dimensions
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Figure G.6: Target asymmetry P, for a specific energy range E, = 1250 — 1400 MeV as function of
(cos(&ﬂoﬁo), M o o, (b:_oﬂ_o). The combined data of this work is shown as well as the model predictions
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Figure G.7: Target asymmetry P, for a specific energy range E, = 1400 — 1550 MeV as function of
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Appendix G P, P, in Four Dimensions
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Figure G.9: Target asymmetry P, for a specific energy range E, = 1550 — 1850 MeV as function of
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Figure G.14: Target asymmetries P,, P, for a specific energy range £, = 1100 — 1250 MeV as function

of (cos(&pﬁo), M, o, (b:mo). The combined data of this work is shown as well as the model predictions
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Appendix G P, P, in Four Dimensions
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Figure G.15: Target asymmetry P, for a specific energy range E., = 1250 — 1400 MeV as function of
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Figure G.20: Target asymmetry P, for a specific energy range E, = 1550 — 1850 MeV as function of

(cos(ﬂpwo), M o, qﬁzﬂo). The combined data of this work is shown as well as the model predictions
BnGa-2022 and
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ApPenDIX H

S S (& C - - .
P,, P/, P, P, in Four Dimensions

In this appendix, final results of the double polarization observables P;, P;, P;, P, in
four dimensions are presented. Each figure represents a selected energy range. In each
figure (energy range), the extracted observables are presented as a function of (cos(), M, ¢").
For the extraction of the results, the combined data of four periods of data taking are
used: December 2017, May 2018, February 2019 and June 2021. In each case, 5-PED,
4.5-PED and 4-PED events are included for a complete coverage of the kinematic region. An
exception is June 2021, for which 4-PED events are excluded (cf. Section [8.3.2.3). The results
are compared with the model predictions of BnGa-2022 and . The systematic
uncertainties of the results are shown as bars on the x-axis.

7r07r0—System

The series of Fig. to deals with observables extracted in the 7 7%-system.

pTrO—System

The series of Fig. to deals with observables extracted in the pr°-system.
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Figure H.1: Double polarization observables P, P; for a specific energy range £, = 1000 — 1300 MeV
as function of (COS(Qﬂ_Oﬂ_O), M o o, ¢:0ﬂ0). The combined data of this work is shown as well as the
model predictions BnGa-2022 and
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Figure H.2: Double polarization observables Py, Pyc for a specific energy range £, = 1000 — 1300 MeV
as function of (COS(GW%O)’ M o o, ¢>:oﬂo). The combined data of this work is shown as well as the
model predictions BnGa-2022 and
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Figure H.3: Double polarization observables P, P; for a specific energy range £, = 1300 — 1600 MeV
as function of (cos(97r07r0)7 M o o, ¢:0ﬂ0). The combined data of this work is shown as well as the
model predictions BnGa-2022 and
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Figure H.4: Double polarization observables Py, Pyc for a specific energy range £, = 1300 — 1600 MeV
as function of (cos(@woﬂo), M o o, d):oﬂ_o). The combined data of this work is shown as well as the
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Figure H.5: Double polarization observables P, P; for a specific energy range £, = 1000 — 1300 MeV
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