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Abstract

All visible matter is made up of elementary particles and their interactions.

The four fundamental interactions are gravitational, electromagnetic, weak and

strong interaction. On the level of nucleons, i.e. protons and neutrons, the

strong interaction acting on their constituents, the quarks and gluons, domi-

nates. The goal of this work is a small contribution to a better understanding

of this strong interaction.

Quantum chromodynamics (QCD) is the underlying gauge theory describ-

ing that interaction within the Standard Model of particle physics (SM). In

contrast to the high-energy regime, the low-energy regime cannot be treated

perturbatively, which makes theoretical calculations very di�cult. Excitation

spectra of nucleons are a vital testing ground for comparing experimental �nd-

ings with theoretical predictions.

During the last two decades, much progress has been made on the theory

side, e.g. lattice gauge methods, and in experiments. In particular, energy-

tagged photon beams at electron accelerators have become important. They

have reached a state where asymmetries measured with polarised photons and

polarised targets allow for detailed partial wave analyses (PWA). However, the

predicted excited states are not in agreement with experimental observations.

The present experiment was conducted at the Electron Stretcher Accel-

erator (ELSA) in Bonn, Germany, in 2018 and 2021 with the (almost) 4π

covering Crystal Barrel/TAPS detector setup. The incident electron beam of

Eγ = 3.2GeV energy impinges on a diamond radiator, where it produces co-

herent bremsstrahlung photons with a linear polarisation at a coherent edge of

Eγ = 1.2GeV. The photons again impinge on a transversely polarised, deuter-

ated butanol target. This allows the simultaneous measurement of the beam

asymmetry Σbut, target asymmetry T , recoil asymmetry P and the beam-target

double polarisation observable H. Analysed are the �nal states π0p, π0n, ηp
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and ηn in exclusive reactions. The mesons are reconstructed from photons by

the decay channels π0
→ 2γ, η → 2γ and η → 3π0

→ 6γ.

It is the �rst time that results for the observables T , P and H are shown for

π0n and ηn, which improves the quality, contributions and understanding of

partial waves in the centre of mass energy range fromW = 1.5GeV to 2.5GeV.

The reactions on the proton and the beam asymmetry of butanol show an

excellent agreement with existing data and improve the quality of the world

data.

Of special interest is the previously observed narrow structure in ηn around

W = 1.68GeV that has not been observed in ηp, which has led to many spec-

ulations about its origin. The results from this experiment strongly prefer an

interpretation as interference of two S waves as its origin and, thus, no new

resonance.
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1 | Introduction

This chapter gives a rough overview of the underlying theories, physical

concepts and mathematical descriptions in which this thesis is done. The

topics discussed focus on the latter used reactions and phenomena.

The chapter starts with an overview of the most important events in the

history of particle physics in Section 1.1, followed by the di�erent theories that

build the Standard Model of particle physics (SM) in Section 1.2.

Section 1.3 explains the quark model that brings light into the whole particle

zoo by classifying hadrons in terms of valence quarks. The inner structure of

the nucleon with its resonances is discussed in Section 1.4.

Section 1.5 describes the process of pseudoscalar photoproduction in more

detail. Especially the multipole expansion and the di�erent types of represen-

tations are discussed. Section 1.6 gives an overview of polarisation observables

in single pseudoscalar photoproduction experiments in general and within this

experiment.

The last part, Section 1.7, shows the current state of the theory, i.e. partial

wave analyses (PWA), and the experimental data situation.

If not mentioned otherwise, cos (θ) ≡ cos (θCM
meson), where CM indicates the

centre of mass frame, for better readability. This simpli�cation holds for the

whole work.
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Chapter 1. Introduction

1.1 Historical overview

4th c. BC First idea of atoms as uncuttable units that build up matter [1�3]

18th c. First evidence for the existence of atoms from reactions of elements

in a certain ratio [4] and the Brownian motion [5]

1815 Idea that all elements contain hydrogen [6]

1897 Discovery of the electron [7]

1905 Einstein developed the theory of special relativity, i.e. invariance of

physical laws for all inertial frames of reference and the same speed of

light in vacuum for all observers [8]

1913 Discovery of the positive charged nucleus with the scattering of α par-

ticles on a gold foil [9]

1913 Bohr model for describing atoms, i.e. the atom is a small, dense and pos-

itively charged nucleus with negatively charged electrons orbiting around

the nucleus [10]

1913 Discovery of isotopes [11]

1919 Discovery of the proton [12]

1920 Rutherford postulates a neutral particle in the nucleus - the neutron -

to keep it stable [13]

1932 Discovery of the neutron [14]

1935 Explaining the interaction of protons and neutrons with the exchange

of mesons [15]

1937 Discovery of the muon [16]

1947 Discovery of the pion [17,18] and the kaon [19]

1953 Development of quantum chromodynamics (QCD) [20]

1955 Discovery of the antiproton [21]

2



1.1. Historical overview

1956 Discovery of the electron neutrino [22]

1965 Nobel Prize for Tomonaga, Schwinger and Feynman for the develop-

ment of quantum electrodynamics (QED) [23], one of the most accurate

theories today [24,25]

1964 Development of the quark model by introducing a SU(3) �avour sym-

metry [26,27]

1964 Development of the Higgs mechanism [28�30]

1967 Development of the electroweak theory (EW) [31,32]

1969 Discovery of quarks at the Stanford Linear Accelerator Center (SLAC)

in California, USA [33]

1973 Discovery of the Z0 boson at the European Council for Nuclear Re-

search (French: Conseil Européen pour la Recherche Nucléaire, CERN)

in Geneva, Switzerland [34,35]

1975 First use of the term Standard Model of particle physics (SM) as a com-

bination of theories for the electromagnetic, weak and strong interac-

tion [36]

2012 Discovery of the Higgs boson at CERN [37,38]

3



Chapter 1. Introduction

1.2 Standard Model of particle physics

Matter is made up of visible, baryonic matter, dark matter and dark en-

ergy, as known from cosmological observations [39]. The standard model of

Big Bang cosmology - the ΛCDM theory - is the most straightforward theory

that can explain crucial cosmological phenomena such as the cosmic microwave

background and the accelerating expansion of the universe. The theory sug-

gests that dark energy accounts for 68.5% [40] of the total energy in the uni-

verse, whereas dark matter accounts for 26.5% [40] and baryonic matter for

4.9% [40].

Baryonic matter, from now on called matter, can be described by elemen-

tary particles and their interactions through the four fundamental forces: grav-

ity, electromagnetic, weak and strong interaction. All but gravity can be com-

bined with the elementary particles to form the Standard Model of particle

physics (SM).

The SM consists of di�erent theories: quantum electrodynamics (QED),

which can be extended to the electroweak theory (EW), quantum chromody-

namics (QCD) and the Higgs mechanism. The SM is formulated as a quantum

�eld theory (QFT), where particles are excitations of a �eld, and interactions

can be visualised by Feynman diagrams formulated by Lagrangian densities.

An overview of the elementary particles in the SM can be found in Figure 1.1.

Depending on the statistics - Fermi-Dirac or Bose-Einstein - that the par-

ticle obeys, they are called fermions or bosons. After the spin-statistics theo-

rem [41�43], the former are spin-1/2 particles whereas the latter have integer

spin.

Fermions are categorised into three families, also called generations. The

�rst one with the electron, electron neutrino, up and down quark build up

long-living particles like protons and neutrons, that again build up matter as

we know it. The second and third families are made of particles with similar

properties. However, they are heavier and decay too fast to form stable matter.

Quarks cannot be found as free particles due to the con�nement of the

QCD that bounds them to hadrons. They carry a colour charge: red, green

and blue. The gluon, the force carrier of the strong interaction, exists in eight

types, each carrying a colour and an anticolour.
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1.2. Standard Model of particle physics

Figure 1.1: Standard Model of particle physics with its three generations of
fermions, the force carrier bosons and the Higgs boson. Gluons g interact
with quarks (strong interaction), photons γ with quarks and charged leptons
(electromagnetic interaction) and Z0 and W ± bosons with all fermions (weak
interaction). The Higgs boson is responsible for the physical masses of the
elementary particles.

Furthermore, all particles shown in Figure 1.1 have a corresponding an-

tiparticle, i.e. antiup u, positron e (e+), etc. The electric neutrally bosons, i.e.

gluon, photon, Z0 and Higgs boson, are their own antiparticle.

Although the SM is a very successful model with many proven experimental

predictions - the latest example is the discovery of the Higgs boson in 2012

[37, 38] - there are important phenomena that cannot be explained by it, e.g.

neutrino oscillation, matter-antimatter asymmetry, dark matter or gravity.

1.2.1 Quantum chromodynamics

Quantum chromodynamics (QCD) describes the strong interaction with

six quarks and eight gluons as force carriers. Quarks carry a colour charge,

5



Chapter 1. Introduction

whereas gluons carry an additional anticolour charge.

More formally, QCD is a nonabelian gauge theory based on the local sym-

metry of the SU(3) colour group. The Lagrangian density that describes this

is given by [44]:

LQCD =∑
q

ψq,i (iγ
µ
(Dµ)ij −mqδij)ψq,j −

1

4
Ga

µνG
µν
a , (1.1)

where ψq,i are the quark �eld spinors for a quark of �avour q, γµ are the Dirac

matrices, Dµ the gauge covariant derivative containing the coupling constant

αs, mq the mass of a quark, δ the Kronecker delta and Ga
µν the gauge invariant

gluon �eld strength tensor. Furthermore, the Einstein sum convention [45] is

used, where one sums over repeated indices.

(a) (b)

Figure 1.2: Coupling constant of the strong interaction in quantum chromody-
namics αs (a) and the electromagnetic interaction in quantum electrodynamics
α as a function of the momentum transfer Q2. Figure (a) taken from [44]. Fig-
ure (b) taken from [46].

The coupling constant of QCD has two interesting properties: con�nement

(not yet proven analytically) for low energies and asymptotic freedom for high

energies [47, 48]. The �rst says that there are no free quarks in nature. This

is due to the increase of the coupling constant αs (Figure 1.2a) towards lower

energies, meaning there will be a new quark-antiquark pair before two quarks

can be separated from one another. The second says that quarks can be seen

6



1.2. Standard Model of particle physics

as free if the distance between the quarks is small since the coupling constant

αs becomes small. Therefore, perturbation theory is applicable.

1.2.2 Quantum electrodynamics

Quantum electrodynamics (QED) describes the electromagnetic interaction

with the photon as force carrier. It is one of the most accurate theories available

today [24,25]. In contrast to QCD, the coupling constant α increases towards

higher energies (Figure 1.2b). Thus, perturbation theory can only be applied

if the energies are not too large. The coupling constant α is around 1/137 ≈

0.0073 at the mass of the Z0 boson, i.e. mZ0 = 91.2MeV.

QED is an abelian gauge theory based on the local symmetry group U(1).

The Lagrangian density that describes the QED is given by [25]:

LQED = ψ (iγ
µDµ −m)ψ −

1

4
FµνF

µν , (1.2)

where ψ are the electromagnetic �eld spinors for a fermion, γµ are the Dirac

matrices, Dµ the gauge covariant derivative containing the coupling constant

α, m the mass of the particle and F µν the electromagnetic �eld tensor. By

explicitly calculating the equations of motion, the Maxwell equations result

[25].

1.2.3 Electroweak interaction and Higgs mechanism

QED can be combined with the weak interaction to form the electroweak

theory (EW) [31, 32, 49]. This is based on the local symmetry group SU(2) ×

U(1) that results in a rather complex Lagrangian density made of a kinematic

term for fermions, a Yukawa interaction term for fermions, an interaction term

between W and B vector bosons and a Higgs term [44]. The W and B vector

bosons result in the physical photon, Z0 andW ± bosons. The Higgs mechanism

breaks the electroweak symmetry leading to the physical masses of the gauge

bosons [29].

EW does not describe all leptons the same way. Charged ones, i.e. electron,

muon and tauon, are described as left- and right-handed particles, similar to

quarks. Neutral ones, i.e. neutrinos, on the other side, are described as left-

handed particles only. Most theories beyond the SM introduce right-handed

7



Chapter 1. Introduction

neutrinos (not yet observed) to build a Grand Uni�ed Theory (GUT), which

could explain some phenomena that cannot be explained by the SM alone.

8



1.3. Quark model

1.3 Quark model

The quark model was proposed by Gell-Mann [26] and Zweig [27] in 1964 as

an independent theory for the description of hadrons. Nowadays, it is mainly

absorbed in the SM.

Hadrons are built of main quarks - the valence quarks - and a sea of quark-

antiquark pairs - the sea quarks - as well as gluons. Usually, the sea quarks

and gluons are absorbed into to the valence quarks, which then de�ne the

properties of the hadrons. These quarks are called constituent quark. Flavour

quantum numbers (Section 1.3.2) like strangeness, baryon number or isospin

are de�ned by them. However, some essential properties like mass cannot be

explained.

1.3.1 Hadrons

The con�nement in QCD (Section 1.2.1) ensures that quarks do not occur as

single particles in nature but as bound ones: hadrons. Since bound structures

must be colour neutral, a hadron in a most simple quark model can be made

of a quark-antiquark pair (meson) or three quarks (baryon). More complex

objects with two quark-antiquark pairs - tetraquarks - or three quarks and a

quark-antiquark pair combined - pentaquarks - (also baryon) can also exist.

After �rst evidence in 2003 [50], the latter two were �nally proven to exist in

the last 10 years [51�55].

Nearly all hadrons decay very quickly (τ < 1µs [44]) to other particles except

proton and neutron. The latter has a mean lifetime of τ = (879.4 ± 0.6) s [44]

and decays to a proton, electron and electron neutrino, whereas the former can

be seen as stable with a mean lifetime of more than 1029 years [44].

If a hadron is made only of up and down quarks, it is called un�avoured.

Mesons

Mesons are bosons made of two main quarks (or two antiquarks). The

valence quarks can have their spin either aligned or in opposite directions,

resulting in a meson spin of 1 or 0. In the �rst case, three spin projections

form a spin-1 triplet, whereas in the second case, only one spin projection is

9



Chapter 1. Introduction

possible with a spin-0 singlet.

Of particular interest are mesons in the ground state with angular momen-

tum l = 0, resulting in pseudoscalar mesons with JP
= 0− and vector mesons

with JP
= 1−. Here, J is the total angular momentum and P is the parity.

The three lightest quarks - u, d, s - with their antiquarks can form nine

di�erent mesons. Figure 1.3 shows the pseudoscalar and vector meson nonets.

They are shown in a S−I3 plane, where S is the strangeness and I3 is the third

component of the isospin.

(a) (b)

Figure 1.3: Pseudoscalar meson nonet with JP
= 0− (a) and vector meson

nonet with JP
= 1− (b). The nonets are drawn in a S − I3 system, where S is

the strangeness and I3 is the third component of the isospin.

The (valence) quark con�guration of the pseudoscalar and vector mesons

can be found in Table 1.1. The con�guration of the physical η and η′ mesons

are thereby approximations, given indirectly through a mixing of the SU(3)

states η1 and η8. They can be described by:

∣η⟩ = ∣η8⟩ cos θ − ∣η1⟩ sin θ ∣η′⟩ = ∣η8⟩ sin θ + ∣η1⟩ cos θ, (1.3)

where θ = (−14.1 ± 2.8)○ [56] is the mixing angle. The same description can

be used for the physical ϕ and ω mesons, which are given through the ϕ1 and

ϕ8 states in the same way as the η and η′ mesons, but with a mixing angle of

36.4○ [44]. Attention, the mixing angles are model dependent such that they

10



1.3. Quark model

may di�er in literature [44].

Meson Quark content Mass [MeV/c2] Main decay modes (BR [%])

π− du 139.57039 ± 0.00017 µ+νµ (99.98770 ± 0.00004)

π+ ud 139.57039 ± 0.00017 µ−νµ (99.98770 ± 0.00004)

π0 uu − dd
√
2

134.9768 ± 0.0005 2γ (98.823 ± 0.034)

η
uu + dd − ss
√
3

547.862 ± 0.017 2γ (39.41 ± 0.20)

3π0 (32.68 ± 0.23)

π+π−π0 (22.92 ± 0.28)

η′
uu + dd + 2ss

√
6

957.78 ± 0.06 π+π−η (42.5 ± 0.5)

ρ0γ (29.5 ± 0.4)

π0π0γ (22.4 ± 0.5)

ρ− ud 775.11 ± 0.34 π+π0 (∼ 100)

ρ+ du 775.11 ± 0.34 π−π0 (∼ 100)

ρ0
uu − dd
√
2

775.26 ± 0.25 2π0 (∼ 100)

ω
uu + dd
√
2

786.65 ± 0.12 π+π−π0 (89.3 ± 0.6)

ϕ ss 1019.461 ± 0.016 K+K− (49.2 ± 0.5)

K0
LK

0
S (34.0 ± 0.4)

ρ0π0/π+π−π0 (15.24 ± 0.33)

Table 1.1: Quark con�guration, mass and main decay modes with branching
ratio (BR) above 10% for the lightest un�avoured pseudoscalar mesons (upper
range) and vector mesons (lower range). Values taken from [44].

Baryons

Baryons are fermions made of three main quarks (or antiquarks). The

valence quarks can have all their spins aligned or one spin in the opposite

direction, resulting in a baryon spin of 3/2 or 1/2 in the ground state. The

�rst has four spin projections and forms a spin-3/2 decuplet. The latter has

two spin projections and forms a spin-1/2 octet.

Again, baryons in the ground state with angular momentum l = 0 and

positive parity P are of particular interest.
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The three lightest quarks - u, d, s - with their antiquarks build up an octet

(JP
= 1/2+) and a decuplet (JP

= 3/2+). Due to the symmetry of the wave

function, no ninth spin-1/2 particle exists in the ground state. The multiplets

can be seen in Figure 1.4 in the S − I3 plane, where S is the strangeness and

I3 is the third component of the isospin.

(a) (b)

Figure 1.4: Baryon octet with JP
= 1/2+ (a) and baryon decuplet with JP

=

3/2+ (b). The multiplets are drawn in the S − I3 system, where S is the
strangeness and I3 is the third component of the isospin.

The quark con�guration of the lightest un�avoured (S = C = B = T = 0,

Section 1.3.2) baryons in the ground state can be found in Table 1.2.

1.3.2 Flavour quantum numbers

Within the quark model and SM �avour is the species or type, respectively,

of the elementary particles: quarks and leptons. Each one has six �avours.

Similar to the quantum numbers of an electron, the state of quarks can be

described by �avour quantum numbers.

12



1.3. Quark model

Baryon Quark content Mass [MeV/c2] Main decay modes (BR [%])

p uud 938.272081 ± 0.000006 stable

n udd 939.565413 ± 0.000006 pe−νe (∼ 100)

∆− ddd 1232 ± 2 nπ− (99.4)

∆0 udd 1232 ± 2 nπ0/pπ− (99.4)

∆+ uud 1232 ± 2 nπ+/pπ0 (99.4)

∆++ uuu 1232 ± 2 pπ+ (99.4)

Table 1.2: Quark con�guration, mass and main decay modes with the branch-
ing ratio (BR) for the lightest un�avoured baryons in the ground state. The
proton (p) and neutron (n) have isospin I = 1/2, where the ∆ baryons have
I = 3/2. Values taken from [44].

Strangeness, charm, bottomness and topness

The strangeness S is equal to the di�erence between antistrange quarks Ns

and strange quarks Ns:

S = −Ns +Ns. (1.4)

Similarly, the quantum numbers charm C, bottomness B′ and topness T are

given. Since the sign of a quark in the corresponding quantum number is

de�ned to be equal to the sign of its electric charge Q, C and T subtract the

antiquarks from the quarks, where B′ does it the other way around - analogue

to the strangeness.

Baryon number and lepton number

The baryon number B is equal to the number of baryons, which leads to

the formula

B =
1

3
(Nq −Nq) , (1.5)

where Nq is the number of quarks and Nq is the number of antiquarks inside

a hadron. In a very similar way, the lepton number L and the lepton �avour

numbers - Le, Lµ, Lτ - are given as the di�erence between leptons and antilep-

tons in total and as the di�erence in the corresponding �avours, respectively.
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Isospin

The concept of isospin I was introduced by Werner Heisenberg in 1932 [57]

to explain likewise behaviours of protons and neutrons. Thereby, I = 1/2 is

equal for the proton and neutron, where the third component is I3 = +1/2 for

the proton and I3 = −1/2 for the neutron. The name itself was �rst mentioned

by Eugene Wigner in 1937 [58] to point out the similar behaviour to the spin.

The third component of the isospin I3 is given by:

I3 =
1

2
(Nu −Nd −Nu +Nd) , (1.6)

where Nq are the number of corresponding up and down (anti)quarks. All

other quarks have I = I3 = 0.

Gell-Mann-Nishijima formula

Nakano and Nishijima [59], as well as Gell-Mann [60], found a connection

between the electric charge Q of a hadron and the �avour quantum numbers

for the light quarks (u, d, s), nowadays called Gell-Mann-Nishijima formula:

Q = I3 +
1

2
(B + S) . (1.7)

This connection can also be seen in the hadron multiplets (Figures 1.3 and 1.4).

If the hadron contains heavier quarks as well, Equation 1.7 can be generalised

to

Q = I3 +
1

2
(B + S +C +B′ + T ) . (1.8)

The strong interaction conserves all �avour quantum numbers, whereas

the electroweak interaction only conserves baryon number, lepton number and

lepton �avour numbers within the SM.
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1.4. Nucleon resonances

1.4 Nucleon resonances

Similar to the excitation of electrons in an atom, baryons can be excited,

too. The proton and neutron are the most studied and interesting baryons,

called nucleons.

1.4.1 Notation

Nucleons are the ground states (l = 0) of un�avoured baryons with isospin

I = 1/2. Two types of excitations are thereby distinguished: N∗ resonances

with I = 1/2 and ∆ resonances with I = 3/2.

The notation is given as R(W )JP , RJP (W ) or R(W ). Thereby, R is N∗ or

∆, JP is the total angular momentum J with parity P and W is the mass in

MeV/c2 of the resonance in the centre of mass (CM) frame. Excited states are

also commonly given as l2I2J(W ) or even l2I2J(W )JP , where l is the angular

momentum and I the isospin. Prominent examples are P33(1232) = ∆(1232)

and S11(1535) = N(1535) the dominant resonances in π0 and η photoproduc-

tion, respectively.

1.4.2 Experimental spectrum of nucleon resonances

The ∆(1232) and N(1535) resonances are visible in the electron-proton

scattering spectrum that can be seen in Figure 1.5a, whereas towards higher

energies, it is tough to distinguish between the resonances as they begin to

overlap. Therefore, other experiments, e.g. meson photoproduction, are better

suited. Figure 1.5b shows the spectrum of photoproduction experiments on

the proton with di�erent �nal states, where in di�erent �nal states, di�erent

resonances are visible.

1.4.3 Theoretical description through constituent quark

model and lattice quantum chromodynamics

As mentioned, a perturbative treatment of the QCD theory is not applicable

in the low-energy regime as the coupling constant αs becomes very large, e.g.

αs ≈ 0.3 at Q ≈ 2GeV (Figure 1.2a). E�ective theories, i.e. constituent quark
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(a) (b)

Figure 1.5: (a) Cross section of electron-proton scattering with a beam energy
of 4.9GeV at a scattering angle of 10○. (b) Cross section from photon-proton
scattering with di�erent �nal states. Figure (a) taken from [61] with data
from the DESY experiment in 1968 [62]. Figure (b) taken from [63] with data
from [64�74].

models, or theories with discretised spacetime, i.e. lattice QCD, are possible

approximate solutions for this problem. Other approaches would be chiral

perturbation theory [75], the Dyson-Schwinger and Bethe-Salpeter equation

approach [76], or the holographic QCD [77]. See [63] for an overview.

Constituent quark model

The nucleon is built of three valence quarks and a sea of sea quarks and

gluons. The latter two can be absorbed in the �rst and build constituent

quarks, giving the nucleon its quantum numbers.

The mass of the u, d and s constituent quarks lies around mu,d ≈ 330MeV

and ms ≈ 550MeV respectively [78�81], whereas their current masses, also

called naked, real or permanent masses, are about mu = 2.16+0.49−0.26 MeV, md =

4.67+0.48−0.17 MeV and ms = 93+11−5 MeV [44]. The di�erence can be explained

by taking the limit to massless quarks in the spontaneous chiral symmetry

breaking in QCD [82,83].

Interactions between sea quarks, gluons and valence quarks are all absorbed

in the potential built by the three constituent quarks, which reduces the num-

ber of degrees of freedom (ndf). For large distances of ∼ 2 fm [84] between the

quarks, the potential usually increases linearly to ensure con�nement. How-

ever, the potential may di�er for shorter distances depending on the model.

In the early days, a Coulomb-like potential ∼ 1/r with one gluon exchange was
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Figure 1.6: Experimentally observed N∗ (a) and ∆ (b) resonances listed by
the Particle Data Group (PDG) [44] with the uncertainty given as coloured
band compared to the relativistic constituent quark model of Ronniger and
Metsch [81]. The number of stars (and darkness of colour) corresponds to the
certainty of existence based on experimental �ndings: ∗ ∗ ∗∗ existence certain
and properties at least fairly well explored, ∗ ∗ ∗ existence very likely certain
but further con�rmation and more research desirable, ∗∗ evidence of existence
fair, ∗ evidence of existence poor.

chosen [78], whereas more modern models [80, 81] use chiral dynamics [85, 86]

with instanton interactions [87]. The models of Löring, Metsch and Petry [80],

as well as of Ronniger and Metsch [81], use the relativistic covariant Bethe-

Salpeter equation for calculating predictions.

Figure 1.6 shows the experimentally found N∗ and ∆ resonances listed by

the Particle Data Group (PDG) [44] compared to the relativistic constituent

quark model of Ronniger and Metsch [81]. The number of proposed resonances

is much higher in the model than observed in experiments. This problem is

referred to as missing resonance problem. This is even more astonishing as the

model only has ten model parameters. In models with even fewer parameters,

e.g. the one of Löring, Metsch and Petry [80] with seven, this problem still

remains. The models can describe most low-lying states, whereas for higher-

lying states, not even the order can be produced correctly.

It is unclear whether the missing resonance problem comes from the exper-

imental or theoretical side. On the one hand, most of the identi�ed resonances

are from πN scattering, where many are predicted to have vanishing decay

amplitudes [88]. On the other hand, the right ndf has not been found yet and
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the quark model needs other interactions to describe nature.

Lattice quantum chromodynamics and further approaches

Another theoretical approach to calculating nucleon resonances is the dis-

cretisation of spacetime, where it is possible to solve QCD numerically. These

lattice QCD models have another signi�cant disadvantage (today): the ex-

tremely high computational power that is needed, even for calculating the

lowest laying states [89].

Figure 1.7: Predicted nucleon resonances from a lattice quantum chromody-
namics calculation with a pion mass mπ = 396MeV. Figure taken from [90].

A lattice QCD model with a pion mass of mπ = 396MeV [90], which is more

than twice as much as the real mass of about 139.6MeV [44], can be seen in

Figure 1.7. As for constituent quark models, there are more predicted states

than experimentally observed. More recent calculations [91] use smaller pion

masses of mπ = 358MeV and mπ = 278MeV. However, the predicted states

are very similar compared to modern constituent quark models [80, 81] and

disagree with the experimentally found ones. Moreover, naturally emerging

hybrid states increase the resonance numbers even more [91].

18



1.5. Meson photoproduction

1.5 Meson photoproduction

Photoproduction is the creation of particles in reactions with a photon in

the initial state. Usually, photons are generated by the bremsstrahlung's pro-

cess in electron accelerators and led onto a �xed target. Examples of such ac-

celerator facilities include ELSA [92] in Bonn, Germany, MAMI [93] in Mainz,

Germany and CEBAF [94] at the Je�erson Lab in Newport News, USA.

In contrast to meson scattering experiments, photoproduction has two ma-

jor advantages: it is more sensitive in the search for missing resonances, i.e.

some resonances couple very weakly to the πN channel [95], and it gives access

to electromagnetic transition amplitudes. The drawback of photoproduction

is the production of additional background terms like vector meson exchange,

Kroll-Rudeman or Born terms. Neutral decay modes suppress some back-

ground terms and are of particular interest.

In the photoproduction of a single uncharged meson m on nucleon N , the

initial and �nal states are given by γN and mN , respectively. The reaction

can be described by:

γN →mN. (1.9)

Because only exclusive photoproduction reactions are investigated within this

work, the �nal state explicitly de�nes the complete reaction, e.g. ηn represents

the reaction γn→ ηn.

π0 and η di�er by a crucial quantity: the isospin. The former has isospin 1

and the latter isospin 0. This results in very di�erent couplings with isospin-

1/2 particles like nucleons. π0 couple to N∗ and ∆ resonances, whereas isospin

conservation in the strong interaction only allows N∗ resonances in η couplings.

Thus, η serves as an isospin �lter.

An example of a Feynman diagram for π0 and η photoproduction on a nu-

cleon can be found in Figure 1.8. The most dominant nucleon resonances -

∆ (1232) for π0 and N∗ (1535) for η - are shown as intermediate states. Addi-

tionally, the angular momenta l or total angular momenta J , respectively, are

given together with the parity P . The �rst vertex with the photon interaction

is the electromagnetic vertex. The second one, where a meson is produced, is

the strong vertex. They are called that way due to their dominant interactions.

For better readability and if not mentioned otherwise, N∗ will be used as
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Figure 1.8: First order Feynman diagram for π0 (a) and η (b) photoproduction
on a nucleon N with their most dominant resonances ∆ = ∆ (1232) and N∗ =
N∗ (1535) as their intermediate states. The angular momenta l or total angular
momenta J , respectively, together with the parity P are given in brackets.

an abbreviation for both possible nucleon resonances, N∗ and ∆, from now on.

Furthermore, m is a general placeholder for π0, η or any neutral pseudoscalar

meson.

Important for the description are the angular momenta of the particles.

Nucleons have JP
= 1/2+ in the ground state, whereas the initial photon can

have di�erent angular momenta and parities written as lPγ
γ . The total angular

momenta J and parity P of the resonance are therefore given by:

J
PN∗

N∗ = (lγ ±
1

2
)

Pγ

. (1.10)

1.5.1 Reaction types

Three types of reactions can be distinguished in meson photoproduction

experiments o� nuclei: quasifree, coherent and incoherent.

Coherent reactions o� a nucleus A can be described by the reaction:

γA→mA. (1.11)

Here, notice that the target nucleus stays unchanged in the ground state.

Incoherent reactions produce a meson together with the excitation of the

nucleus to a state A∗, which then decays into the ground state by emitting a

photon:

γA→mA∗ →mAγ. (1.12)

The quasifree reaction, also called break-up reaction, happens on a nucleon
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inside the nuclei while keeping the other nucleons unchanged. One speaks of

the participant nucleon and the spectator nucleus. It can be described by:

γN(A)→mNA′, (1.13)

where A′ is the remaining nucleus with a nucleonN less. For example, quasifree

meson photoproduction on bound nucleons inside deuterium can be described

by:

γN(A)→mnp, (1.14)

where the reaction either happens on the proton and the neutron stays un-

changed or vice versa. For better readability, the indicated deuterium nucleus

in brackets is ignored from here on. If not mentioned otherwise, it is assumed

that the reaction happens quasifree on a nucleon inside deuterium.

1.5.2 Kinematics

General four-vectors

A four-vector in natural units with c = ̵h = 1 is given by the energy E and

the momentum p⃗ = (px, py, pz):

p = (E, p⃗) = (E,px, py, pz) . (1.15)

Here, the Minkowski metric [96] with the time component at the 0th position

is assumed to be generally valid.

An important property is energy-momentum conservation for real particles:

E2
=m2

+ p⃗2, (1.16)

where m is the mass of the particle. Massless particles like the photon have

an energy equal to the momentum, whereas particles at rest (p⃗ = 0) have an

energy equal to their mass.

Threshold energy

Reactions within this experiment can be described with Equation 1.14 and

must ful�l energy-momentum conservation, also called four-momentum con-
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servation:

pγ + pNt = pm + pNr . (1.17)

Here, p is the four-momentum of the corresponding particle (from left to right):

beam photon, target nucleon, measured meson, measured recoil nucleon. The

second target nucleon inside deuterium - the spectator - is assumed to stay at

rest with no interaction whatsoever.

The beam photon hits the target along the z-axis, such that its four-

momentum is given by:

pγ = (Eγ,0,0,Eγ) . (1.18)

If it is further assumed that the target nucleon is at rest, its four-momentum

is given by:

pNt = (mN ,0,0,0) . (1.19)

However, the nucleons in this experiment are bound in deuterium and experi-

ence Fermi momentum p⃗F , such that the four-momentum of the target nucleon

is given by:

pNt = (

√

m2
N + p⃗2F , p⃗F) . (1.20)

Rearranging Equation 1.17, the Fermi momentum of the target nucleon is given

by:

p⃗F = p⃗m + p⃗Nr − p⃗γ. (1.21)

Squaring Equation 1.17 results in the Lorentz-invariant Mandelstam vari-

able

s =W 2
= (pγ + pNt)

2
= (pm + pNr)

2
, (1.22)

where W is the CM energy. Assuming a target at rest, the CM energy is given

by:

W =
√

s =
√

m2
N + 2mNEγ. (1.23)

This equation also gives the threshold energy of η and π0 photoproduction on

free nucleons. Therefore, Equation 1.23 can be set equal to the minimal CM

energy in the �nal state - mm +mN - which results in

Ethr
γ =

(mm +mN)
2
−m2

N

2mN

=mm +

m2
m

2mN

. (1.24)

Since the experiment is performed on quasifree nucleons bound in deuterium,
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1.5. Meson photoproduction

Equation 1.24 is slightly modi�ed:

Ethr
γ =

(mm +mn +mp)
2
−m2

D

2mD

=

⎧
⎪⎪
⎨
⎪⎪
⎩

630.75MeV, for η

142.22MeV, for π0
, (1.25)

where mD = (1875.61294357 ± 0.00000057)MeV [97] is the mass of the deu-

terium nuclei. The nucleon masses can be found in Table 1.2.

1.5.3 Electromagnetic multipole expansion

The di�erential cross section (DCS) for meson photoproduction can be

decomposed into a series of electromagnetic multipole amplitudes. Therefore,

the angular momentum of the initial and �nal states must be decomposed. Real

(on-shell) nucleons have a total angular momentum JN = 1/2 and a positive

parity PN = +1. The beam photon γ carries the angular momentum lγ relative

to the target nucleon, whereas the parity depends on the multipole:

Pγ =

⎧
⎪⎪
⎨
⎪⎪
⎩

(−1)lγ for EL

(−1)lγ+1 for ML
. (1.26)

EL and ML stand for electric and magnetic multipole, respectively.

The angular momentum and parity of the intermediate state N∗ are con-

strained by the initial and �nal states:

∣lγ − JN ∣ ≤ JN∗ ≤ ∣lγ + JN ∣ PN∗ = Pγ ⋅ PN

∣lm − JN ∣ ≤ JN∗ ≤ ∣lm + JN ∣ PN∗ = Pm ⋅ PN . (1.27)

Together with the known momenta and parities of the nucleons, the conditions

for the resonance are given by:

JN∗ = ∣lγ ±
1

2
∣ = ∣lm ±

1

2
∣ PN∗ = Pγ = Pm. (1.28)

Conservation of angular momentum and parity directly de�ne EL and ML with

the relation:

lγ =

⎧
⎪⎪
⎨
⎪⎪
⎩

lm ± 1 for EL

lm for ML
. (1.29)
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lγ γ-MP lPγ JP
Ni

JP
N∗ lPm JP

Nf
MP p∗γ/p

∗
mdσ/dΩ

1 E1 1− 1/2+ 1/2− 0− 1/2+ E0+ ∣E0+∣
2

3/2− 2− 1/2+ E2−
1
2 ∣E2−∣

2(5 − 3x2)

M1 1+ 1/2+ 1/2+ 1+ 1/2+ M1− ∣M1−∣
2

3/2+ M1+
1
2 ∣M1+∣

2(5 − 3x2)

2 E2 2+ 1/2+ 3/2+ 1+ 1/2+ E1+
9
2 ∣E1+∣

2(1 + x2)

5/2+ 3+ 1/2+ E3−
1
9 ∣E3−∣

2(1 + 6x2 − 5x4)

M2 2− 1/2+ 3/2− 2− 1/2+ M2−
9
2 ∣M2−∣

2(1 + x2)

5/2− M2+
1
9 ∣M2+∣

2(1 + 6x2 − 5x4)

Table 1.3: Lowest lying electromagnetic multipoles (MP) for the reaction
γN → mN . Thereby, m is a neutral pseudoscalar meson and N a nucleon,
i.e. proton or neutron. The angular momenta J/l and parity P are given for
the initial and �nal states. The di�erential cross section dσ/dΩ is given in
terms of CGLN amplitudes [98,99] (Section 1.5.4). The x = cos(θ) denotes the
angular dependence, pγ and pm the four momenta of the photon and meson,
respectively, and the star indicates the quantity in the centre of mass frame.
As always, θ = θ∗m is the polar angle of the meson in the centre of mass frame.

The notation for multipoles is Elm± and Mlm± depending on the multipole

itself. The coupling between the �nal state nucleon and the meson de�nes the

sign. For JN∗ > 1/2, always two multipoles - an EL and a ML - have the same

angular distribution. This phenomenon is called the Minami ambiguity [100].

The lowest lying states with the information about the initial and �nal

state con�gurations, the multipoles and the CGLN amplitudes representation

can be found in Table 1.3. For example, the N(1535) resonance has JP
= 1/2−

such that it is a E0+ multipole with positive coupling in the �nal state.

1.5.4 Chew-Goldberg-Nambu-Low amplitudes

The transition probability in a scattering process like the ones shown in

Figure 1.8 can be calculated by the scattering matrix S, which again can be

expressed in terms of invariant matrix elements Mfi that describe the DCS

[101]:
p∗γ
p∗m

dσ

dΩ
=

1

2
∑

spins

∣Mfi∣
2, (1.30)
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1.5. Meson photoproduction

where pγ and pm are the four momenta of the incident beam photon and the

scattered meson, respectively, and ∗ denotes the CM frame.

Using two-component spinors and Pauli matrices [102], the matrix elements

can be expressed by the CM energy W , the nucleon mass mN , the spinors of

the initial and �nal states χi and χf and the matrix F :

Mfi =
4πW

mN

⋅ χ�

fFχi. (1.31)

Since the initial and �nal spin states are ±1/2, the spinors are given by:

χ1/2 =

⎛

⎜

⎝

1

0

⎞

⎟

⎠

χ−1/2 =
⎛

⎜

⎝

0

1

⎞

⎟

⎠

. (1.32)

One of the most common parametrisations of F is the Chew-Goldberg-

Nambu-Low (CGLN) one, which for photoproduction is given by [103]:

FCGLN = iF1σ⃗ ⋅ ϵ⃗ + F2 (σ⃗ ⋅ p̂m) (σ⃗ ⋅ (p̂γ × ϵ⃗))

+ iF3 (σ⃗ ⋅ p̂γ) (p̂m ⋅ ϵ⃗) + iF4 (σ⃗ ⋅ p̂m) (p̂m ⋅ ϵ⃗) . (1.33)

Here, σ⃗ are the nucleon spin matrices, ϵ⃗ the polarisation vector and Fi the four

complex CGLN amplitudes. The latter depend on the CM energy W and the

polar angle θ.

The CGLN amplitudes can be written as a series of magnetic and electric

multipoles Ml± and El±, respectively, and Legendre polynomials Pl:

F1 =

∞

∑

l=0

[(lMl+ +El+)P
′
l+1 + ((l + 1)Ml− +El−)P

′
l−1] ,

F2 =

∞

∑

l=0

[((l + 1)Ml+ + lMl−)P
′
l ] ,

F3 =

∞

∑

l=0

[(El+ −Ml+)P
′′
l+1 + (El− +Ml−)P

′′
l−1] ,

F4 =

∞

∑

l=0

[(Ml+ −El+ −Ml− −El−)P
′′
l ] . (1.34)

The Legendre polynomials are given by:

Pl = Pl(x) =
1

2ll!

dl

dxl
(x2 − 1)

l
, (1.35)
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where x = cos (θ).

It can be seen that the CGLN amplitudes are directly connected with the

parity, spin and angular momentum of a resonance. Taking Equations 1.30,

1.31 and 1.33, one obtains the DCS in terms of the CGLN amplitudes and

angular distribution series in x = cos (θ):

p∗γ
p∗m

dσ

dΩ
=(∣F1∣

2
+ ∣F2∣

2
+

1

2
∣F3∣

3
+

1

2
∣F4∣

3
+Re(F1F

∗
3 ))

+ (Re(F3F
∗
4 ) − 2Re(F1F

∗
2 )) ⋅ x

− (

1

2
∣F3∣

3
+

1

2
∣F4∣

3
+Re(F1F

∗
4 ) +Re(F2F

∗
3 )) ⋅ x

2

−Re(F3F
∗
4 ) ⋅ x

3.

(1.36)

1.5.5 Helicity amplitudes

Helicity amplitudes are a di�erent approach to describing a reaction. He-

licity λ is de�ned as [25]:

λ =
s⃗ ⋅ p⃗

∣p⃗∣
, (1.37)

where s⃗ is the spin vector and p⃗ is the momentum vector. Photons have λγ = ±1

if they are transversely polarised and 0 if they are longitudinally polarised.

Nucleons have λN = ±1/2 and pseudoscalar mesons like π0 and η have λm = 0.

The helicity matrix elements are given by [101]:

HNf ,λγNi
= ⟨λNf

∣T ∣λγNi
⟩ , (1.38)

where T is the transition matrix. Twelve elements exist, whereas only eight

contribute to reactions with real photons. This number is further decreased to

four due to parity conservation, resulting in:

H1 ∶=H1/2,3/2 =H−1/2,−3/2,

H2 ∶=H1/2,1/2 =H−1/2,−1/2,

H3 ∶=H−1/2,3/2 =H1/2,−3/2,

H4 ∶=H1/2,−1/2 =H−1/2,1/2, (1.39)
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1.5. Meson photoproduction

which are explicitly given by [101]:

H1 =
1
√

2
eiϕ sin(θ) cos(

θ

2
)∑

l≥0

[(Bl+ −B(l+1)−)(P
′′
l − P

′′
l+1)] ,

H2 =

√

2 cos(
θ

2
)∑

l≥0

[(Al+ −A(l+1)−)(P
′
l − P

′
l+1)] ,

H3 =
1
√

2
eiϕ sin(θ) sin(

θ

2
)∑

l≥0

[(Bl+ −B(l+1)−)(P
′′
l − P

′′
l+1)] ,

H4 =

√

2 sin(
θ

2
)∑

l≥0

[(Al+ −A(l+1)−)(P
′
l − P

′
l+1)] . (1.40)

Pl are again the Legendre polynomials (Equation 1.35), θ the polar angle of

the meson in the CM frame, ϕ the azimuthal angle and l is the nucleon-meson

relative orbital angular momentum de�ning the total angular momentum in

the �nal state J = l ± 1/2. Al± and Bl± are the helicity elements corresponding

to λγNi
= 1/2 and λγNi

= 3/2 and are given by: [95]

Al± =
1

2
((l + 2)El+ +Ml+) ,

A(l+1)− =
1

2
(−lE(l+1)− + (l + 2)M(l+1)−) ,

Bl+ = El+ −Ml+,

B(l+1)− = E(l+1)− +M(l+1)−. (1.41)

These helicity elements are directly connected to the electromagnetic cou-

plings from γN to N∗ with A1/2 and A3/2 [95]. Nucleon resonances with J = 1/2

have only an A1/2 component, whereas nucleon resonances with J ≥ 3/2 also

have an A3/2 one. The DCS is given by:

p∗γ
p∗m

dσ

dΩ
=

1

2
(H2

1 +H
2
2 +H

2
3 +H

2
4) . (1.42)

1.5.6 Isospin amplitudes

Multipole amplitudes, e.g. CGLN or helicity amplitudes, can be decom-

posed into isospin amplitudes. As seen in Section 1.4 and the introduction

of this section, N∗ resonances can be produced in pseudoscalar photoproduc-

tion like π0N and ηN �nal states, where ∆ resonances can only be produced

by isospin-1 particles like π0. Whether a vertex is a�ected by the strong or
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the electromagnetic interaction is essential. The strong interaction conserves

isospin and the third component of the isospin I3, whereas the electromagnetic

interaction only conserves the latter.

Isospin amplitudes can be expressed in terms of an isoscalar component Ŝ

with ∆I = 0, that is independent of I3, and an isovector component V̂ with

∆I = 0,±1 [104], that depends on I3. Together they result in the electromag-

netic observable:

Âem = Ŝ + V̂ . (1.43)

Generally, the matrix elements can be written as:

A = ⟨If , I3,f ∣ Â ∣ Ii, I3,i⟩ , (1.44)

which, for the π0N �nal state, leads to the three independent elements [104]:

AIS
= ⟨

1

2
,±

1

2
∣ Ŝ ∣

1

2
,±

1

2
⟩ ,

AIV
= ⟨

1

2
,±

1

2
∣ V̂ ∣

1

2
,±

1

2
⟩ ,

AV 3
= ⟨

3

2
,±

1

2
∣ V̂ ∣

3

2
,±

1

2
⟩ . (1.45)

In case of the ηN �nal state, no AV 3 term occurs. Taking the corresponding

eigenstates, the amplitudes for π0 and η photoproduction on nucleons are given

by [101]

A (γp→ π0p) =

√

2

3
⋅AV 3

+

√

1

3
⋅ (AIV

−AIS
) ,

A (γn→ π0n) =

√

2

3
⋅AV 3

+

√

1

3
⋅ (AIV

+AIS
) ,

A (γp→ ηp) = AIS
+AIV ,

A (γn→ ηn) = AIS
−AIV . (1.46)

The isospin amplitudes A become the same for ∆ resonances in π0p and π0n

�nal states if only AV 3 contributes. However, for N∗ resonances they are very

di�erent in π0 and η photoproduction on nucleons.
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1.6. Polarisation observables

1.6 Polarisation observables

Polarisation observables are an excellent tool to compare PWA with exper-

imental �ndings. One of the most essential measurable quantities in nuclear

and particle physics is the DCS dσ/dΩ. Here, the DCS of a reaction can be

seen as the probability that this reaction occurs at a speci�c energy and spatial

angle. The total cross section (CS) σ can be found by integrating the DCS

over the solid angle. Furthermore, the DCS can be split into polarisation ob-

servables and trigonometrical functions. In the following, all DCS could also

be given as a function of the CM energy W instead of the incoming photon

energy Eγ.

1.6.1 Unpolarised cross section

The unpolarised CS, marked with a 0 as index, is one of the 16 polarisation

observables occurring in the general CS on pseudoscalar photoproduction. For

the pure determination of polarisation observables, the unpolarised CS is not

required to be known, whereas it always has to be known for absolute values,

e.g. Legendre coe�cients in µb sr−1.

Total cross section

The CS can be seen as an energy-dependent event rate. In experiments, it

can be found in two di�erent ways.

The straightforward one is the integration of the DCS over the complete

solid angle:

σ0 (Eγ) = ∫
Ω
(

dσ

dΩ
)

0

(Eγ, x)dΩ, (1.47)

where x = cos (θ). A sum can approximate the DCS over the angular bins:

σ0 (Eγ) ≃
4π

NCT

⋅

NCT

∑

i=1

(

dσ

dΩ
)

0

. (1.48)

In the second approach, the CS is given by the integral of Legendre �tting

functions fl (Eγ, x) over x. This results in the Legendre coe�cient A0, which
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corresponds to the angular momentum l = 0:

σ0 (Eγ) = ∫

1

−1
fl (Eγ, x)dx = 4π

p∗γ
p∗m
A0 (Eγ) . (1.49)

Here, p∗γ,m are the four momenta of the photon γ and the meson m in the CM

frame. The Legendre �tting functions are given by the Legendre coe�cients

Al (Eγ) and the Legendre Polynomials Pl (Equation 1.35):

fl (Eγ, x) =
p∗γ
p∗m

N

∑

l=0

Al (Eγ)Pl (x) . (1.50)

Di�erential cross section

The DCS can be split into an unpolarised DCS multiplied with terms con-

taining polarisation observables (Section 1.6.2). Experimentally, the unpo-

larised DCS can be given as a normalised rate:

(

dσ

dΩ
)

0

(Eγ, x) =
N (Eγ, x)

Nγ (Eγ) ⋅ ϵdet (Eγ, x) ⋅ nt ⋅ Γi/Γ ⋅∆Ω
, (1.51)

where N is the yield, Nγ is the photon �ux, ϵdet is the detection e�ciency, nt is

the target surface density, Γi/Γ is the branching ratio BR and ∆Ω = 4π/NCT

is the solid angle that is covered by the x bins. Furthermore, Eγ is the energy

of the incident beam photon and x = cos (θ) is the cosine of the polar angle θ

of the measured meson in the CM frame.

1.6.2 Polarised cross section

General cross section

The CS can be written in terms of four complex amplitudes, e.g. CGLN

(Section 1.5.4) or helicity (Section 1.5.5) amplitudes, which again can be de-

composed in terms of electromagnetic multipoles or isospin amplitudes (Section

1.5.6).

The determination of the unpolarised DCS is insu�cient for the unambigu-

ous determination of the amplitudes and, thus, the multipole decomposition.

Therefore, further observables are needed.

Observables can be categorised as single and double polarisation observ-
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beam target recoil target + recoil

x y z - - - x x z z

- - - x′ y′ z′ x′ z′ x′ z′

- σ0 - T - - P - Tx′ Tz′ Lx′ Lz′

linear −Σ H (−P ) G Ox′ (−T ) Oz′ (−Lz′) (Lx′) (Tz′) (−Tx′)

circular - F - −E Cx′ - Cz′ - - - -

Table 1.4: The 16 polarisation observables that can be measured in pseu-
doscalar meson photoproduction: four of single type (σ0, Σ, T , P ), four of
beam-target type (H, G, F , E), four of beam-recoil type (Ox′ , Oz′ , Cx′ , Cz′)
and four of target-recoil type (Tx′ , Tz′ , Lx′ , Lz′). The observables shown in
brackets indicate another possibility for its measurement. The combinations
containing y and y′ for target + recoil are not shown since they do not contain
additional information. All 16 polarisation observables could also be measured
with triple polarisation measurements.

ables. The unpolarised DCS σ0 forms together with the beam asymmetry Σ,

the target asymmetry T and the recoil polarisation P the group of the single

polarisation observables (S-type).

Double polarisation observables are again categorised into three groups:

beam-target (BT -type), beam-recoil (BR-type) and target-recoil (T R-type).

Photons can be polarised linearly or circularly, whereas the target and recoil

nucleons can be polarised in the three spatial directions x, y, z and x′, y′, z′,

respectively. Six combinations do not give additional information such that

twelve double polarisation observables result in 16 polarisation observables in

total (Table 1.4).
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Figure 1.9: Coordinate systems in the centre of mass frame describing the
general di�erential cross section in Equation 1.52. The reaction plane x − z
together with y de�ne the initial state system, whereas the recoil plane x′ − z′,
shifted by θ with respect to the reaction plane, together with y′ de�ne the �nal
state system. The general photon γ has a linear polarisation ⃗δl, including the
angle ϕ with the reaction plane, and a circular polarisation ⃗δc. The initial state
target nucleon Ni and �nal state recoil nucleon Nf have a polarisation vector
Λ and Λ′, respectively, that can be split into their spatial components.

Summarised, the general DCS is given by:

dσ

dΩ
= (

dσ

dΩ
)

0

⋅ {1 ⋅ [1 − δlΛyΛ
′
y′] −Σ ⋅ [δl cos (2ϕ) −ΛyΛ

′
y′]

+ T ⋅ [Λy − δlΛ
′
y′ cos (2ϕ)] + P ⋅ [Λ′y′ − δlΛy cos (2ϕ)]

−E ⋅ [δcΛz − δlΛxΛ
′
y′ sin (2ϕ)] + F ⋅ [δcΛx + δlΛzΛ

′
y′ sin (2ϕ)]

+G ⋅ [δlΛz sin (2ϕ) δcΛxΛ
′
y′] −H ⋅ [δlΛx sin (2ϕ) − δcΛzΛ

′
y′]

−Cx′ ⋅ [δcΛ
′
x′ − δlΛyΛ

′
z′ sin (2ϕ)] −Cz′ ⋅ [δcΛ

′
z′ + δlΛyΛ

′
x′ sin (2ϕ)]

−Ox′ ⋅ [δlΛ
′
x′ sin (2ϕ) δcΛyΛ

′
z′] −OZ′ ⋅ [δlΛ

′
z′ sin (2ϕ) − δcΛyΛ

′
x′]

+Lx′ ⋅ [ΛzΛ
′
x′ + δlΛxΛ

′
z′ cos (2ϕ)] +Lz′ ⋅ [ΛzΛ

′
z′ − δlΛxΛ

′
x′ cos (2ϕ)]

+ Tx′ ⋅ [ΛxΛ
′
x′ − δlΛzΛ

′
z′ cos (2ϕ)] + Tz′ ⋅ [ΛxΛ

′
z′ + δlΛzΛ

′
x′ cos (2ϕ)] },

(1.52)

where the polarisation observables are written in front of the square brack-

ets, δl,c are the degrees of the linearly (l) or circularly (c) polarised photon,
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Λx,y,z are the polarisation degrees of the target nucleon along the correspond-

ing axis, Λ′x′,y′,z′ are the polarisation degrees of the recoil nucleon along the

corresponding axis and ϕ is the angle between the photon polarisation plane

and the reaction plan. A detailed overview of the reaction within the de�ned

coordinate systems can be found in Figure 1.9.

Complete experiment

Not all 16 polarisation observables are needed to unambiguously determine

the four complex CGLN amplitudes. In 1975, the BDS rule derived by Barker,

Donnachie and Storrow [105] claimed that nine suitable chosen observables -

all S-type observables and at least one BT -, BR- and T R-type observable - are

su�cient for the unambiguous determination of all amplitudes except a global

phase. This is nowadays known as complete experiment.

In 1996, Keaton and Workman found that the BDS rule is not su�cient

[106]. A year later, Chiang and Tabakin [107] showed that eight polarisation

observables are su�cient for the unambiguous determination of the amplitudes:

the four S-type observables and four carefully chosen double polarisation ob-

servables.

In 2014, Wunderlich, Beck and Tiator [108] stated that only the four S-type

observables and one of BR- or T R-type are needed for a truncated partial wave

analysis (PWA) with a truncation at lmax = 4 (ignoring H waves and higher

ones). Nevertheless, one can also make statements about the contributions of

speci�c resonances without knowing the complete experiment.

1.6.3 Electromagnetic multipole expansion of polarisa-

tion observables

As for the DCS, polarisation observables can also be expressed in terms of

multipoles.

For simpli�cation pro�le functions are introduced, where the observable

itself is multiplied by the unpolarised CS:

Ǒ = O ⋅ (

dσ

dΩ
)

0

. (1.53)

The observables can then be written in terms of partial waves as a sum of
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energy- and angular-dependent Legendre coe�cients and Legendre polynomi-

als:

Pm
l (x) = (1 − x

2
)
m/2 dm

dxm
Pl (x) , (1.54)

where Pl (x) are the Legendre polynomials de�ned in Equation 1.35 and x =

cos (θ). The expansion has a cut-o� lmax de�ning the highest order of included

partial waves. In a truncated partial wave analysis, the observables are given

by [109]:

Ǒ =
p∗γ
p∗m

2lmax+β+γ

∑

l=β

(Almax)
Ǒ
l (W )P

β
l (x) , (1.55)

where p∗γ/p∗m is the phase space factor given by the four momenta of the photon

and meson in the CM frame, W is the CM energy, (Almax)
Ǒ
l are the Legendre

coe�cients and β and γ are observable-dependent constants (Table 1.5).

Constant σ Σ̌ Ť P̌ Ȟ Ǧ Ě F̌

β 0 2 1 1 1 2 0 1

γ 0 −2 −1 −1 −1 −2 0 −1

Table 1.5: Constants β and γ for polarisation observables of single and beam-
target type used in a truncated partial wave analysis. Values taken from [109].

For all polarisation observables of S- and BT -type the summation goes

up to lmax since β = −γ. However, this is not the case for the other double

polarisation types.

The Legendre coe�cients can be interpreted in terms of multipoles by [109]:

(Almax)
Ǒ
l (W ) = ⟨Mlmax (W ) ∣C

Ǒ
l ∣Mlmax (W )⟩ , (1.56)

whereMlmax (W ) contains the multipoles El± and Ml± and CǑl is a Hermitian

matrix. See [109] for more information.

Depending on the cut-o� lmax, only certain partial waves can contribute,

i.e. l = 0 corresponds to S waves, l = 1 to P waves, l = 2 to D waves and so on.

See Table 1.6 for an overview.

1.6.4 Polarisation observables within this experiment

This experiment is performed with linearly polarised photons and trans-

versely polarised nucleons in the initial state such that besides the unpolarised
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l P MP partial wave states

0 (S) − E0+ N1/2−, ∆1/2−

S11(1535)1/2
−

1 (P ) + E1+, M1± N1/2+, N3/2+, ∆1/2+, ∆3/2+

P11(1440)1/2
+, P33(1232)3/2

+

2 (D) − E2±, M2± N3/2−, N5/2−, ∆3/2−, ∆5/2−

D13(1520)3/2
−, D33(1700)3/2

−

3 (F ) + E3±, M3± N5/2+, N7/2+, ∆5/2+, ∆7/2+

F15(1680)5/2
+, F35(1905)5/2

+

4 (G) − E4±, M4± N7/2−, N9/2−, ∆7/2−, ∆9/2−

G17(2190)7/2
−

5 (H) + E5±, M5± N9/2+, N11/2+, ∆9/2+, ∆11/2+

H19(2220)9/2
+, H311(2420)11/2

+

Table 1.6: Overview of partial waves and electromagnetic multipoles (MP)
with their parity P and their dominant resonances listed by the Particle Data
Group [44]. The notation is l2I2J(W )JP , i.e. l1x are N∗ resonances and l3x are
∆ resonances. Values taken from [109].

DCS, only the four polarisation observables Σ, T , P and H remain from Equa-

tion 1.52:

dσ

dΩ
= (

dσ

dΩ
)

0

⋅ {1 − δlΣcos (2ϕ) +Λy [T − δlP cos (2ϕ)] − δlΛxH sin (2ϕ)} .

(1.57)

Taking CGLN amplitudes (Section 1.5.4) the polarisation observables can

be described by [110]:

Σ̌ = −
p∗γ
p∗m

sin2
(θ) ⋅Re ((F ∗3 F3 + F

∗
4 F4) /2 + F

∗
2 F3 + F

∗
1 F4 + F

∗
3 F3 cos (θ)) ,

Ť =
p∗γ
p∗m

sin (θ) ⋅ Im (F ∗1 F3 − F
∗
2 F4 + (F

∗
1 F4 − F

∗
2 F3) cos (θ) − F

∗
3 F4 sin

2
(θ)) ,

P̌ = −
p∗γ
p∗m

sin (θ) ⋅ Im (2F ∗1 F2 + F
∗
1 F3 − F

∗
2 F4 − (F

∗
2 F3 − F

∗
1 F4) cos (θ)

−F ∗3 F4 sin
2
(θ)) ,

Ȟ = −
p∗γ
p∗m

sin (θ) ⋅ Im (2F ∗1 F2 + F
∗
1 F3 − F

∗
2 F4 + (F

∗
1 F4 − F

∗
2 F3) cos (θ)) . (1.58)
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As with CGLN amplitudes, the polarisation observables can also be ex-

pressed with helicity amplitudes (Section 1.5.5) [105]:

Σ̌ = 2Re (H∗1H2 −H
∗
3H4) ,

Ť = 2 Im (H∗4H1 −H
∗
3H2) ,

P̌ = 2 Im (H∗4H2 −H
∗
3H1) ,

Ȟ = −2 Im (H∗3H1 −H
∗
4H2) . (1.59)

Polarisation observables in a truncated partial wave analysis

As seen in Section 1.6.3, polarisation observables can be expressed in terms

of Legendre polynomials. Inserting the constants β and γ and taking out the

(1 − x2)
m/2 factor in Pm

l (x), the investigated observables in this experiment

can be written as:

Σ̌ =
p∗γ
p∗m

sin2
(x)

2lmax

∑

l=2

(Almax)

ˇ̌Σ
l (W )P

′′
l (x) ,

Ť =
p∗γ
p∗m

sin (x)
2lmax

∑

l=1

(Almax)

ˇ̌T
l (W )P

′
l (x) ,

P̌ =
p∗γ
p∗m

sin (x)
2lmax

∑

l=1

(Almax)

ˇ̌P
l (W )P

′
l (x) ,

Ȟ =
p∗γ
p∗m

sin (x)
2lmax

∑

l=1

(Almax)

ˇ̌H
l (W )P

′
l (x) . (1.60)

It can be seen that Σ̌ has (2lmax − 1) Legendre coe�cients, whereas Ť , P̌ and

Ȟ have 2lmax. The derivatives of the Legendre polynomials P ′′l and P ′l are

done with respect to x.

Polarisation observables in the detector system

A coordinate system describing the detector system of the experiment is

better suited for describing the particles and their polarisation degrees. There-

fore, the reaction coordinate system is rotated around the beam axis, i.e. z-

axis. The meson is rotated by ϕ′ = α − ϕ, the photon polarisation plane is

rotated by α and the nucleon polarisation plane is rotated by β. The polar-

isation degree of the photon is given by δ, whereas the nucleon polarisation

degree is Λ. See Figure 1.10 for more details.
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1.6. Polarisation observables

Figure 1.10: Relation between the coordinate systems used in Equation 1.57
(x, y, z) and the detector coordinate system used in Equation 1.61 (xdet, ydet,
zdet). The latter is rotated by −ϕ′ around the z-axis. The photon polarisation
degree is given by δ = ∣⃗δ∣, the nucleon polarisation degree by Λ = ∣Λ⃗∣. The z-axis
points out of the paper.

Thus, the DCS in the detector coordinate system is given by:

dσ

dΩ
= (

dσ

dΩ
)

0

⋅ { 1 − δΣcos (2 (α − ϕ′)) +ΛT sin (β − ϕ′)

− δΛP cos (2 (α − ϕ′)) sin (β − ϕ′)

−δΛH sin (2 (α − ϕ′)) cos (β − ϕ′)} . (1.61)

For simplicity, the angle ϕ′ is rede�ned to ϕ ∶= ϕ′ from now on.

Asymmetries in the detector system

The di�erent polarisation terms in Equation 1.61 can be de�ned as asym-

metries, which can be connected to the DCS of the corresponding polarisation

planes. For easier readability, the DCS dσ/dΩ is replaced by the CS σ in the
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following equations:

AΣ (ϕ) =
1

δ

σ⊥ − σ∥

σ⊥ + σ∥
= Σcos (2 (α − ϕ)) , (1.62)

AT (ϕ) =
1

Λ

σ↑ − σ↓
σ↑ + σ↓

= T sin (β − ϕ) , (1.63)

APH (ϕ) =
1

δΛ

σ⊥↑ − σ
⊥
↓ − σ

∥

↑ + σ
∥

↓

σ⊥↑ + σ
⊥
↓ + σ

∥

↑ + σ
∥

↓

= P cos (2 (α − ϕ)) sin (β − ϕ)

+H sin (2 (α − ϕ)) cos (β − ϕ) , (1.64)

where σ∥ and σ⊥ are the DCS belonging to the beam polarisation angles α∥

and α⊥ = α∥+90○, i.e. ±45○, and σ↑ and σ↓ are the DCS belonging to the target

polarisation angles β↑ and β↓ = β↑ + 180○, i.e. 90○ and 270○.
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1.7. Current status of theory and experiment

1.7 Current status of theory and experiment

1.7.1 Theoretical description with partial wave analyses

Multiple theoretical models describe the experimental data adequately.

Proper partial wave analyses (PWA) make theoretical assumptions and �t the

experimental data to get resonances. They are therefore the connection point

between theory and experiment. The most common PWA are either proper

partial wave analyses (PWA) like the Scattering Analysis Interactive Dial-in

(SAID) [111] or isobar models like the Bonn-Gatchina (BnGa) [112] and Mainz

Unitary Isobar Model (MAID) [113]. PWA decomposes observables in terms

of partial waves with El± and Ml± multipoles containing resonant and back-

ground terms. They usually get the parameters from �tting the resonances

with a Breit-Wigner function. Isobar models, on the other hand, �t the data

with already parametrised resonant and background terms.

Besides the here discussed models, there exist other PWA approaches, e.g.

Jülich-Bonn (JüBo) with a dynamical coupled-channel model using the S-

matrix [114] or the Giessen Model using a coupled-channel unitary Lagrangian

approach [115].

The most common description of a resonance is with a Breit-Wigner func-

tion [116]. The amplitude is given by [44]:

A (W ) =
α̃

W 2
R −W

2
− iWΓR

, (1.65)

where α̃ contains the resonance coupling in the initial and �nal states,WR is the

mass of the resonance,W =
√

s is the CM energy and ΓR is the width of the res-

onance. However, this parametrisation only results in the resonance's correct

mass and width if it does not overlap with other resonances, e.g. ∆ (1232)3/2+.

Otherwise, the K-matrix approach, directly connected to the scattering matrix

S, results in more reasonable resonances [117].

The following subsections brie�y describe the SAID, BnGa and MAID mod-

els. The CS from their predictions can be seen in Figure 1.11. The di�erent

models have only minor di�erences in the CS, whereas they may di�er quite

strongly in certain polarisation observable predictions. A more detailed dis-
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cussion and comparison of di�erent PWA models can be found in [63].

R (W [MeV]) JP Total πN ηN PWA

p(938) 1/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♠♡♣♢

n(939) 1/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♠♡♣♢

N(1440) 1/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♠♡♣♢

N(1520) 3/2− ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♠♡♣♢

N(1535) 1/2− ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♠♡♣♢

N(1650) 1/2− ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♠♡♣♢

N(1675) 5/2− ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ♠♡♣♢

N(1680) 5/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ♠♡♣♢

N(1700) 3/2− ∗ ∗ ∗ ∗ ∗ ∗ ∗ ♠♡♢

N(1710) 1/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ∗ ∗ ♠♡♢

N(1720) 3/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ♠♡♣♢

N(1860) 5/2+ ∗∗ ∗∗ ∗ ♠♢

N(1875) 3/2− ∗ ∗ ∗ ∗∗ ∗ ♠♡♢

N(1880) 1/2+ ∗ ∗ ∗ ∗ ∗ ♠♡♢

N(1895) 1/2− ∗ ∗ ∗∗ ∗ ∗ ∗ ∗∗ ♠♡♢

N(1900) 3/2+ ∗ ∗ ∗∗ ∗∗ ∗ ♠♡♢

N(1990) 7/2+ ∗∗ ∗∗ ∗ ♠♡♢

N(2000) 5/2+ ∗∗ ∗ ∗ ♠♡♣♢

N(2040) 3/2+ ∗ ∗

N(2060) 5/2− ∗∗ ∗∗ ∗∗ ♠♡♢

N(2100) 1/2+ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ♠♡♢

N(2120) 3/2− ∗∗ ∗∗ ♠♡♢

N(2190) 7/2− ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ♠♡♣♢

N(2220) 9/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ♡♣♢

N(2250) 9/2− ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗ ♠♡♣♢

N(2300) 1/2+ ∗∗ ∗∗

N(2570) 5/2− ∗∗ ∗∗

N(2600) 11/2− ∗ ∗ ∗ ∗ ∗ ∗ ♣

N(2700) 13/2+ ∗∗ ∗∗ ♠

Table 1.7: N∗ resonances listed by the Particle Data Group [44] with the cer-
tainty of their existence: ∗ ∗ ∗∗ existence certain and properties at least fairly
well explored, ∗ ∗ ∗ existence very likely certain but further con�rmation and
more research desirable, ∗∗ evidence of existence fair, ∗ evidence of existence
poor. πN and ηN indicate the observed certainty in photoproduction experi-
ments and the corresponding �nal state. The last column indicates the partial
wave analyses (PWA) that include the speci�c resonance in its model: ♠ Eta-
MAID 2018, ♡ BnGa 2019 and BnGa 2022, ♣ SAID MA19, ♢ MAID 2021.

Tables 1.7 and 1.8 show the resonances from the PDG [44] and their cer-

tainty of existence. Di�erent PWA include di�erent resonances in their models,
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R (W [MeV]) JP Total πN PWA

∆(1232) 3/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♡♣♢

∆(1600) 3/2+ ∗ ∗ ∗∗ ∗ ∗ ∗ ♡♣♢

∆(1620) 1/2− ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♡♣♢

∆(1700) 3/2− ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♡♣♢

∆(1750) 1/2+ ∗ ∗

∆(1900) 1/2− ∗ ∗ ∗ ∗ ∗ ∗ ♡♢

∆(1905) 5/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♡♣♢

∆(1910) 1/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♡♣♢

∆(1920) 3/2+ ∗ ∗ ∗ ∗ ∗ ∗ ♡♢

∆(1930) 5/2− ∗ ∗ ∗ ∗ ∗ ∗ ♣♢

∆(1940) 3/2− ∗∗ ∗∗ ♡

∆(1950) 7/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♡♢

∆(2000) 5/2+ ∗∗ ∗∗ ♡♢

∆(2150) 1/2− ∗ ∗

∆(2200) 7/2− ∗ ∗ ∗ ∗∗ ♡♢

∆(2300) 9/2+ ∗∗ ∗∗ ♢

∆(2350) 5/2− ∗ ∗

∆(2390) 7/2+ ∗ ∗

∆(2400) 9/2− ∗∗ ∗∗ ♣♢

∆(2420) 11/2+ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ♣

∆(2750) 13/2− ∗∗ ∗∗

∆(2950) 15/2+ ∗∗ ∗∗

Table 1.8: ∆ resonances listed by the Particle Data Group [44] with the cer-
tainty of their existence: ∗ ∗ ∗∗ existence certain and properties at least fairly
well explored, ∗ ∗ ∗ existence very likely certain but further con�rmation and
more research desirable, ∗∗ evidence of existence fair, ∗ evidence of existence
poor. πN and ηN indicate the observed certainty in photoproduction experi-
ments and the corresponding �nal state. The last column indicates the partial
wave analyses (PWA) that include the speci�c resonance in its model: ♡ BnGa
2019 and BnGa 2022, ♣ SAID MA19, ♢ MAID 2021.

which is indicated as well. The two models BnGa 2019 and BnGa 2022 do in-

clude the exactly same resonances.

Scattering Analysis Interactive Dial-in

Scattering Analysis Interactive Dial-in (SAID) is a proper PWA �tting a

large database of pion-nucleon scattering, electro- and photoproduction data

[111]. It has been developed by the George Washington University in Wash-

ington DC, USA.
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The resonance parameters are found from a �t to elastic pion scattering,

where the multipole contributions are found from a �t to all data with the K-

matrix formalism [118]. Thereby, the matrix elements are energy-dependent

polynomials of order 5.

(a)
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Figure 1.11: Total cross section σ as a function of the incident photon energy
Eγ and centre of mass energy W for the partial wave analyses models BnGa
2019 [119], MAID 2021 [120], SAID MA19 [121] and EtaMAID 2018 [122] in
π0 (a) and η (b) photoproduction on the proton and the neutron.

Most data are only available for photoproduction on the proton and only

used to determine the couplings in γN such that they do not provide new

resonances [123, 124]. However, the most recent model - SAID MA19 - is

available for both π0p and π0n �nal states [121].

Bonn-Gatchina

Bonn-Gatchina (BnGa) is a coupled channel PWA that �ts pion scattering

data together with photoproduction data [112]. It has been developed by the

Rheinische Friedrich-Wilhelms-Universität Bonn in Bonn, Germany, and the

Petersburg Nuclear Physics Institute (PNPI) in Gatchina, Russia.

In the low-energy region, the K-matrix approach is applied, whereas some

high-energy resonances (W > 2.2GeV) are parametrised with relativistic multi-

channel Breit-Wigner amplitudes [125]. Besides the unpolarised CS, polarisa-

tion observable data are included as well. Data are taken from pion-induced

reactions πN → πN , π−p → ηn,K0Λ,K0Σ0, π0π0n, π+p → K+Σ+ and pho-

ton induced reactions γp → ηp, π0p, π+n,K+Λ,K+Σ,K0Σ+, π0π0p, π0ηp [125].

Background terms, i.e. Born terms, t-channel and u-channel processes, are

also included in the �t.
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The most recent model available for all observables in the �nal states π0N

and ηN is the BnGa 2019 [119]. An even more recent one, BnGa 2022-02, is

on the way [126].

Mainz Isobar Model

The Mainz Isobar Model (MAID) is a unitary isobar model developed by

the Johannes Gutenberg Universität in Mainz, Germany [93].

The T -matrix approach is used and resonances are expressed as multi-

channel Breit-Wigner functions [127]. The MAID 2007 model includes the pho-

toproduction γp → π0p, π+n, ηp, whereas the updated EtaMAID 2018 model

also includes the reactions γp→ η′ and γn→ ηn, η′n [122]. Background terms,

i.e. Born terms, s-channel, t-channel and u-channel processes, are also included

in the �t.

The most recent model for the �nal state ηN is the EtaMAID 2018 [122],

whereas the most recent one for the π0N �nal state is the MAID 2021 [120].

However, MAID 2021 has yet to be �nalised. The total CS is shown in Figure

1.11 anyway, as it will not change much any more and results in a good de-

scription. On the other hand, polarisation observables are much more sensitive

to the �tted data and show a discrepancy if the model is not �nalised.

1.7.2 Observed narrow structure in ηn around 1.68GeV

One of the primary motivations for η photoproduction on the neutron with

a coherent edge at Eγ = 1200MeV - corresponding to W ≈ 1770MeV - is

the investigation of the observed narrow structure in the di�erential and total

CS [128�132] and in the helicity-dependent CS [133] (Figure 1.12).

Di�erent explanations try to explain the narrow structure visible in the CS

of ηn but not in ηp. It might originate from an intrinsic resonance [134, 135],

strangeness loops [136], coupled channel e�ects [137, 138] or interferences of

already known resonances [122,133,139,140].

A helicity-dependent experiment [133] led to a further interesting behaviour

of the narrow structure: it is not visible in the helicity-3/2 CS but very promi-

nent in the helicity-1/2 one, indicating a direct relation to the S11 or P11 partial

waves. However, since the structure can be described with interference e�ects

(Figure 1.13a) [122, 140] and with a narrow N(1685)1/2+ resonance (Figure
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(a) (b)

(c) (d)

Figure 1.12: Total cross section of ηp and ηn �nal states in exclusive photo-
production reactions on nucleons bound in deuterium (a) and He−3 (b) as well
as helicity-dependent cross sections for ηp (c) and ηn (d). Figures (a) and (b)
taken from [132]. Figures (c) and (d) adapted from [133].

1.13b) [141] the puzzle is not yet solved.

In conclusion, whether the narrow structure in the ηn CS is caused by

interference e�ects, a new resonance, or even something else cannot be said. If

the origin is an interference e�ect, it should be clari�ed which one.

1.7.3 Experimental data situation

Numerous experiments have already been performed investigating most

of the di�erent polarisation observables in π0 and η photoproduction [111].
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(a) (b)

Figure 1.13: Two models that �t the cross section of ηn: (a) without additional
resonance, (b) with one. Figure (a) adapted from [122]. Figure (b) taken
from [141].

However, most of the observables are only available in a certain kinematic

region and mainly for π0 photoproduction on protons or π± photoproduction

on nucleons.

The current data situation for the polarisation observables Σ, T , P and H

in π0 and η photoproduction can be seen in Figures 1.14-1.17. The kinematic

range covered by this experiment can be seen as light grey boxes.

Previous experiments studied the reaction π0p the most, such that high

statistical data exist for all four observables. The same is true for the beam

asymmetries in the here studied reactions and the target asymmetry in ηp.

These data are perfectly suited for cross-checking the correctness of the analysis

in this work. Σ in π0n as well as P and H in ηp can kinematically be extended

for higher energies. Most interesting are the observables T , P and H in π0n

and ηn, which is determined with this experiment for the �rst time.

The data that is marked with a ∗, i.e. Stausberg 2019, is not �nalised but

good preliminary ones.
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Figure 1.14: Current data situation for the observables Σ, T , P and H in π0

photoproduction on the proton. The light grey box indicates the kinemati-
cally accessible ranges in this experiment. The most recent data with high
statistics from the CBELSA/TAPS experiment at ELSA in Bonn, Germany,
are shown as magenta circles, crossed x and stars [142�144], those from the
LEPS2/BGOegg experiment at SPring-8 in Sayo Town, Japan, are shown as
orange crosses [145], those from the A2 experiment at MAMI in Mainz, Ger-
many, are shown as cyan squares and stars [146�148], those from the CLAS
experiment at CEBAF/JLab in Newport News (VA), USA, are shown as red
diamonds [149] and those from the GRAAL experiment at ESRF in Greno-
ble, France, as green triangles [150]. All other data, shown as yellow inverted
triangles, are from multiple older experiments [151�183] for Σ, [179�190] for
T , [179�183,189�229] for P and [230,231] for H. Most of the data can be found
summarised on the SAID homepage [111].
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Figure 1.15: Current data situation for the observables Σ, T , P and H in
π0 photoproduction on the neutron. The light grey box indicates the kine-
matically accessible ranges in this experiment. The most recent data with
high statistics from the GRAAL experiment at ESRF in Grenoble, France,
are shown as green triangles [232], those from the A2 experiment at MAMI in
Mainz, Germany, are shown as cyan squares [233].
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Figure 1.16: Current data situation for the observables Σ, T , P and H in η
photoproduction on the proton. The light grey box indicates the kinematically
accessible ranges in this experiment. The most recent data with high statistics
from the CBELSA/TAPS experiment at ELSA in Bonn, Germany, are shown
as magenta circles [119, 234, 235], those from the A2 experiment at MAMI
in Mainz, Germany, are shown as cyan squares [236], those from the CLAS
experiment at CEBAF/JLab in Newport News (VA), USA, are shown as red
diamonds [237] and those from the GRAAL experiment at ESRF in Grenoble,
France, as green triangles [238]. All other data, shown as yellow inverted
triangles, are from multiple older experiments [239, 240] for Σ, [184] for T
and [241,242] for P . Most of the data can be found summarised on the SAID
homepage [111].
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Figure 1.17: Current data situation for the observables Σ, T , P andH in η pho-
toproduction on the neutron. The light grey box indicates the kinematically
accessible ranges in this experiment. The most recent data with high statis-
tics from the GRAAL experiment at ESRF in Grenoble, France, are shown as
green triangles [243].
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2 | Experimental setup

The CBELSA/TAPS experiment with the Crystal Barrel/TAPS detector

setup takes place at the Electron Stretcher Accelerator (ELSA) facility in Bonn,

Germany. The experiments for this work took place in October/November 2018

(Oct2018) and November/December 2021 (Dec2021).

Section 2.1 starts with an overview of the electron accelerator facility ELSA,

where the experiment is situated.

Section 2.2 is about the di�erent detector parts building up the setup. It

explains what they are made of, their properties and how they work.

The transversely polarised deuterated butanol (dButanol) target and how

nucleons can be polarised is explained in Section 2.3, whereas Section 2.4 shows

the used trigger conditions in the experiment. Due to the used beam current,

not all events can be stored such that good conditions must be set to store the

interesting ones.

The chapter is concluded with Section 2.5, where the beam times and the

resulting data sets are explained.
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2.1 Electron Stretcher Accelerator

The Electron Stretcher Accelerator (ELSA) [92] is located at the Physics

Institute of the Rheinische Friedrich-Wilhelms-Universität in Bonn, Germany.

It accelerates polarised and unpolarised electrons up to 3.2GeV in three stages:

linear accelerator (LINAC), booster synchrotron and stretcher ring [92].

Figure 2.1: Schematic representation of the Electron Stretcher Accelerator
(ELSA) in Bonn, Germany, with its three steps: linear accelerator (LINAC),
booster synchrotron and stretcher ring. Figure taken from [244].

Here, LINAC 2 is used with unpolarised electrons. They are produced by

a thermal gun and accelerated up to 26MeV before being led into the booster

synchrotron. LINAC 2 could also be used with polarised electrons that are

produced on a GaAs photo-cathode by circularly polarised laser light [245].

Their polarisation can reach up to more than 80% [245]. The other linear

accelerator, LINAC 1, that produces unpolarised electrons by a thermal gun

and accelerates them up to 20MeV, is not available at the moment.

The booster synchrotron accelerates electrons up to 1.6GeV at a frequency

of 50Hz before they are led into the stretcher ring. Due to di�erent circumfer-

ences of the booster synchrotron and the stretcher ring, at least seven injections

must be performed to �ll the stretcher ring. They are further accelerated to
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3.2GeV. To increase the beam current and have a more stable extraction a

multiple of seven can also be injected into the ring, i.e. 21 or 28 injections,

as done in this experiment. Besides a stretcher and an acceleration mode,

the stretcher ring can also store the beam for quite some time to provide a

continuous beam.

A second collaboration also uses ELSA for its experiments: BGO-OD [246].

Their setup is designed for unpolarised targets with complex �nal states to

search for strangeness and vector mesons.
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2.2 Crystal Barrel/TAPS detector setup

The detector setup is perfectly suited for looking at reactions with photons

in the �nal state, as they deposit nearly all their energy in the two main spec-

trometers: Crystal Barrel (CB) with Forward Plug (FP) and MiniTAPS (MT).

Together, they cover 94.6% of the 4π solid angle making angle-dependent de-

termination possible.

Furthermore, several charge-sensitive detectors are used for distinguishing

protons from neutrons and photons.

Figure 2.2: Schematic representation of the Crystal Barrel/TAPS experiment
since 2005. Figure adapted from [63].

2.2.1 Tagging system

Electrons from ELSA are converted to photons with a thin radiation foil

through the bremsstrahlung process. The photons �y through a 4mm lead

collimator towards the target. On the other hand, the scattered electrons get
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de�ected by a dipole magnet towards the tagging system (Tagger, Figure 2.3a).

Since the energy of the beam electrons E0 and the one of the detected one in

the Tagger Ee− are known, the energy of the photon is directly given by:

Eγ = E0 −Ee− . (2.1)

Unde�ected beam electrons, which do not produce photons impinging the

target, are de�ected by 9 deg towards the electron beam dump by an additional

dipole magnet.

The Tagger is made of two di�erent detectors: a bar hodoscope and a �bre

detector. Scattered electrons within an energy range of (0.021 − 0.825)E0 [247]

are registered by the �rst. The bar hodoscope is made of 96 overlapping organic

scintillators with attached photomultiplier tube (PMT) [247]. Their signal is

thereby digitalised by leading edge discriminators (LED) and time-to-digital

converters (TDC). The scintillators overlap such that an electron hits two,

which helps to reduce the background. The relative energy resolution is 0.1 to

6% [247] (Figure 2.3b).

(a) (b)

Figure 2.3: (a) Schematic representation of the tagging system with its two
detector components: bar hodoscope and �bre detector. (b) Energy resolution
of the bars and �bres as a function of the incident photon energy Eγ. Figure
(a) adapted from [248]. Figure (b) adapted from [247].

Additionally to the bar hodoscope, the �bre detector covers the energy

range of (0.116 − 0.871)E0 [247] enhancing the detection range in the high-

energy range. It consists of 480 scintillators with multi-anode PMT readout.

They are built to 30 modules, each consisting 16 �bres, with an energy reso-

lution of 0.1 to 0.4% of E0 [247] (Figure 2.3b).
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2.2.2 Goniometer

The goniometer [163] is situated in a vacuum chamber in front of the Tag-

ger. It consists of a Møller radiator, four copper radiators of di�erent thick-

nesses, diagnostic instruments and a diamond radiator (Figure 2.4).

Figure 2.4: Schematic representation of the goniometer with its di�erent radi-
ators: (1) luminescent screen, (2) 300µm copper radiator, (3) horizontal wire,
(4) vertical wire, (5) 150µm copper radiator, (6) 50µm copper radiator, (7)
12µm copper radiator, (8) empty, (9) diamond radiator, (10) Møller radiator.
Figure adapted from [249].

The Møller radiator, made of a 20µm thick ferromagnetic foil surrounded

by a solenoid [250], is for measuring polarisation degrees of circularly polarised

photons.

The amorphous copper radiators with a thickness of 12µm to 300µm - cor-

responding to 0.00084−0.021 radiation lengths X0 [250] - are used to generate

an unpolarised photon beam. They are situated in the slots of the aluminium

wheel.

As diagnostic instruments, a luminescent screen and a horizontal and ver-

tical wire can be used to visualise the beam and scan the beam pro�le.

The diamond radiator, which is a 500µm thick diamond crystal - corre-

sponding to 4.1 ⋅ 10−3 X0 - is glued to a 12.5 µm thick kapton foil [249]. It is
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situated in the centre of the aluminium wheel and used for polarising photons

linearly, like in this experiment. It thereby must be aligned speci�cally to

produce coherent bremsstrahlung. The whole process was developed by Ken

Livingston [251] and is called Stonehenge technique. The polarisation direction

and the coherent edge can be adjusted. The coherent edge is the position of the

steepest drop just after the highest polarisation values. Here, the polarisation

degree orientations are set to ±45○ with a coherent edge at 1200MeV.

2.2.3 Crystal Barrel

The Crystal Barrel calorimeter (CB) covers 89% of 4π and is made of 1230

CsI(Tl) crystals (Figure 2.5). It is excellent for detecting photons, i.e. 2GeV

photons deposit 99% of their energy in it [252].

Figure 2.5: Schematic representation of the Crystal Barrel spectrometer with
the Forward Plug detector (right) and the charge sensitive Inner Detector (left).
The photon beam enters from the left-hand side. Figure taken from [253].

CB was built at CERN, where it was used in the low-energy antiproton

ring (LEAR) facility starting in 1989 [254] and was moved to ELSA in 2000.

It has the shape of a barrel and surrounds the Inner Detector (Section 2.2.5),

which again surrounds the target (Section 2.3). The crystals have a length
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of 30 cm - corresponding to 16 radiation lengths X0 [254] - that are arranged

in 21 rings. CB covers the polar angles from θ = 30○ to θ = 156○ with the

resolution of ∆θ = 6○ and the full azimuthal angle ϕ with the resolution of

∆ϕ = 6○. However, the last ring starting at θ = 150○ has a azimuthal resolution

of ∆ϕ = 12○ [254]. Since most photons produce an electromagnetic shower,

which is spread over multiple crystals, a resolution of 1.5○ can be achieved for

energies of more than 50MeV [254].

The relative energy resolution is given by [254]:

σE
E
=

2.5%
4
√

E[GeV]
. (2.2)

1− 0.5− 0 0.5 1
cm

0πθcos

0

0.2

0.4

0.6

0.8

1

A
cc

ep
ta

nc
e

Figure 2.6: Monte Carlo simulation of the trigger acceptance in the reaction
γn → π0n as a function of cos (θ) before (red) and after (black) the hardware
upgrade of Crystal Barrel. Figure taken from [255].

In 2018 an upgrade of the readout electronic form PIN photodiodes to

avalanche photodiodes CB was �nished and CB can also be used in the �rst

level cluster trigger system with its timing information [255�257]. Figure 2.6

shows a comparison between the old and the new trigger from a MC simulation

of the reaction γn → π0n as a function of the meson angle in the CM frame.
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As expected, in the forward direction, the acceptances are very similar due to

the primary in�uence of FP and MT. However, going towards more backward

angles, a signi�cant deviation of more than a factor of 5 is visible. This upgrade

was crucial for this experiment as a dButanol target is used and the reaction

can occur on protons and neutrons. The analysis is therefore done exclusively,

i.e. the recoil nucleon must be detected too, where the number of detected

events on neutrons would be minimal with the old trigger. The new trigger

solves this problem and makes nearly the whole solid angle accessible for the

analysis.

Another upgrade not completed in the 2018 beam time but in the 2021

one was the replacement of charge-to-digital-converters (QDC) readout with

custom-made FPGA-based sampling analogue-to-digital-converts, the SADC

[258]. They can handle information much faster and an increase of more than

a factor of 2 was archived in the data taking rate.

2.2.4 Forward Plug

At the photon beam leaving side of CB, three rings with 90 CsI(Tl) crystals

build the Forward Plug detector (FP). It is made of the same crystals as CB and

covers the polar angles from 11.2○ to 27.5○ and the whole azimuthal angle [259]

(Figure 2.5). Because of the holding structure, the detector is shifted by 3 cm

towards the photon beam dump.

The charge-sensitive Inner Detector (Section 2.2.5) does not cover all angles

for the FP such that two layers of 90 organic scintillators - the Forward Plug

Veto detector (FP Veto, FPV) - are arranged in front of the FP to identify

charged particles [260]. The �rst layer covers the same solid angles as the FP

crystals, whereas the second layer is shifted by 6○ around the beam axis [260].

The readout is done with lightguides and PMT. The analogue signal is

converted to a digital one with LED and multi-hit TDC. Signals from FP are

used in the trigger system too.

2.2.5 Inner Detector

Before particles hit the CB, they propagate through three 2mm thick layers

of cylindrical scintillating �bres, the Inner Detector (ID) [248, 261]. ID is

made of 513 �bres. Sometimes this detector is also called Charged Particle
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Identi�cation detector (ChaPI) since it is used to identify charged particles

(Figure 2.5).

(a) (b)

Figure 2.7: Schematic representation of the Inner Detector (ID, a) and the
three scintillating �bres (b) that build up the active area of the detector.
Figures taken from [262]

The outer layer is aligned parallel with the photon beam direction. The

central layer is turned by an angle of 25.7○ and the inner layer by −24.5○ [261].

The number of �bres - 191, 165, 157 - decreases with the radius of the layers

- 6.4 cm, 6.13 cm, 5.81 cm - from the outer to the inner layer [261].

The centre of the ID is shifted by 5.1 cm toward the incoming beam com-

pared to the CB/target centre [263]. It covers the polar angles from θ = 23.1○

to θ = 166○ [143] and has a length of 40 cm [261]. The angular resolutions are

∆θ = 0.4○ and ∆ϕ = 0.1○ [264].

The readout is done with multi-anode PMT and digitalised with LED and

multi-hit TDC. Therefore, it does not give any energy information [261].

2.2.6 MiniTAPS

The MiniTAPS (MT) [265, 266] - originally TAPS stands for Two-Arm-

Photon-Spectrometer - covers the most foreword angles from θ = 1○ to θ = 12○

and is made of 216 hexagonal BaF2 crystals. The elements were originally

used in the TAPS experiments at the MAMI accelerator facility in Mainz,

Germany [265].

Since MT is situated 210 cm behind the target centre and BaF2 crystals

have an excellent time resolution of 0.87 ns [268], it could be used as time-of-

60



2.2. Crystal Barrel/TAPS detector setup

20

40

60

80

100

120

140

160

180

200

220

166 165 164 163 162 161 160 159 158

157 156 155 154 153 152 151 150 149 148

210 147 146 145 144 143 142 141 140 139 110

211 199 138 137 136 135 134 133 132 131 97 109

212 200 190 130 129 128 127 126 125 124 86 96 108

213 201 191 183 123 122 121 120 119 118 77 85 95 107

214 202 192 184 178 173 117 116 115 65 70 76 84 94 106

215 203 193 185 179 174 170 114 113 60 64 69 75 83 93 105

216 204 194 186 180 175 171 169 57 59 63 68 74 82 92 104

217 205 195 187 181 176 172 1 2 58 62 67 73 81 91 103

218 206 196 188 182 177 3 4 5 61 66 72 80 90 102

219 207 197 189 6 7 8 9 10 11 71 79 89 101

220 208 198 12 13 14 15 16 17 18 78 88 100

221 209 19 20 21 22 23 24 25 26 87 99

222 27 28 29 30 31 32 33 34 35 98

36 37 38 39 40 41 42 43 44 45

46 47 48 49 50 51 52 53 54

x [cm]
40− 20− 0 20 40

y 
[c

m
]

40−

30−

20−

10−

0

10

20

30

40

(a)

(b)

Figure 2.8: (a) Schematic representation of the MiniTAPS with its four logical
sectors and element numbering. (b) A single element. Figure (b) taken from
[267].

�ight (TOF) detector like TAPS in the A2 experiments at MAMI in Mainz,

Germany [132, 269]. However, since it only detects a small part of all events

and gives no additional information, the TOF method is not used in this setup.

The crystals have the dimension 5.9 cm × 5.9 cm × 25 cm - corresponding
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to 12 radiation lengths X0 [265].

The energy resolution is given by [266]:

σE
E
= 1.91% +

0.59%
√

E[GeV]
. (2.3)

Another property of the crystals is the decay over two scintillation compo-

nents: a fast one called short gate (SG) and a slow one called long gate (LG).

This property could also be used to identify di�erent particles in reactions us-

ing the pulse-shape-analysis (PSA), which again is regularly used within A2

experiments at MAMI [270�272]. As for the TOF method, the number of

events is too low for a broad application of the PSA method.

The readout is done with PMT and custom-built readout modules [267] that

include ADC for the energy information and TDC for the timing information.

In front of TDC, CDF are installed and two di�erent LED - LEDHigh and

LEDLow - are used to provide trigger conditions.

The detector is split into four logical sectors for the trigger (Figure 2.8a).

If one hit in a sector is above LEDHigh, or two hits in two di�erent sectors

are above LEDLow, the trigger condition will be ful�lled. In the two most

inner rings, LEDHigh is switched o� to suppress background events from e−e+

events. In more recent experiments - including this one - only one LED trigger

condition (LEDHigh) is used.

The MT Veto detector (MTV) is placed in front of MT to identify charged

particles. MTV is made of 5mm thick organic scintillators. The elements have

the identical shape as the BaF2 crystals such that one Veto element covers

exactly one MT element. The readout is done with multi-anode PMT that are

digitalised by LED and TDC. Therefore, MTV does not provide any energy

information.

2.2.7 Gamma Intensity Monitor and Flux Monitor

At the end of the photon beamline, the Gamma Intensity Monitor (GIM)

is situated, which is made of 4×4 PbF2 crystals [273]. Due to the high density

of the crystals [44], GIM can work with high rates. Incoming photons mainly

produce e+e− pairs, which generate Cherenkov light detected by the connected

PMT readout system.
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Figure 2.9: Schematic representation of the Gamma Intensity Monitor with
the Flux Monitor behind it. Figure taken from [262].

GIM is used to precisely monitor the photon �ux during the experiment.

Since (Tagger) rates of more than 5MHz are used during the experiment,

dead times of the GIM readout system become important and the e�ciency

drops [268]. Therefore, an additional detector - the Flux Monitor (FluMo) [274]

- is installed in front of the GIM (Figure 2.10). FluMo produces only a fraction

of e+e− pairs compared to GIM, so it does not get saturated. Two organic

scintillators detect hits. A third veto scintillator is present in front of the

FluMo. It shows a constant fraction of the total �ux and can be used to

determine the GIM detection e�ciency, which again is needed for the photon

�ux determination.

2.2.8 Cherenkov detector

To suppress electromagnetic background, i.e. e+e− pair production, a CO2

gas Cherenkov detector is placed as a veto between FP and MT [275]. It

has the dimensions 1.2m × 1.2m × 1.0m and is made of aluminium with an
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entrance and exit window.

Figure 2.10: Schematic representation of the CO2 gas Cherenkov detector
("Gas-�erenkov-Detektor") situated between Forward Plug ("Vorwärtsdetek-
tor") and MiniTAPS ("MiniTAPS-Detektor"). Figure taken from [275].

The produced light is focused towards the top, where a PMT is installed.

Since the refractive index of CO2 is n = 1.00045 [276,277] under standard con-

ditions, the threshold energy for electrons is 17.4MeV (Appendix B.1). This is

even below the 20.0MeV threshold energy from the reconstruction. Other par-

ticles do not produce Cherenkov radiation with the maximum provided energy

of 3.2GeV from ELSA.

Reducing e+e− pair production is essential since the production yield is pro-

portional to the atomic number Z2. Thus, much electromagnetic background

is suppressed with a dButanol target, which also consists of carbon and oxy-

gen atoms with Z = 6 and Z = 8. Some Compton e�ects that scale with Z are

further suppressed.

The detection e�ciency is 90% for 19MeV and (99.7 ± 4.5)% for energies

above 100MeV [275] making the Cherenkov detector very suitable as a veto

for electromagnetic showers.
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2.3 Targets

2.3.1 Polarised deuterated butanol target

This work aims to determine polarisation observables for π0 and η photo-

production on transversely polarised nucleons. Therefore, two complications

occur. First, free neutrons have a mean lifetime of 879.4±0.6 seconds [44] such

that they can only be investigated in bound systems like deuterium (D). Sec-

ond, deuterium cannot be polarised easily since it would require very high mag-

netic �elds of around 20T and very low temperatures of the order of mK [278].

The solution is a frozen spin target with many deuterium molecules and a long

relaxation time that is easy to handle, i.e. deuterated butanol (dButanol). The

chemical structure of dButanol is C4D9OD, meaning it has ten bound protons

and neutrons within D per molecule and 32 protons and neutrons bound in

carbon and oxygen.

(a) (b)

Figure 2.11: (a) Dubna-Mainz Frozen Spin Target inside the Crystal Bar-
rel/TAPS detector setup. (b) Frozen deuterated butanol beads. Figure (a)
taken from [279]. Figure (b) taken from [271].

The energy level of particles with a non-vanishing dipole moment in an

external magnetic �eld B split into 2s + 1 Zeeman levels with the magnetic

quantum number m = −s, . . . , s, which increases in integer steps. Thus, nucle-

ons split into two levels (m = ±1/2), whereas deuterium nuclei split into three

(m = −1,0,1). In thermal equilibrium (TE), the occupation number ratio is
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given by [278]:

N (E +∆E)

N (E)
= exp(−

∆E

kBT
) with ∆E = gµB∆m = hνe− , (2.4)

where N is the occupation number, E the energy, ∆E the energy di�erence

between the levels, kB = 1.3806 ⋅ 10−23 JK−1 [44] the Boltzmann constant, T

the temperature, g the Landé factor, µ = µB = 9.2740 ⋅ 10−24 JT−1 [44] the

Bohr magneton for electrons, µ = µN = 5.0508 ⋅ 10−27 JT−1 [44] the nuclear

magneton for nucleons and nuclei, ∆m the di�erence between the magnetic

quantum number of energy levels, h = 6.6261 ⋅ 10−34 J s [97] the Plank constant

and νe− the microwave radiation of the electron. The Landé factor is 2.0023 for

electrons [97], 5.5857 for protons [97], −3.8261 for neutrons [97] and 0.8574 for

deuterium [97]. The polarisation in TE is given by the Brillouin function [280]:

P =
⟨Iz⟩

I
=

N(I) −N(−I)

∑
m=+1
m=−1N(m)

=BI (
µB

2kBT
) . (2.5)

The sum of the magnetic moments of the proton and neutron is 0.8798µN ,

which di�ers from the deuteron by about 2.5%. The deuteron is, therefore,

not a pure S state with l = 0 but has D state contributions with l = 2. This re-

duces the magnetic moment and, therefore, the nucleon polarisation by approx-

imately 7.4% [281] (Section 5.3.1). This value is found with Clebsch-Gordan

coe�cients from the average D wave admixture of (4.90 ± 1.04)% [281]. A

possible P state admixture with l = 1 is excluded by parity conservation.

Looking at Equation 2.5, it is visible that a good polarisation degree of

deuterium with its relatively small Landé factor is only achievable for very

low temperatures and very high magnetic �elds, as mentioned before. There-

fore, deuterium cannot be used as target material and the polarisation of the

nucleons must be obtained in another way.

This experiment uses the Dubna-Mainz Frozen Spin Target [283,284]. The

polarisation of deuterium in dButanol is done by the dynamic nuclear polar-

isation (DNP) technique [280] and can be described by the spin temperature

theory [278]. The dButanol target is doped with 2.7% Finland D36 radi-

cals [279], a paramagnetic material that provides free electrons for the DNP

procedure.

The target is cooled down to 300mK. An external solenoid magnet pro-
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Figure 2.12: Schematic representation of the dynamic nuclear polarisation
(DNP) process. Figure taken from [282].

duces a 2.5T magnetic �eld that polarises the electrons to nearly 100% [283].

The polarisation of the electrons is transferred to the nucleons by microwave

irradiation. The electrons and nucleons interact causing four energy levels

according to the Zeeman splitting, i.e. hyper�ne structure. The microwave ir-

radiation spin �ips the electrons and nucleons simultaneously. The relaxation

time, where the spins return to the ground state, is several orders of magnitude

lower for electrons than for nucleons. Therefore, electrons are quickly available

for further spin �ipping. The polarisation is dynamically transferred from the

electrons to the nucleons (Figure 2.12), giving this technique its name.

The applied microwave frequency can provide parallel or antiparallel spin

in the nucleons. The best frequency is found by scanning a speci�c range and

maximising the polarisation increase.

After reaching the maximum polarisation degree of up to 80% the magnet

is removed and replaced by a 0.6T holding magnet. Additionally, the helium

dilution refrigerator cools down the target to around 27mK, which with the

magnet provides relaxation times of more than 1000 h [279]. After some days,

the whole procedure is repeated.

At the beginning and end of the data taking with the transverse magnetic

�eld, the target polarisation is measured using the nuclear magnetic resonance
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(NMR) technique [285,286].

The dButanol molecules are frozen in portions of small beads (Figure

2.11b), which do not �ll out the entire space inside the target cell. There-

fore, an additional �lling factor needs to be considered in the later calculations

of the target surface density.

2.3.2 Carbon foam target

In addition to the dButanol target, a carbon target is used. That target

has a similar target surface density and is used to investigate the contribution

of carbon (and oxygen) in the later analysis.

Figure 2.13: Carbon foam target. Figure taken from [287].

Figure 2.13 shows the carbon foam target. It has a length of about 2 cm

and has been used in several experiments before [262,271,287,288].
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2.4 Trigger conditions

Detectors need some time to detect events due to dead time e�ects of the

readout electronics. Furthermore, the digitalisation of signals takes some time.

Therefore, it is impossible to store every event with the used electron beam

current and trigger conditions are needed to select exciting events.

These trigger conditions are implemented with FPGA modules [289, 290].

The conditions are chosen so that the events of interest are taken while dismiss-

ing as much background as possible. They come from the detector electronics

and mainly check for multiplicity.

The information available within 300 ns is used. The trigger signal is

taken as reference time by the TDC. It starts the ADC conversion and the

ClusterFinder. The latter decides if the event is taken, i.e. the correct detec-

tor elements have triggered or rejected by sending a reset signal to all detector

components, avoiding long readout time.

Due to the upgrade in the readout of the photodiodes in CB [256,257], this

is one of the �rst experiments where CB is taken as direct/�rst-level trigger.

In previous experiments, the trigger was split into a two-level trigger system

because CB had no available time information and could not be used in the

�rst-level trigger system. See [262] for more information.

The experiment uses the vme_trig_42i and vme_trig_42k triggers for nor-

mal data taking runs in the Oct2018 and Dec2021 beam time, respectively. The

only di�erence between them is the light pulser during spill breaks, which is

included in the latter. The vme_tagger_coinc trigger is used for tagging e�-

ciency and amorphous copper runs. They are required to determine the photon

�ux and the linear polarisation. This vme_tagger_coinc trigger is a coincident

hit in two neighbouring tagger scintillator bars. The trigger conditions of the

vme_trig_42 triggers can be written as:

(taps1 ∧ cf1 ∧ ¬chkv) ∨ cf2 ∨ (taps2 ∧ ¬chkv) . (2.6)

The exact conditions for the ful�lment of the separate conditions are given in

Table 2.1

Moreover, additional conditions are required to reconstruct particles to

reduce background. For MT, threshold values of 17MeV are required for the
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trigger detector requirements

taps1 MT at least one hit above a threshold of 80MeV

taps2 MT at least two hits above a threshold of 80MeV

or 500MeV, latter only for the two most inner rings

cf1 CB incl. FP at least one hit above a threshold of 45MeV

for ring 1, 32MeV for ring 2, 27MeV for ring 3,

31MeV for ring 4, 30MeV for the last ring and

around 16MeV for the other rings

cf2 CB incl. FP at least two hits above the same thresholds as

for cf1

¬chkv Cherenkov no hit in the Cherenkov detector

Table 2.1: Trigger conditions for the di�erent detector parts that are used for
the vme_trig_42 trigger (see Equation 2.6).

crystals in the �rst two rings and 13MeV for the other rings. A particle event

deposit (PED) centre crystal must further have an energy of at least 20MeV

and a cluster one of at least 25MeV.

For the CB (including FP), an energy of 1MeV is required in a crystal and

20MeV is required for the central PED crystal and a cluster. See Chapter 3

for more details.
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2.5 Beam times and data sets

The data for the analysis come from two beam times, each using a dButanol

target for the main experimental data and a carbon target for the determina-

tion of carbon dilution in the target later on (Section 5.4). The �rst dButanol

beam time took place in October 2018 followed by a carbon beam time in

November 2018. The second dButanol one took place in December 2021 after

the carbon beam time in November 2021. The both beam times are abbrevi-

ated with Oct2018 and Dec2021, respectively.

Oct2018 Nov2018 Nov2021 Dec2021

Start 15.10.2018 17.11.2018 08.11.2021 17.11.2021

End 17.11.2018 26.11.2018 12.11.2021 12.12.2021

Data taking [h] 596 108 64 283

Data taking* [h] 513 101 274 60

Beam current* [nA] 0.45 0.45 0.77 0.77

# Data events* [⋅109] 2.156 0.416 0.520 2.327

Max. events/run [⋅106] 2 2 5 5

Av. event rate* [Hz] 1167 1149 2319 2360

# Raw π0* [⋅106] 401 80 432 95

Max. target pol. [%] 75.3 - - 69.4

Av. target pol. [%] 69.9 - - 65.1

Table 2.2: Information about the beam times. The * indicates that only usable
runs with the vme_trig_42 trigger are considered, e.g. no low-rate runs.
The raw number of π0 is automatically calculated within the data acquisition
software and is only a rough estimation.

Table 2.2 provides an overview of the beam times with some basic infor-

mation. Low-rate and copper runs are usually done once per day. The tagging

rate is around 8MHz for normal data taking runs. For low-rate runs, this rate

is decreases to ≲ 300kHz, which then is similar to the GIM rate. This rate

corresponds to one of ≲ 15kHz for the �rst 32 Tagger bars (highest photon

energies), which is taken as a reference for ELSA.

Generally, the beam was much more stable in Oct2018, such that the event
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rate or beam current was not �uctuating much. Moreover, the coherent edge of

the photon beam polarisation at 1200MeV was sometimes walking or jumping

up to ±100MeV shifts in Dec2021. This needed to be adjusted every time,

decreasing data taking time and making determining the linear polarisation

degree more di�cult.

The main di�erence between the two beam times lies in the CB readout.

The Oct2018 beam time used the slower QDC readout, whereas the Dec2021

beam time was done with the SADC readout [258]. This led to a doubling of

the event rate. In Oct2018, the SADC were also in use most of the time for

testing and comparing reasons. However, the SADC readout still had some

major problems in the Oct2018 beam time, such that they were only fully

operative in the Dec2021 one.

The electrons in ELSA are accelerated up to 3.2GeV with a beam current

of ∼ 0.45nA and ∼ 0.77nA in Oct2018 and Dec2021, respectively. A 4mm

collimator focuses the beam on the target for both beam times.
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This chapter discusses how the investigated reactions γN → π0N and γN →

ηN can be identi�ed with the available Crystal Barrel/TAPS setup.

The �rst Section 3.1 provides an overview of the used software that is based

on ROOT, which again is primarily based on C++.

The reconstruction of particles and assigning physical information, e.g. en-

ergy, time, angle or charge, within the single detector components and their

interplay is discussed in Section 3.2.

Section 3.3 shows how the reconstructed energy and time information is

calibrated in the di�erent detector parts. The calibration converts raw detector

signals like voltage to valid physical values like energy.

If not denoted otherwise, all �gures within this chapter are taken from the

Oct2018 beam time. As the setup was identical in the Dec2021 beam time,

their �gures look the same. The only di�erence between the experimental

setup is the SADC readout in CB that replaced the QDC one in Dec2021.
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3.1 Software

The calculations and data analyses are done with the help of software. It is

therefore crucial, that the used programmes are adjusted and further developed

to suit the experiments done within the framework of this work.

Nearly all used software is based on ROOT (Section 3.1.1), which again is

primarily based on C++. Therefore, the reconstruction is performed using dif-

ferent programmes and libraries (Section 3.1.2). Also, Monte Carlo simulated

events (Section 3.1.3) are used to compare experimental data and simulated

predictions.

3.1.1 ROOT

ROOT [291, 292] is an open-source data analysis framework developed by

CERN for analysing large data sets from high-energy particle physics ex-

periments. It is mainly written in C++ but also consists of some parts in

Fortran and Python. It can make complicated calculations, �t data with the

most complicated �t functions, make nice graphical outputs of data and many

more. Important classes are, for example, TH1 that stores data as histograms,

TLorentzVector that is a general four vector de�ned by the position and time

or momentum and energy and TTree that represents a columnar dataset. The

standard ending of ROOT �les is .root.

3.1.2 Data analysing software

Extended Plugable Objectoriented Root Analysis

Extended Plugable Objectoriented Root Analysis (EXPLORA) is a software

package based on ROOT that fully reconstructs the detected particles in the

Crystal Ball/TAPS experimental setup. It can also be used to analyse data

or simulate reactions. The con�guration �les given to EXPLORA are written

in Extensible Markup Language (XML). They de�ne all needed information

for the reconstruction by setting �ags. The programme is mainly written by

Schmidt [293], Hartmann [262], Piontek [294], Schmitz [295] and Kalischewski

[296]. However, (nearly) all CBELSA/TAPS collaborators contribute sooner

or later.
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EXPLOSCAR

The analysis is done in OSCAR instead of EXPLORA itself. For connecting

both programmes, an additional software package or interface, respectively, is

written in the framework of this work: EXPLOSCAR.

EXPLOSCAR has three main features: First, it processes the raw EXPLORA

data to OSCAR readable ones. Second, it combines the detected particles into

a physical reaction. Third, it makes some basic cuts such that it serves as

presort programme, i.e. coincidence time cuts.

This software is developed to dismiss a signi�cant part of background re-

actions and, thus, to speed up the later analysis with OSCAR.

EXPLOSCAR is based on ROOT and written in C++.

OSCAR Simpli�es Coding and Analyzing with ROOT

OSCAR Simpli�es Coding and Analyzing with ROOT OSCAR is a software

package based on ROOT that analyses the reaction by computing physical prop-

erties and making cuts on them. Originally, OSCAR was designed for the A2

experiment at MAMI in Mainz, Germany. It was mainly developed by Werth-

müller [270]. OSCAR can, for example, fully reconstruct the true centre of mass

energy W from the �nal state in single meson photoproduction reactions o�

quasifree nucleons.

However, it has been extended with the libTOCB that �ts the situation of

the Crystal Barrel/TAPS experimental setup at ELSA in Bonn, Germany. It

was developed by Witthauer [271]. Within this work, this library has been

developed further to read the data from EXPLOSCAR and to �t the investigated

reactions.

3.1.3 Monte Carlo simulation software

In addition to the analysis of experimental data, Monte Carlo (MC) simula-

tions are performed for comparisons. However, no MC simulations are needed

for the �nal results and no MC-generated data is used.

Virtual Monte Carlo (VMC) [296] is part of EXPLORA and generates pseudo

detector data with the help of the CERN software Geant3 or Geant4. Geant

simulates the passage of particles through matter [297, 298]. Here, Geant3 is
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used due to its con�rmation with this detector setup in the past [262, 271,

272]. However, no MC data are used to determine the polarisation observables

themselves, in contrast to the determination of the DCS. The simulation of

photons works quite well, where there are some di�erences between simulated

and experimental data for the nucleons.

VMC can also handle Fermi momentum distributions for quasifree nucleons.

Therefore, nucleons inside a nucleus with A ≥ 2 are distributed by a probability

density function (PDF). For nucleons inside deuterium, the PDF is given by

[299]:

fD
pdf (p

2
F ) =

2p′2F
π

⋅ (

13

∑

i=1

ci + di
p′2F +m

2
i

) with p′2F =
p2F
̵h2
, (3.1)

where the mass parameters mi are given by

mi = 0.23162461 + (i − 1) ⋅m0 with m0 = 1 fm
−1, (3.2)

and the coe�cients ci and di can be found in Table 3.1. The coe�cients c13,

d11, d12 and d13 are de�ned by the other coe�cients [299].

i ci [fm
−1/2] di [fm

−1/2]

1 8.8688076 ⋅ 10−1 2.3135193 ⋅ 10−2

2 −3.4717093 ⋅ 10−1 −8.5604572 ⋅ 10−1

3 −3.0502380 5.6068193

4 5.6207766 ⋅ 101 −6.9462922 ⋅ 101

5 −7.4957334 ⋅ 102 4.1631118 ⋅ 102

6 5.3365279 ⋅ 103 −1.2546621 ⋅ 103

7 −2.2706863 ⋅ 104 1.2387830 ⋅ 103

8 6.0434466 ⋅ 104 3.3739172 ⋅ 103

9 −1.0292058 ⋅ 105 −1.3041151 ⋅ 104

10 1.1223357 ⋅ 105 1.9512524 ⋅ 104

11 −7.5925226 ⋅ 104 −1.5634323721 ⋅ 104

12 2.9059715 ⋅ 104 6.623108923 ⋅ 103

13 −4.815736798 ⋅ 103 −1.169818469 ⋅ 103

Table 3.1: Coe�cients for the probability density function (PDF) describing
the Fermi momentum distribution of nucleons in deuterium (Equation 3.1).

The PDF describing the Fermi momentum distribution of nucleons inside
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12C can be described by [300]:

fC
pdf (pF ) =

0.004 ⋅ a3/2
√

π
⋅ p′2F ⋅ (e

−ap′2F + c ⋅ e−bp
′

F ) with p′F = 0.005 ⋅ pF , (3.3)

where a = 1/0.416, b = 1/0.23 and c = 0.04. This distribution could also be used

for heavier nuclei like 16O or 40Ca due to their tiny di�erences [272].
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Figure 3.1: Probability density function (PDF, a) and cumulative distribution
function (CDF, b) of the Fermi momentum of nucleons inside deuterium (blue)
and carbon (green). The explicit PDF can be found in Equations 3.1 and 3.3.

The cumulative distribution function (CDF) is the probability that a ran-

dom variable X will be less than or equal to x. It is connected to the PDF by

the integral:

fCDF (x) = P (X ≤ x) = ∫
x

0
fPDF (x

′
)dx′, (3.4)

where in general, the lower integration limit would be −∞. However, the PDF

of the Fermi momentum distribution is positively de�nite such that its integral

can start at 0 without loss of generality.

Figure 3.1b shows the CDF of the Fermi momentum distributions of D and

C. It is visible that the most signi�cant di�erence between the CDFs is around

93MeV and that they have a point of intersection around 259MeV.
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3.2 Particle reconstruction

The reconstruction of particles in the calorimeters is performed using en-

ergy, time, angle and charge information from the detected clusters. The latter

occurs because particles do not always deposit all their energy in one crystal

alone but spread it over several. Therefore, it is said that the cluster is spread

over di�erent particle energy deposits (PED). These PED are found with the

ClusterFinder algorithm in EXPLORA, which subdivides a cluster into di�erent

PED if more than one local maximum is found. This subdetector reconstruc-

tion is discussed in the following.

3.2.1 Tagging system

The tagging system is made up of overlapping bars and �bres. Clusters are

built when at least two overlapping elements get a hit [247]. Figure 3.2 shows

an example of a hitting electron. The time di�erence between the signals is set

to 6 ns for the bars and 7 ns for the �bres. Due to ine�ciencies in the �bres,

single hits are taken as well. To be combined, the time di�erence between bar

and �bre clusters must be less than 4 ns.

Figure 3.2: Schematic representation of a valid Tagger hit with two �ring �bres
and two �ring bars. Figure taken from [253,271].

The energy for a reconstructed beam photon Eγ is given by the normalised
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sum of the �bre hits whenever possible:

Eγ =
1

nf

⋅

nf

∑

i=1

Ei. (3.5)

Here, nf is the number of �bre hits. Calibrated polynomials then give the

energy values Ei [247]. If no �bre is available, the energy is taken from the

bars. The reason for this lies in the better resolution for the �bres.

The time for a reconstructed beam photon is calculated using a weighted

sum over the times of tagging bars and �bres:

tγ =
wf ⋅∑

nf

i=1 ti +wb ⋅∑
nb
i=1 ti

wf ⋅ nf +wb ⋅ nb

. (3.6)

Here, nf and nb are the number of �red hits in the �bres and bars. The weights

wf and wb are given by the resolution of the inverse square of the corresponding

detector's full width half max (FWHM). They were calculated by [247,268]:

wf =
1

(FWHMf)
2 , wb =

1

(FWHMb)
2 . (3.7)

The ratio between the two FWHM is around 2, meaning the bars have a better

time resolution.

3.2.2 Crystal Barrel and Forward Plug detector setup

Crystal Barrel and Forward Plug

If a cluster consists of one-PED, only the energies of the di�erent crystals

Ei are summed up:

EPED = Ecluster =

n

∑

i=0

Ei. (3.8)

A single crystal threshold of 1MeV must be surpassed. The centre of a PED

and a cluster must exceed an energy threshold of 20MeV. The crystal hits for

an event must be within the time range of 100 ns (Figure 3.3a).

If more than one-PED is found, some part of the detected energy comes

from other PED. Since two-PED events are strongly dominant in such cases,

their energy reconstruction will be explained in the following.

79



Chapter 3. Event reconstruction

 [ns]CB-CBt∆
150− 100− 50− 0 50 100 150

co
un

ts
 [a

.u
.]

0

0.2

0.4

0.6

0.8

1

(a)

 [ns]MT-MTt∆
50− 40− 30− 20− 10− 0 10 20 30 40 50

co
un

ts
 [a

.u
.]

0

0.2

0.4

0.6

0.8

1

(b)

Figure 3.3: Time di�erence between coincidence hits in Crystal Barrel-Crystal
Barrel (CB-CB, a) and MiniTAPS-MiniTAPS (MT-MT, b) with its cut posi-
tions at 100 ns and 5 ns. The Forward Plug is included in CB.

Crystals from PED are weighted with [301]:

w12 = E
max
2 ⋅ e−∣r1−r2∣/rM , (3.9)

where Emax
2 is the maximum crystal energy of the second PED, ∣r1 − r2∣ is

the distance between the crystals in the second PED and a speci�c crystal

in the �rst one and rM = 3.57 cm is the Molière radius [301]. The distances

r1,2 are further corrected by the depth of the shower d. The entire energy

reconstruction is pretty elaborated and can be found in detail in [301].

The photon energy resolution of CB is given in Equation 2.2. A weighted

sum reconstructs the position of the detected particles over all contributing

crystals such that a PED is de�ned by its radius rPED and the two angles

θPED and ϕPED:

rPED =
∑

n
i=1wiri

∑
n
i=1wi

, θPED =
∑

n
i=1wiθi

∑
n
i=1wi

, ϕPED =
∑

n
i=1wiϕi

∑
n
i=1wi

. (3.10)

The weights wi are given by:

wi =max{0,w0 + ln(
Ei

∑
n
i=1Ei

)} , (3.11)

where w0 = 4.25 is the cuto� parameter found with a MC simulation [302].

Due to energy loss, an additional energy correction function is applied

[303], which was again found by a MC simulation and its comparison to π0
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measurements.

As a result, an angular resolution of less than 2○ is achieved for photons

[304], which is more than three times better than the angular coverage of a

crystal (Section 2.2.3). The logarithmic weighting in Equation 3.11 improves

the angular resolution by weighting outside crystals more.

Inner Detector

ID is made of three layers of organic scintillators to identify charged parti-

cles (Section 2.2.5). The reconstruction of ID is done in multiple steps before

spacial and time information are compared with CB hits.

In the �rst step, clusters are determined in each layer separately with the

condition that neighbouring �bres must �re within a 14 ns time window (Figure

3.4c). A threshold of 150 keV is requested for a hit. Afterwards, the clusters

in the two layers are compared to each other. The two clusters are merged if

their time di�erence is again less than 14 ns and the intersection point satis�es

the geometry.

In the second step, two-layer hits are compared and three-layer hits are

built. For one three-layer hit, three two-layer hits are detected (1 + 2, 1 + 3,

2 + 3), which again must be within a time window of 14 ns. Furthermore,

their spatial coherence is checked by applying a cut on the three points in the

ϕ − z-plane. The centre of that triangle is taken as the direction point for the

particle. See [262] for more details and some visualisations.

In the last step, clusters in ID are compared to the ones in CB and FP.

Their coincidence time signal must be smaller than 50 ns and the di�erence

between their two angles ∆θ and ∆ϕ must be smaller than 12○ (Figure 3.4).

The overlap between ID and FP is only around the most outer ring in FP.

Because of the di�erent number of coincidence layer hits EXPLORA assigns

a reconstruction quality to a PED, called ChargedQuality. Suppose all three

layers register a hit, the value is set to 1. If only two hit, the value is 2/3 and if

only one layer hits, the event is dismissed due to unusable angle information.

However, a particle is assigned as charged if the ChargedQuality is at least 2/3,

i.e. if at least two layers registered a hit. See Figure 3.8a for the distribution

of the charge quality.
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Figure 3.4: Angle di�erence between coincidence hits in Crystal Barrel with
Forward Plug (CB) and Inner Detector (ID) for the polar angle θ (a) and
the azimuthal angle ϕ (b) with its cut positions at ±12○. The time di�erence
between coincidence hits in ID (c) and between hits in CB and ID (d) with its
cut positions at 14 ns and 50 ns, respectively, can be seen as well.

Forward Plug Veto

FPV is a charge-sensitive detector. It is made of two layers of organic

scintillator material and situated directly in front of FP (Section 2.2.4). The

two overlapping layers must �re within a time window of 20 ns (Figure 3.5c).

The polar resolution is doubled to ∆θ = 6○.

To assign a hit in FPV with a hit in FP, a coincidence time of 50 ns and

angular resolutions of ∆θ ≤ 8○ and ∆ϕ ≤ 14○ are required (Figure 3.5).

As for the ID EXPLORA, assigns a ChargedQuality to a PED depending on

the number of FPV hits per cluster. For 1 hit, it is 0.45. For 2, it is 1. For

3, it is 0.75. For more than 3, it is set to 0.5. However, a particle is assigned

as charged if the ChargedQuality is at least 0.45, i.e. if at least one layer

registered a hit. See Figure 3.8a for the distribution of the charge quality.
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Figure 3.5: Angle di�erence between coincidence hits in Crystal Barrel with
Forward Plug (CB) and Forward Plug Veto (FPV) for the polar angle θ (a)
and the azimuthal angle ϕ (b) with its cut positions at ±8○ for �rst and ±14○

for latter. Figures (c) and (d) show the time di�erence between coincidence
hits in FPV and CB and FPV, respectively. The cut positions are set at ±20ns
and ±50ns.

3.2.3 MiniTAPS detector system

MiniTAPS

The reconstruction of particles detected in MT is done similarly to CB,

with some vital di�erences.

Because of more background in the forward direction, the thresholds are

chosen slightly higher. The crystal threshold is chosen to be 17MeV for the two

most inner rings and 13MeV for the other ones. A central PED crystal must

have at least 20MeV and a cluster must exceed 25MeV. The time di�erence

between two hits in the same cluster must be smaller than 5 ns (Figure 3.3b).

For one-PED events, the energy is calculated with Equation 3.8. For two-

PED events, the energies are weighted with a ratio of the two-PED energies.
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Since MT has a much better angular resolution, more than one-PED events

are very rare.

Figure 3.6: Schematic representation of a part of MiniTAPS (MT) shown from
the side. The orange cone represents the cluster shower, where the position
in the upward direction needs to be corrected by the o�set d. Figure taken
from [262].

MT is a vertical detector that shows towards the target. The position

that is calculated with Equation 3.10, where w0 = 4.0 in Equation 3.11 [305],

needs to be corrected by its penetration depth. Therefore, an o�set value d is

introduced.

As well as for CB, some elaborated algorithm is used to reconstruct the

true energy and position. The energy is corrected by a linear function from

a MC simulation [306]. The hexagonal shape of MT crystals leads to some

further, smaller corrections and shower losses that are corrected too [306].

MiniTAPS Veto

MTV is charge sensitive, situated in front of MT and is made of non-

overlapping organic scintillators. Thus, all hits are traded separately and the

element's centre is taken as the impact point.

Hits in MTV are compared to hits in MT and chosen to be coincident if

their time di�erence is less than 15 ns. The distance between the impact point

of the MTV and the one on the surface of MT must be less than the excircle

diameter of a MiniTAPS element, i.e. 6.51 cm [265] (Figure 3.7).
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Figure 3.7: (a) Distance between a coincidence hit in MiniTAPS (MT) and
MiniTAPS Veto (MTV) with its cut position at 6.51 cm. (b) Time di�erence
between coincidence hits in MTV and MT with its cut positions at ±15ns.

Since one MTV element covers exactly one MT element, the most probable

charged hit is registered if only one MTV element �res. The ChargedQaulity

is therefore set to the inverse number of �red MTV elements (Figure 3.8b).

The relative distribution of charged hits is around 65% for 1 MTV hits, 24%

for 2, 8% for 3, 2% for 4 and less than 1% for more. All events up to 6 �red

MTV elements are set as charged for the event selection.
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Figure 3.8: Charge quality of reconstructed particles in Inner Detector (ID,
a) and Forward Plug Veto (FPV, a) and the MiniTAPS Veto (MTV, b). The
number behind the shortcut of the detectors stands for the number of registered
hits in the corresponding veto detector. See text for more details.
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Chapter 3. Event reconstruction

3.2.4 Gamma Intensity Monitor and Flux Monitor

GIM and FluMo have the purpose of determining the photon �ux. There-

fore, they only need the timing information.

After a hit is measured in GIM, no events are taken for the next 12 ns to

avoid double counting. In the FluMo, a coincidence time of 10 ns is required

for hits in the two scintillator layers with no simultaneous hit in the veto layer.
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3.3. Calibration

3.3 Calibration

Before data from the detectors in a scattering experiment can be used and

reliable statements about physical processes can be made, the raw digital data

must be converted into a physically meaningful one. The di�erent readout

data from digital converters, mainly Time-to-Digital Converters (TDC) for

time and Analogue-to-Digital Converters (ADC and SADC) for energy, need

to be calibrated.

Scintillators have their own readout electronics that may be very sensitive

to di�erent environmental in�uences. To treat this correctly, di�erent time

depending run sets are commonly used in the calibration.

All calibrations within the framework of this work but the MT cosmics one

(Section 3.3.2) are done by collaboration colleagues. However, a brief overview

of the working principles is given here.

3.3.1 Time calibration

The time calibration converts raw TDC channel numbers to a physical time,

typically given in ns.

All detectors have an output to Single-Hit TDC (MT) or Multi-Hit TDC

(all other detectors) to register a signal given as channel numbers between two

timing signals. The start is given by the trigger, the stop by the detector,

except for MT, where it is vice versa.

The connection between a TDC channel cTDC and a physical time t is

linearly connected by a gain factor g and an o�set o:

t = g ⋅ cTDC + o. (3.12)

The o�set ensures that coincidence detector hits have the same time.

For every detector, coincidence times are plotted and the peak is moved

to 0, which removes jitter e�ects from the trigger and results in a better time

resolution. The time di�erence is given by:

∆t = t1 − t2 = (t
det
1 − ttrigg) − (t

det
2 − ttrigg) , (3.13)
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Chapter 3. Event reconstruction

where tdet1,2 are the times from two di�erent detector modules and ttrigg is the

trigger time.

The Tagger bars time is taken as a reference for timing coincidences between

di�erent detectors.

Detector FWHM [ns]

Tagger-Tagger 0.8592 ± 0.0002

Tagger (�bres)-Tagger 1.4384 ± 0.0004

CB-Tagger 7.591 ± 0.008

ID-Tagger 2.188 ± 0.001

FP-Tagger 4.70 ± 0.01

FPV-Tagger 4.93 ± 0.01

MT-Tagger 0.85 ± 0.01

MTV-Tagger 3.34 ± 0.02

CHKV-Tagger 1.231 ± 0.002

GIM-Tagger 3.0775 ± 0.0006

Table 3.2: Typical time resolutions for di�erent coincidence times with Tagger
bars (Tagger) as reference time. Numbers are taken from [144].

See Table 3.2 for an overview of typical coincidence time resolutions in

di�erent detectors. FWHM is the full width half maximum determined by a

Gaussian �t to the time spectra given by:

FWHM = 2
√

2 ln (2)σ ≈ 2.355σ. (3.14)

More details about the time calibration can be found in [268] and [144].

3.3.2 Energy calibration

The energy calibration converts the voltage from raw ADC channel numbers

to physical energy, typically given in MeV.

Particles hit the detector material and interact with its scintillation ma-

terial such that light is emitted. At the end of every scintillator material, a

PMT is mounted to absorb the emitted light. The PMT converts photons to

electrons, multiplies them to measurable voltages and guides the signal to an

ADC.
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3.3. Calibration

The connection between an ADC channel cADC and a physical energy E is

linearly connected by a gain factor g and a pedestal o�set p:

E = g ⋅ (cADC − p) . (3.15)

The pedestal is the ADC channel where no energy is deposited.

Depending on the detector and its scintillator material, the energy calibra-

tion is performed in di�erent ways, described in the following sections.

Tagger

The Tagger energy Ee− must be calibrated to calculate the energy of the

photons Eγ that impinge the target (Equation 2.1).

(a) (b)

Figure 3.9: Incident beam photon energy Eγ as a function of the Tagger bar
(a) and Tagger �bre (b) for di�erent ELSA beam electron energies E0. Figures
taken from [247].

Electrons with well-known ELSA electron energies E0 are de�ected towards

the Tagger without a radiator. The magnetic �eld is varied to get multiple data

points (Figure 3.9). The data points are �tted with a polynomial function of

degree 4 and 5, respectively, to get a well-de�ned photon energy for every

measured electron energy [247].

More details about the Tagger energy calibration can be found in [247].
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Chapter 3. Event reconstruction

Crystal Barrel with Forward Plug

Dual-range ADC provide a good energy resolution for the low energy range

up to 125MeV and the high energy range up to 2GeV for the FP elements and

1.1GeV for the others. The signal is therefore divided by 8 for the high-range.

Light pulser calibration First, the pedestal p and gain g for both ranges

are determined by LED light [257]. The light is damped with di�erent �lters

so that ADC values can be found as a function of the transmission T . The

y-intersect is equal to the pedestal, whereas the slope is connected to the gain

by:

Elow = g ⋅ (cADC,low − plow) , (3.16)

Ehigh = g ⋅ gLP ⋅ (cADC,high − phigh) with gLP = ghigh/glow. (3.17)

The gain ratio gLP is approximately 1/8 and is monitored during data-taking

runs with special LP runs (Figure 3.10b).

(a) (b)

Figure 3.10: (a) Typical transmission measurement of the dual-range
Analogue-to-Digital Converter (ADC, low and high) with the light-pulser sys-
tem. (b) Gain ratio factor 1/gLP ≈ 8 during the beam time and for all Crystal
Barrel (CB) crystals. Figure (a) taken from [307]. Figure (b) taken from [308].

Invariant mass calibration The �ne calibration is performed by looking

at the invariant mass in inclusive π0 photoproduction. Two neutral PED are

required and their invariant mass squared m2
γγ is calculated by:

m2
γγ = Eγ1Eγ2 (1 − cos (ϕγ1γ2)) , (3.18)
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3.3. Calibration

where Eγ1,γ2 is the energy of the �rst and second photon, respectively, and

ϕγ1γ2 =
p⃗γ1 ⋅ p⃗γ2
∣p⃗γ1 ∣ ⋅ ∣p⃗γ2 ∣

= sin (θγ1) sin (θγ2) cos (ϕγ1) cos (ϕγ2)

+ sin (θγ1) sin (θγ2) sin (ϕγ1) sin (ϕγ2)

+ cos (θγ1) cos (θγ2) (3.19)

is the opening angle between them, de�ned by their momenta p⃗γ1,2 . Here, θγ1,2
and ϕγ1,2 are the polar and azimuthal angles of the corresponding photon.

Gaussian error propagation of the individual uncertainties gives the uncer-

tainty of the invariant mass:

∆mγγ =
mγγ

2
⋅

¿

Á
ÁÀ
(

∆Eγ1

Eγ1

)

2

+ (

∆Eγ2

Eγ2

)

2

+ (

∆cos (ϕγ1γ2)

1 − cos (ϕγ1γ2)
)

2

, (3.20)

where the uncertainty of the opening angle is given by [270]:

∆cos (ϕγ1γ2) =

{ (− sin (θγ1) sin (θγ2) sin (ϕγ1 − ϕγ2)∆ϕγ1)
2

+ (− sin (θγ1) sin (θγ2) sin (ϕγ2 − ϕγ1)∆ϕγ2)
2

+ ([cos (θγ1) sin (θγ2) cos (ϕγ1 − ϕγ2) − sin (θγ1) cos (θγ2)]∆θγ1)
2

+ ([sin (θγ1) cos (θγ2) cos (ϕγ2 − ϕγ1) − cos (θγ1) sin (θγ2)]∆θγ2)
2
}

1/2
.

(3.21)

(a) (b)

Figure 3.11: Crystal Barrel (CB) energy calibration overviews. (a) Squared
invariant mass of two photons as a function of the CB elements. Elements 1
to 180 are part of the Forward Plug (FP). (b) Invariant mass of two photons
with the �tted Gaussian function (red). Figures taken from [309].
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Chapter 3. Event reconstruction

The calibration moves the mγγ peak belonging to the π0 decay towards its

nominal PDG mass of mπ0 = 134.977MeV [44]. A cluster mostly consists of

multiple crystal hits, such that the energy of one crystal depends on the others.

The calibration is done iteratively and the new gain value gnew is calculated

for every crystal separately by:

gnew = gold ⋅ (
m2

π0

m2
γγ

⋅ (1 − d) + d) . (3.22)

If all gain factors are systematically shifted towards one direction, which mostly

happens, an additional damping factor d = 0.3 must be used [304] as already

given in Equation 3.22. In the end, the average π0 peak position is found at its

nominal mass with an overall FWHM of (16.805± 0.002)MeV (Figure 3.11b).

More details about the CB energy calibration can be found in [302] and

[304].

MiniTAPS

Cosmics calibration Before an experiment, a raw MT energy calibration is

performed with minimal ionising cosmical particles, i.e. muons. When charged

particles pass through matter, they lose energy due to ionisation, which can

be described by the Bethe-Bloch formula [61,310,311]:

−

dE

dx
=

4π

mec2
nz2

β2
(

e2

4πϵ0
)

2

[ln(
2mec2β2

I (1 − β2
)

) − β2
−

δ

2
−

U

2
] , (3.23)

where me is the mass of the electron, c the speed of light, n the electron

density, ze the charge of the particle, β = v/c, v the velocity, ϵ0 the vacuum

permittivity, I the average ionisation potential of the atoms, δ a density e�ect

correction and U a shell e�ect correction.

The density correction gets important for high energies where the real media

gets polarised. The shell e�ect correction is important for low energies, where

the atomic binding is important. However, the latter is around 1% for a pion

with a kinetic energy of T = 6MeV [44]. Additional corrections can be applied

in Equation 3.23 for treating the low energy region as it is based on the �rst

order Born approximation [44].

BaF2 has minimum ionisation of 1.303MeVcm2 g−1 = 6.374MeVcm−1 [312,
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3.3. Calibration

Figure 3.12: Energy loss per range −dE/dx (Mass stopping power) as a function
of βγ for muons in copper. γ is the Lorentz factor given as (1 − β2

)
−1/2 with

β = v/c. Figure taken from [44].

313]. One BaF2 crystal has a height of around 5.9 cm [265] leading to a min-

imum ionising energy of around 37.6MeV for cosmic muons crossing MT el-

ements. This property can be used to pre-calibrate MT for the experiment.

Therefore, the MT data acquisition is started in the standalone mode with no

beam to take cosmical data. The number of events is plotted for every MT

element separately as a function of the ADC channel. The pedestal is found

by �tting a simple Gaussian function to the �rst rising peak. In contrast, the

minimum ionising peak is found by a �t function consisting of a Gaussian sig-

nal and an exponential background term. Figure 3.13 shows an example of

such a �t.

Furthermore, voltages (HV) and Leading-Edge-Discriminators (LED) are

calibrated with cosmics before an experiment. The HV calibration adjusts

the voltage value of the elements such that the gain factor lies around gideal =

0.48 ± 0.05. It was empirically found that this value results in a good energy

resolution. The LED calibration uses the linear dependence between the given

voltage value inmV and a resulting MeV value. Therefore, the LED calibration
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Chapter 3. Event reconstruction

Figure 3.13: Raw Analogue-to-Digital Converter (ADC) spectrum of Mini-
TAPS (MT) element 93 for cosmical data. The �rst and highest peak corre-
sponds to the pedestal. The second and �tted peak is the minimal ionising
peak of the BaF2 material. The �t function (blue) consists of a Gaussian signal
(red) and an exponential background (green).

is performed after the cosmics energy calibration. Four di�erent mV values are

set, typically 30, 50, 80, 100. This calibration needs to be performed due to

the slightly di�erent hardware response and readout. Within the experiments

in this work, a LED value of 80MeV is set.

Invariant mass calibration The BaF2 crystals that MT is made of have two

decay modes: short and long gate. Since the PSA method is not used here, the

short gate is not calibrated speci�cally. The long gate energy calibration, which

takes the full integration time for the signals, is the MT energy calibration.

The energy calibration for MT crystals is similar to the CB one except

for the taken events. Both photons from the π0 decay rarely end up in MT

such that its statistics would need to be better for an element-based energy

calibration. Instead, events with one photon in MT and one in CB are taken.

Therefore, the MT energy calibration is performed once the CB energy cali-

bration is �nished.
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3.3. Calibration

The pedestal is found by �tting the pulser signal from a 1Hz pulser fre-

quency with a Gaussian function. The invariant mass of the photons from the

π0 decay is shifted iteratively towards the nominal mass (Equation 3.22).

Figure 3.14: Ring dependent invariant mass �ts of π0 (left) and η (right) in
Oct2018. Figure taken from [314].

In the end, an average π0 position is found at its nominal mass with a

FWHM of (19.97±0.02)MeV for the π0 and (49.6±0.5)MeV for the η [314]. Be-

cause the π0 mass is used for the energy calibration and shower losses increase

with increasing energy, the peak position of more massive mesons, especially

η, is lying slightly too high. The η mass is found at 555.2MeV in Oct2018

and 551.4MeV in Dec2021. Because the meson peaks are �tted to �nd the

mean and FWHM positions for kinematical cut positions in the invariant mass

spectrum, later on, this discrepancy has no e�ect.

However, the width of the meson peaks are ring dependent such that it

mostly increases towards the outer rings. An overview of the di�erent peak

structures is performed as a �nal step to check the calibration quality (Figure

3.14).

More information about the MiniTAPS energy calibration can be found

in [143] and [314].
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4 | Event selection

The previous chapter explained how raw detector information is processed

to obtain physically meaningful quantities. PED are built and assigned to

particles with charge, angle, energy and time information. The next step is

the identi�cation of reactions and the reduction of unwanted background. To

save computational time, this is done in two steps.

The particles are combined to reactions and presorted in EXPLOSCAR. The

correct number of neutral and charged particles must be detected to get the

right event candidate, which is explained in Section 4.1.

The π0 and η are short-living mesons that mainly decay to photons. The

mesons must be reconstructed from the photons, including a raw invariant mass

check, constraining the meson mass and a χ2 anticut on background mesons,

all explained in Section 4.2.

As a last step in the presort, the coincidence time between the detected

photons and between the meson and the recoil nucleon must match. Section

4.3 discusses these coincidence times, whereas Section 4.4 shows how random

time hits in the tagging systems can be corrected rightfully.

After the presort, OSCAR with its extension libTOCB analysis the reactions

and their participating particles in more detail. Most di�erent kinematic prop-

erties are investigated to throw away background reaction events. Many of

these properties underlie the energy-momentum conservation of the reactions.

Therefore, Section 4.5 describes the background suppression and the number

of resulting events.

The last Section 4.6 discusses the remaining background contamination.

If not mentioned otherwise, the �gures within this chapter are taken from

the October 2018 beam time.
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Chapter 4. Event selection

4.1 Multiplicity

Reaction events are built from the reconstructed PED within EXPLOSCAR.

π0 and η photoproduction on the proton and the neutron are investigated,

resulting in four reactions:

γp→ π0p, (4.1)

γn→ π0n, (4.2)

γp→ ηp, (4.3)

γn→ ηn. (4.4)

Both mesons are short-lived particles with a mean lifetime of less than 1 fs [44].

Only their decay products, the photons, can be detected such that the mesons

are reconstructed from them. The investigated decay channels are:

π0
→ 2γ, (4.5)

η → 2γ, (4.6)

η → 3π0
→ 6γ. (4.7)

In the end, six di�erent reactions are examined.

The correct number of detected PED is required as a �rst step: multiplicity.

If three particles are in the �nal state, e.g. π0p with π0
→ 2γ, three PED are

required: one charged and two neutral.

As a second step, the correct number of charged and uncharged multiplic-

ities are required in the �nal state. Protons are charged, whereas neutrons

and photons are neutral. Half PED events are taken to increase statistics for

reactions with a charged particle in the �nal state. If charged particles such

as protons have a small kinematic energy, they may get stuck in one of the

veto detectors. Therefore, no regular PED event can be detected in the main

spectrometers CB (with FP) or MT. Since the veto detectors do not have an

ADC readout, no kinetic energy information is known about these particles

and they are called half PED events instead. However, the kinetic energy is

reconstructed from the �nal state for getting the right centre of mass energy

W (Section 5.6) such that these events are well de�ned.
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Reaction PED Multiplicity

γp→ π0p→ 2γp 2.5 − 3 1c + 2n

γn→ π0n→ 2γn 3 0c + 3n

γp→ ηp→ 2γp 2.5 − 3 1c + 2n

γn→ ηn→ 2γn 3 0c + 3n

γp→ ηp→ 3π0p→ 6γp 6.5 − 7 1c + 6n

γn→ ηn→ 3π0n→ 6γn 7 0c + 7n

Table 4.1: Investigated reactions with their required number of total, charged
(c) and neutral (n) particle energy deposit (PED), i.e. clusters. 0.5 PED
means that the proton is measured in a veto detector but not in one of the
main spectrometers.

An overview of the PED number and the multiplicities can be found in

Table 4.1.
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4.2 Meson reconstruction

After the multiplicity preselection, the decay products from the mesons are

combined to reconstruct the meson itself.

4.2.1 Invariant mass reconstruction

The �rst check is done by calculating the invariant mass (IM). For the

meson decays π0
→ 2γ and η → 2γ Equation 3.18 is used. For the decay

η → 3π2
→ 6γ the IM is given by:

m6γ =

¿

Á
ÁÀ
(

3

∑

i=1

Eπ0
i
)

2

− (

3

∑

i=1

p⃗π0
i
)

2

=

¿

Á
ÁÀ
(

6

∑

i=1

Eγi)

2

− (

6

∑

i=1

p⃗γi)

2

, (4.8)

where Eπ0
i
/Eγi and p⃗π0

i
/p⃗γi are the energy and momentum of the three neutral

pions and six decay photons, respectively.

Within the presort in EXPLOSCAR very conservative cut positions are chosen,

i.e. 50MeV <mγγ < 250MeV for π0 and 350MeV <mγγ < 750MeV for η. The

IM is investigated in more detail in the section about background suppression,

Section 4.5.1.

For the reactions γp → π0p → 2γp and γp → ηp → 2γp the two neutral

particles are assigned to photons, the charged one is assumed to be the proton.

Three neutral particles are detected in the same meson decay channels on the

neutron, which must be assigned to two photons and one neutron. This is

done by a χ2-test to the IM, where the best combination for building a meson

is assigned to the two photons. The third neutral particle is the neutron

candidate. χ2
ij for the particle combination i ≠ j is given by:

χ2
ij = (

mγiγj −mm

∆mγiγj

)

2

, (4.9)

where mm is the nominal π0 mass, mγiγj is the calculated IM with photon

candidates i and j and ∆mγiγj is their IM error (Equation 3.20).

A further complication occurs for the η → 3π2
→ 6γ decay modes, where six

photons have 15 possibilities of being combined to three pions. Once again, a
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χ2-test is applied for each π0 to �nd the best overall combination with its sum:

χ2
ijklmn = χ

2
ij + χ

2
kl + χ

2
mn, (4.10)

where each χ2
ij is calculated using Equation 4.9 and the nominal PDG pion

mass.

4.2.2 Constraining the meson mass

The angular resolution of the detected photons is better than the energy

resolution. Therefore, the reconstructed energy of the mesons Em is corrected

by the nominal mass mm:

E′m =
mm

mγγ

⋅Em. (4.11)

Generally, this correction is only accurate for photons with the same energy.

However, possible deviations were investigated in the past [272], where no

signi�cant changes were observed. The working principle was developed by

Volker Hejny [315] and con�rmed several times before [270�272, 316]. Except

for the IM spectrum, this correction is always applied, signi�cantly improving

the resolution of coplanarity or missing mass.

4.2.3 χ2 anticut on background mesons

The main physical background in π0 photoproduction occurs from η photo-

production and vice versa. Therefore, a χ2 anticut can be applied for reactions

on the neutron�the additional neutral particle results in more possibilities of

building a meson.

The best χ2 value is calculated using the π0 and η mass and their values

are compared. If χ2
π0 < χ2

η in ηn, it is more likely that the two photons occur

from a π0 decay than from a η decay and the event is dismissed. The same is

performed in π0n, where events are dismissed if χ2
η < χ

2
π0 .

For ηn with the η → 3π0
→ 6γ the χ2 anticut is applied on the single π0

IM.

As shown in Figure 4.1, the χ2 anticut has only a minor e�ect in π0n pho-

toproduction, whereas it is especially e�ective for ηn. Much of the background

can be thrown away while the signal strength stays nearly unchanged.
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Figure 4.1: Invariant mass with di�erent presort cuts in π0 (a-b) and η (c-f)
photoproduction on the proton (left column) and the neutron (right column).
(c-d) show the η → 2γ decay channel, (e-f) the η → 6γ decay channel. The
blue line indicates a multiplicity cut (Section 4.1), the red line indicates an
additional χ2 anticut on 2γn �nal states (Section 4.2.3) and the green line
indicates an additional time cut (Section 4.3).
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4.3 Coincidence time

All detected �nal state particles must occur from the same reaction. There-

fore, the coincidence time between decay photons from meson decays and the

coincidence time between the meson and recoil nucleon must be as small as

possible, i.e. distributed around 0. However, due to resolution and dead time

e�ects, the time is not precisely 0 but distributed around that value.

Reconstructed PED from EXPLORA are sorted into three main tree contain-

ers of type CBTParicle:

� BeamPhotons: Reconstructed electrons in the Tagger system

� CBGammas: Reconstructed particles in the CB (with FP) detector system

� MiniTapsGammas: Reconstructed particles in the MT detector system

They contain all available detector information like time, deposited energy,

detected angles or cluster size.

The time di�erence between two registered particles is given as their simple

di�erence:

∆t = t1 − t2, (4.12)

where t1,2 is the time of particle 1 and 2 in no preferred order. All combina-

tions for the coincidence time between two photons from a meson decay are

calculated and �lled in a histogram (Figure 4.2). In the η → 3π0
→ 6γ de-

cay channel, multiple di�erences are calculated, whereas in the other decay

channels only one time di�erence between photons exists.

As clearly visible in Figure 4.2, the time di�erences between photons do

not depend on the nucleon. Due to a larger opening angle between photons

coming from the η decay, there are very few events where both photons are

detected in MT, explaining its low statistics.

The time di�erence between the meson and the nucleon is again calculated

from their simple di�erence:

∆t = tm − tN with tm =
1

N

N

∑

i=1

tγi , (4.13)
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Figure 4.2: Coincidence time di�erence between decay photons from π0
→ 2γ

(a-c), η → 2γ (d-f) and η → 6γ (g-i) decay channel. The left column shows
Crystal Barrel-Crystal Barrel (CB-CB) hits, the middle column shows Crys-
tal Barrel-MiniTAPS (CB-MT) hits and the right column shows MiniTAPS-
MiniTAPS (MT-MT) hits for reactions on the proton (blue) and neutron (red).
The cut positions are shown as a dotted cyan line.

where the nucleon time tN is subtracted from the meson time tm. The time of

the meson is calculated by the mean of the photon times where MT hits are

preferred. If a decay photon is detected in MT, its time information is used

and the CB one is ignored. The reason lies in the better time resolution of

<1 ns (Section 3.3.1).

The meson time is later taken as the reaction time for the random back-

ground subtraction in Section 4.4.

Figure 4.3 shows the time di�erences between meson and nucleon. It is

clearly more background visible visible in the CB-MT times for the reaction

on the proton, where the meson decays in two photons. This mainly comes

from random electromagnetic background in the forward direction with an
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Figure 4.3: Coincidence times between the meson and the nucleon for π0
→ 2γ

(a-c), η → 2γ (d-f) and η → 6γ (g-i) decay channels. The left column shows
Crystal Barrel-Crystal Barrel (CB-CB) hits, the middle column shows Crys-
tal Barrel-MiniTAPS (CB-MT) hits and the right column shows MiniTAPS-
MiniTAPS (MT-MT) hits for reactions on the proton (blue) and neutron (red).
The cut positions are shown as a dotted cyan line.

undetected second electron or positron.

The coincidence Tagger-meson time is given by the simple di�erence be-

tween their times. However, due to multiple Tagger electrons, random hits

have to be subtracted as discussed in the following Section 4.4.

Table 4.2 shows the di�erent time cuts. For coincidence meson-nucleon

times in the 6γ decay channel, a narrower cut position is chosen for CB-CB

and CB-MT times. Due to the large number of photons for de�ning the time

of the meson, its time is known more precisely with fewer random background

events. The latter case is further dominated by MT times from photons.
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Detectors Particles Final states Time cut interval [ns]

CB-CB γ − γ 2γN,6γN [−40,+40]

CB-MT γ − γ 2γN,6γN [−30,+25]

MT-MT γ − γ 2γN,6γN [−4,+4]

CB-CB m −N 2γN [−50,+60]

CB-CB m −N 6γN [−40,+40]

CB-MT m −N 2γN [−50,+60]

CB-MT m −N 6γN [−40,+40]

MT-MT m −N 2γN,6γN [−10,+5]

Tagger-CB m − e− 2γN,6γN [−15,+15]

Tagger-MT m − e− 2γN,6γN [−2,+3]

Table 4.2: Coincidence time cuts between photons from meson decays and
between meson and nucleon for the di�erent detectors. Time information from
the MiniTAPS is preferred for the meson time (see text).
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4.4 Random background subtraction

This experiment uses a high current of up to 1 nA, resulting in multiple

electrons in the Tagger per event. Figure 4.4 shows the number of Tagger

hits per event in π0p where the mean is around 26 hits per event in Oct2018

and around 41 hits per event in Dec2021. The di�erence is due to the higher

current in Dec2021.
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Figure 4.4: Number of Tagger hits per event in π0p in Oct2018 (a) and Dec2021
(b).

These random background electrons would result in a wrong photon energy

and, thus, in non-physical events. Therefore, the di�erence between Tagger

time and reaction time is �lled in a histogram for all electron hits in the

Tagger. Three ranges are de�ned: The �rst lies around the actual signal peak

- the prompt peak - and is set to [−25ns,15ns] for CB and [−2ns,3ns] for

MT. The second and third are sideband ranges set to [−250ns,−50ns] and

[50ns,250ns].

All events are weighted to subtract the random background from the signal

peak events correctly. Prompt events get the weight wP = 1, sideband events

are weighted by:

wSB = −
∆tP

∆tSB1 +∆tSB2

=

⎧
⎪⎪
⎨
⎪⎪
⎩

−0.075, CB

−0.0125, MT
, (4.14)

where ∆tP is the time range of the prompt window and ∆tSB1,SB2 are the ones

of the two sideband windows.
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The number of real events N is thus given as the number of prompt events

NP plus the weighted sideband events NSB:

N = NP +wSB ⋅NSB. (4.15)

Since wSB is negative, sideband events are subtracted from prompt events,

giving this method its name.
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Figure 4.5: Time di�erence in π0p between Crystal Barrel (CB) and Tagger
(left column) and MiniTAPS (MT) and Tagger (right column) for the random
background subtraction in Oct2018 (�rst row) and Dec2021 (second row). The
prompt event band is shown in yellow the sideband is in blue (see text).

Figure 4.5 shows the random background subtraction in π0p. A 2 ns struc-

ture is visible in the Tagger-MT spectra, which is caused by the injection

frequency of ELSA. In Dec2021, there are more random background hits com-

pared to Oct2018. The reason for this is the higher beam current during the

second beam time, which results in a higher probability of random hits. How-

ever, this di�erence does not a�ect the results because the random background

hits are subtracted in the analysis and the calculation of the polarisation ob-
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servables.
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4.5 Background suppression

After the presort with EXPLOSCAR, only events that �t the minimal condi-

tions remain. However, many background events, which come from random

hits, di�erent reactions and �nal state interactions, survive. To extract po-

larisation observables in scattering experiments, the background needs to be

strongly suppressed, so that relatively small systematic uncertainties remain.

The goal is to throw away as many background events as possible while keeping

as many good ones.

Five kinematic cut positions, i.e. invariant mass, coplanarity, missing mass,

polar angle di�erence and Fermi momentum, are determined to achieve the

best signal to background ratio with the smallest systematic uncertainty pos-

sible. The number of total events depends strongly on the investigated reaction

leading to di�erent approaches for de�ning cut positions.

If there are many events, the cut positions are determined energy- and

angle-dependent. Generally, there are made 12 cos (θ) bins. If the statistics

decreases, this number is halved, as for some ηN cut positions. The energy

binning depends on the reaction as well as on the linear polarisation degrees and

the photon �ux and can be found in Table 4.3. The polarisation observables

are determined by the same energy binning.

Due to the Fermi motion of the nucleons in deuterium and carbon/oxygen

nuclei, the cut positions are found more sophisticated than in the presort, e.g.

raw invariant mass cut in Section 4.2.1.

First, the carbon data is subtracted from the dButanol data to get the

deuterium signal. Carbon and dButanol data are therefore normalised by the

photon �ux (Section 5.2) and the carbon data is additionally scaled by a factor

that takes the di�erences in the target densities into account (Section 5.4).

Second, the di�erent spectra have much less background if the cut positions

of the other cuts are applied, i.e. a coplanarity, missing mass, polar angle dif-

ference and Fermi momentum cut is applied for the invariant mass. Therefore,

the cut positions are determined iteratively, starting with static cut positions.

Four iterations are performed until the cut positions do not change anymore.
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4.5. Background suppression

Eγ bin Eγ [MeV] ∆Eγ [MeV] Elow
γ [MeV] Ehigh

γ [MeV]

1 685 35 650 720

2 760 40 720 800

3 840 40 800 880

4 920 40 880 960

5 1000 40 960 1040

6 1080 40 1040 1120

7 1160 40 1120 1200

8 1280 80 1200 1360

9 1530 170 1360 1700

10 2000 300 1700 2300

11 2700 400 2300 3100

Table 4.3: Energy binning for determining the background suppression cut
positions. Eγ stands for the average value of the corresponding energy bin.
The reactions with an η meson in the �nal state only use Eγ bins 2 − 9 due
to its threshold energy and strongly decreasing event yields towards higher
energies.

4.5.1 Invariant mass

π0 and η have a mean decay time of less than a femtosecond [44]. Thus,

only their decay products - the photons - can be detected. The invariant mass

(IM) for a meson that decays into two photons is given by Equation 3.18, for

mesons decaying into six photons over three neutral pions by Equation 4.8.

After the raw IM cuts in the preselection (Section 4.2), more sophisticated

cut positions must be determined to remove the remaining background. The

IM spectra are therefore �tted with a modi�ed Gaussian function that has

an additional exponential decay part in the energy region below the mean

value [317]:

f (x) =

⎧
⎪⎪⎪
⎨
⎪⎪⎪
⎩

N ⋅G, x ≥ µ

N ⋅ (G + (1 −G) ⋅ exp (x−µλ )), x ≤ µ
, (4.16)
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where G is the normalised Gaussian function

G = exp(−
(x − µ)

2

2σ2
) . (4.17)

Here, N is the height, µ the mean and σ2 the variance. The advantage com-

pared to a classical Gaussian function is a better description of the low-energy

range in the IM spectra, which is especially important for the η meson. This

function is motivated by the shape of the experimental and MC simulation

data. Furthermore, this function describes the shape of deposited energy in

crystals like BaF2 [266].
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Figure 4.6: Eγ and cos (θ) dependent mean (a), sigma low (b) and sigma high
(c) cut positions with their linear (mean) and constant (sigma) �tting functions
from the invariant mass spectra in π0p.

The �t function is asymmetric, so the σ values are also asymmetric. The

distance between the curve and the mean value at FWHM is taken. The

FWHM of the lower and higher parts are converted to σlow and σhigh with

Equation 3.14. If there is no asymmetry at all, i.e. λ → 0, the two σ values

would be the same and the function would become a simple Gaussian.
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Figure 4.7: Energy and angular integrated invariant mass of deuterated bu-
tanol (blue), carbon (green) and deuterium (red) in π0p (a), π0n (b), ηp with
η → 2γ (c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with η → 6γ (f).

After the determination of the mean and width values, they are separately

plotted as a function of cos (θ) for �xed Eγ, where they are �tted with a

linear (mean) or constant function (widths). The �t functions are chosen

for phenomenological reasons and do not have a straightforward theoretical

motivation. At least three points are required for the �t. If only fewer points

are available, the shape of the next higher or lower-lying energy bin is taken
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Figure 4.8: Energy and angular integrated invariant mass of deuterium data
(blue points), Monte Carlo simulation (green line) and the �t function (red,
Equation 4.16) with 2.5σ cut widths (dotted cyan line) in π0p (a), π0n (b), ηp
with η → 2γ (c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with η → 6γ
(f).

and scaled by the value extracted from the angular-integrated spectra. An

additional 10% is added for the widths. In the end ±2.5σ width cut positions

are taken, keeping the events within [µ − 2.5σlow, µ + 2.5σhigh].

Figure 4.6 shows the energy- and angular-dependent mean (Figure 4.6a),

sigma low (Figure 4.6b) and sigma high (Figure 4.6c) values with the corre-
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4.5. Background suppression

sponding �t functions in π0p. The same �gures for the other reactions can be

found in Appendix A.1.

12 cos (θ) bins are taken for π0N and 6 for ηN . Only ηn with η → 6γ

has too few events to determine angular-dependent cut positions. In all other

reactions, almost no angular dependence was found such that only energy-

dependent cut positions are taken for ηn with η → 6γ. The energy dependence

was found to be small.

It should be clear that for determining polarisation observables later on,

such low statistic bins, i.e. less than 50 events, will not give useful results and

will be ignored.

Figure 4.7 and 4.8 show the IM spectra for all reactions. All available

cut positions, i.e. coplanarity (Section 4.5.2), missing mass (Section 4.5.3),

Fermi momentum (Section 4.5.5) and polar angle di�erence (Section 4.5.4),

are applied to all data in the �gures. Figure 4.7 shows the dButanol, carbon

and deuterium data. The carbon data are scaled to the photon �ux (Section

5.2) and the target nucleon density (Section 5.4.1). The deuterium data is the

di�erence between dButanol and carbon data. Figure 4.8 shows the deuterium

data compared to a MC simulation, the �t function (Equation 4.16) and the

±2.5σ cut position.

For the η → 6γ decay channel on both nucleons, an additional static

±20MeV cut position is applied around the nominal π0 mass for all three candi-

dates. This cut position corresponds to a con�dence level of > 2.6σ (> 99.2%).

However, this cut has a minor e�ect. Figure 4.25h and 4.26h show the π0 in-

variant mass from reactions on the proton and neutron. It is visible that very

few events occur outside that cut band.

4.5.2 Coplanarity

Due to momentum conservation, the azimuthal angle di�erence ∆ϕ be-

tween the meson ϕm and the recoil nucleon ϕN , called coplanarity, must be at

180○. This is valid in the CM and laboratory systems since the two systems

are connected by a Lorentz boost in the z-direction only. The coplanarity is

smeared out because of the angular resolution and Fermi motion. The latter's

e�ect is especially visible in extreme regions, i.e. near the threshold.
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Figure 4.9: Eγ and cos (θ) dependent sigma cut positions with their quadratic
�tting functions from the coplanarity spectra in π0p.

The formal de�nition of the coplanarity is given by:

∆ϕ =

⎧
⎪⎪
⎨
⎪⎪
⎩

ϕm − ϕN , ifϕm − ϕN ≥ 0

2π − ∣ϕm − ϕN ∣, ifϕm − ϕN < 0
. (4.18)

A Gaussian function with an additional exponential term is used as a proper

�tting function, given by:

f (x) = N ⋅ (G + (1 −G) ⋅ exp(−
∣x − µ∣

λ
)) . (4.19)

The exponential term is implemented to describe the low and high-laying re-

gions better. The data could also be approximated in a narrow window around

the peak by a simple Gaussian function.

The parameters are described in Equation 4.16 where the Gaussian function

G is given with Equation 4.17. The mean position is �xed at 180○. The sigma

value is again calculated from the FWHM.

Since the mean position is �xed, only the widths are of interest. Except

for ηn with η → 6γ, the same binning and the same handling of bad cos (θ)

bins as for the invariant mass (Section 4.5.1) is applied. The only di�erence

lies in the determination of the sigma values. First, only one sigma value is

determined since function 4.19 is symmetric around the peak position. Second,

the �t function of the sigma data is chosen to be a quadratic function. Figure

4.9 shows the determined sigma values with the �t function in → π0p. The

same �gures for the other reactions can be found in Appendix A.2.

The sigma values of ηn and ηp with η → 2γ are very similar and agree

116



4.5. Background suppression

]° [φ∆
100 120 140 160 180 200 220 240 260

co
un

ts
 [a

.u
.]

0

20

40

60

80

100

120

140
310×

dButanol

Carbon

Deuterium

(a)

]° [φ∆
100 120 140 160 180 200 220 240 260

co
un

ts
 [a

.u
.]

0

5

10

15

20

25

30

35

310×

dButanol

Carbon

Deuterium

(b)

]° [φ∆
100 120 140 160 180 200 220 240 260

co
un

ts
 [a

.u
.]

0

1000

2000

3000

4000

5000

6000

7000
dButanol

Carbon

Deuterium

(c)

]° [φ∆
100 120 140 160 180 200 220 240 260

co
un

ts
 [a

.u
.]

0

500

1000

1500

2000

2500 dButanol

Carbon

Deuterium

(d)

]° [φ∆
100 120 140 160 180 200 220 240 260

co
un

ts
 [a

.u
.]

0

200

400

600

800

1000

1200

1400

1600
dButanol

Carbon

Deuterium

(e)

]° [φ∆
100 120 140 160 180 200 220 240 260

co
un

ts
 [a

.u
.]

0

50

100

150

200

250

300

350

400
dButanol

Carbon

Deuterium

(f)

Figure 4.10: Energy and angular integrated coplanarity of deuterated butanol
(blue), carbon (green) and deuterium (red) in π0p (a), π0n (b), ηp with η → 2γ
(c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with η → 6γ (f).

within the statistical uncertainty. The same applies to the energy or angu-

lar integrated dated in η → 6γ. Furthermore, a strong energy and angular

dependence is found for the coplanarity, such that for ηn with η → 6γ no in-

tegrated spectra can be taken and the cut positions from ηp with η → 6γ are

used instead. An additional systematic uncertainty of around 3% is deter-

mined. Because only a small part of the total ηn events are coming from the
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Figure 4.11: Energy and angular integrated coplanarity of deuterium data
(blue points), Monte Carlo simulation (green line) and the �t function (red,
Equation 4.19) with 2.5σ cut widths (dotted cyan line) in π0p (a), π0n (b), ηp
with η → 2γ (c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with η → 6γ
(f).

η → 6γ decay channel (Table 4.4), this uncertainty is below 0.5% in the end

and therefore negligible. Again ±2.5σ width cut positions are chosen.

Figures 4.10 and 4.11 show the coplanarity spectra for all reactions. The

colour code and method are the same as for the IM (Section 4.5.1), i.e. all

available cut positions are applied and the carbon data are scaled to account
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4.5. Background suppression

for the photon �ux and the di�erent target densities.

4.5.3 Missing mass

Missing mass ∆m refers to ignoring the information about the detected

recoil nucleon and treating it as a missing particle. Assuming an initial nucleon

at rest, the missing mass is given by the nominal mass of the nucleon mN , the

four-vector of the initial photon pγ = (Eγ,0,0,Eγ) and the four-vector of the

detected meson pm = (Em, p⃗m):

∆m =
√

(Eγ +mN −Em)
2
− (p⃗γ − p⃗m)

2
. (4.20)

A Gaussian function (Equation 4.17) with a normalisation factor is used

to �t the missing mass spectra, where mean and sigma are the parameters of

interest. As for the invariant mass (Section 4.5.1) and coplanarity (Section

4.5.2), these parameters are plotted as a function of cos (θ) for �xed Eγ bins

and �tted with a phenomenological function to extrapolate the cut positions.

A linear function is chosen for both here.
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Figure 4.12: Eγ and cos (θ) dependent mean (a) and sigma (b) cut positions
with their linear �tting functions from the missing mass spectra in π0p.

Figure 4.12 shows the mean and sigma cut positions with their linear �t

functions in π0p. The same �gures for the other reactions can be found in

Appendix A.3.

As for the coplanarity, the integrated spectra look very similar for the

reactions on the proton and neutron such that the reaction ηn with η → 6γ
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Figure 4.13: Energy and angular integrated missing mass of deuterated butanol
(blue), carbon (green) and deuterium (red) in π0p (a), π0n (b), ηp with η → 2γ
(c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with η → 6γ (f).

uses the cut positions found in the same reaction on the proton. Again, ±2.5σ

width cut positions around the mean value are chosen.

As mentioned at the beginning of this section, the missing mass should lie

around the nominal mass of the recoil nucleon. The assumption of an initial

nucleon at rest is wrong due to the Fermi motion. However, one can still clearly

see a (smeared out) missing mass peak. Near the threshold, Fermi momenta
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Figure 4.14: Energy and angular integrated missing mass of deuterium data
(blue points), Monte Carlo simulation (green line) and the �t function (red,
Equation 4.17) with 2.5σ cut widths (dotted cyan line) in π0p (a), π0n (b), ηp
with η → 2γ (c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with η → 6γ
(f).

strongly in�uence the missing mass with negative values in z-direction. This

results in a more asymmetric shape of the missing mass in this region.

Figures 4.13 and 4.14 show the missing mass spectra for γN → π0N , γN →

ηN with η → 2γ and γN → ηN with η → 6γ. The colour code and method

are the same as for the IM (Section 4.5.1), i.e. all available cut positions are
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applied and the carbon data are scaled to account for the photon �ux and the

di�erent target densities.

In contrast to the IM and coplanarity, the agreement between MC and

data could be better for the missing mass. The Fermi momentum of the in-

cident nucleons is implemented for the �rst time in VMC. It is visible in the

following Section 4.5.5, that the Fermi momentum is lying at slightly higher

values, which causes the broader structure of the missing mass in the MC sim-

ulation compared to the data. The position of the peak seems to be correct,

whereas the shape looks too wide. However, no direct values are used from

any MC simulated data such that their line shapes are shown only for com-

parison. Nevertheless, future experiments should investigate the VMC with

Fermi momentum smearing more.

4.5.4 Polar angle di�erence

The polar angle di�erence ∆θ between the measured and the missing recoil

nucleon should be 0. As for the missing mass (Section 4.5.3), the recoil nucleon

can be treated as a missing particle when assuming the initial nucleon is at

rest, i.e. ignoring Fermi motion.
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Figure 4.15: Eγ and cos (θ) dependent sigma cut positions with their linear
�tting functions from the polar angle di�erence spectra in π0p.

Again, momentum conservation holds such that the polar angle of the miss-

ing recoil nucleon is given by:

θmiss = arctan
⎛

⎜

⎝

√

(pxm)
2
+ (pym)

2

Eγ − pzm

⎞

⎟

⎠

, (4.21)
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where pim is the i-component of the meson momentum and Eγ is the incoming

photon energy. The resulting polar angle di�erence is given by:

∆θ = θmeas − θmiss, (4.22)

where θmeas is the measured recoil nucleon polar angle.
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Figure 4.16: Energy and angular integrated polar angle di�erence of deuterated
butanol (blue), carbon (green) and deuterium (red) in π0p (a), π0n (b), ηp with
η → 2γ (c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with η → 6γ (f).

Figure 4.15 shows the energy- and angular-dependent sigma cut positions
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Figure 4.17: Energy and angular integrated polar angle di�erence of deuterium
data (blue points), Monte Carlo simulation (green line) and the �t function
(red, Equation 4.17) with 2.5σ cut widths (dotted cyan line) in π0p (a), π0n
(b), ηp with η → 2γ (c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with
η → 6γ (f).

with its linear �t function in π0p. The same �gures for the other reactions can

be found in Appendix A.5.

The strategy of �nding ±2.5σ width cut positions around ∆θ = 0○ is very

similar to those in the previous sections. A Gaussian function (Equation 4.17)

with a �xed mean at 0 is �t to the carbon-subtracted dButanol data as a
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function of cos (θ) bins and Eγ, except for the η → 6γ decay channel. Due to

the lower event number and the highly similar spectra with η → 2γ, the cut

positions from the η → 2γ decay channels are applied for the η → 6γ one in ηn.

The σ values as a function of cos (θ) are �tted with a linear function for every

Eγ bin. A minimum of σ = 1○ is required for all positions.

Figures 4.16 and 4.17 show the polar angle di�erence spectra for all reac-

tions. The colour code and method are the same as for the IM (Section 4.5.1),

i.e. all available cut positions are applied and the carbon data are scaled to

account for the photon �ux and the di�erent target densities.

4.5.5 Fermi momentum

Deuterated butanol is the target material, consisting of polarised and un-

polarised nucleons. The �rst are bound inside deuterium, the latter in carbon

(and oxygen) that produce unwanted background. The bounding of nucle-

ons inside nuclei results in relative momenta of nucleons to each other: Fermi

momentum motion.

Depending on the nuclei, these momenta can di�er. Section 3.1.3 showed

theoretical models describing this motion of nucleons inside deuterium and

carbon. Oxygen is (nearly) identical to carbon. The one of the deuterium-

bound nucleons peaks at lower momenta compared to carbon-bound nucleons.

In the threshold region, Fermi momentum motion can make a signi�cant

di�erence because events are accepted or rejected only due to their Fermi

momentum.

The shown reactions in Equations 4.1-4.4 assume a free nucleon as a target.

In the quasifree case, the photoproduction of mesons can be described well by:

γN(A)→mNA′, (4.23)

where γ stands for the photon, A is the nucleus, where the nucleon is bound

and A′ is the nucleus with one N less. The investigated reactions in this work

can be written as:

γn(D)→mnp, (4.24)

γp(D)→mpn. (4.25)
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A carbon target is used to determine the carbon contribution in the dBu-

tanol data. The reactions can be written as:

γn(12C)→mn11C, (4.26)

γp(12C)→mp11B. (4.27)

Equation 4.23 can be transformed into a kinematic equation:

pγ + pN = pm + pN ′ , (4.28)

where p = (E, p⃗) are the four-vectors of the particles and the spectator nu-

cleus/nucleon A′ is assumed to be una�ected in the reaction. Rearranging

Equation 4.28 one �nds the Fermi momentum of the target (and spectator)

nucleon:

p⃗F = p⃗N = p⃗m + p⃗N ′ − p⃗γ. (4.29)

The Fermi momentum cut position is statically chosen to be pF = ∣p⃗F ∣ <

160MeV such that the background can be rejected and not too much signal is

cut away. Looking at the theoretical model describing the Fermi momentum

of deuterium in 3.1, this cut position should include around 87.5% (∼ 1.53σ)

of the deuterium data but only around 62.0% (∼ 0.88σ) of the carbon data.

A lower cut position would suppress the ratio even more and decrease the

systematic uncertainty and the number of events signi�cantly, increasing the

statistical uncertainty. Because the statistics in this experiment mainly drive

the uncertainty, a further decrease in the cut position would increase the un-

certainty even more.

The determination of the Fermi momentum cut position has one of the

most signi�cant e�ects on rejecting carbon and oxygen dilution, i.e. the dilu-

tion factor and its systematic uncertainty (Section 5.4.3). Decreasing the cut

position to lower values would increase the dilution factor and therefore reduce

the systematic uncertainty but signi�cantly increase the statistical uncertainty.

Since the latter is the dominant uncertainty, a very low cut position would be

contra-productive. On the other hand, the Fermi momentum cut position re-

duces additional background, e.g. from �nal state interactions, quite well such

that it should not be chosen too high. Together, these lead to the chosen value

of 160MeV.
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Figure 4.18: Total (a) and component (b-d) Fermi momentum in π0p. (b)
shows the Fermi momentum component in z-direction, (c) in x-direction and
(d) in y-direction.

The deuterium MC simulation shows subtle energy and angular dependence

of the Fermi momentum such that the momenta get more spread for higher

energies and very backward angles (cos (θ) → −1), where the nucleon goes

towards MT. However, with a static Fermi momentum cut of 160MeV, it is

ensured to take more than 80% of all deuterium data in all kinematic regions.

An additional Fermi momentum component cut is applied to suppress ran-

dom events further. The Fermi momentum is random in the three spacial

directions, resulting in:

px = py = pz =
pF
√

3
≈ 92.4MeV. (4.30)

Figure 4.18 shows the total and component-wise Fermi momentum spec-

tra of dButanol, scaled carbon, deuterium, MC deuterium data and the cut

positions. The total Fermi momentum spectra of the other reactions can be

found in Figure 4.19 and the components are given in Appendix A.4. Also,
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Figure 4.19: Total Fermi momentum in π0n (a), ηp (b,d) and ηn (c,e) with
η → 2γ (b-c), η → 6γ (d-e). The spectra in π0p can be found in Figure 4.18.

an overview of energy or angular-dependent Fermi momentum spectra can be

found there for all reactions.

The situation for the spectra is the same as for IM, i.e. all cuts are applied

and the carbon data are correctly scaled.

As mentioned in the previous section, implementing the Fermi momentum

needs more investigation. The MC values are shifted towards higher values

compared to the data. As always, all cuts that are applied for the data are
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also applied for the MC simulation.

4.5.6 Summary of kinematic cut positions and number of

total events

The in detail described raw cut positions in the presort (Section 4.1-4.4)

and kinematic cut positions (Section 4.5) can brie�y be summarised as:

� Multiplicity: all �nal state particles must be detected (Section 4.1)

� Time: 4 − 5σ (>99.9%) width cuts (Section 4.3)

� χ2 anticut: for 2γn �nal states on invariant mass (Section 4.2.3)

� Invariant mass: 2.5σ (≈ 98.8%) width cuts (Section 4.5.1)

� Invariant mass on π0 for η → 6γ decay channel: ∼ 2.6σ (≈ 99.1%) around

nominal π0 mass

� Coplanarity: 2.5σ (≈ 98.8%) width cuts (Section 4.5.2)

� Missing mass: 2.5σ (≈ 98.8%) width cuts (Section 4.5.3)

� Fermi momentum: ∼ 1.5σ (≈ 87.5%) width cuts (Section 4.5.5)

� Polar angle di�erence: 2.5σ (≈ 98.8%) width cuts (Section 4.5.4)

Assuming that the iterative background suppressing cut positions - invari-

ant mass, coplanarity, missing mass, Fermi momentum, polar angle di�erence

- are all independent, an overall event acceptance of 0.9884 ⋅ 0.875 = 83.4%

results. For the η → 6γ decay channel, this value must be multiplied by 0.9913

due to the additional IM cut on the single π0, resulting in 81.1%. Due to some

correlations between the kinematic properties, mainly missing mass and Fermi

momentum, this can be seen as a lower bound, i.e. less than 20% of all good

events are cut away due to the applied cut positions.

The number of events in the di�erent reactions and on di�erent targets

can be found in Table 4.4. Given is the number of events after the complete

reconstruction process with all applied background rejection cuts. It can be

seen that there are more than 3 times fewer events on reactions on neutrons

than there are on protons. As was shown [130], the detection e�ciency for
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Target BT γp→ π0p γn→ π0n γp→ ηp γn→ ηn

π0 → 2γ η → 2γ η → 6γ η → 2γ η → 6γ

dButanol Oct2018 1455 ± 14 340 ± 7 122 ± 4 29 ± 2 45 ± 2 6 ± 1

Dec2021 1427 ± 15 332 ± 7 122 ± 4 27 ± 2 46 ± 2 6 ± 1

All 2883 ± 28 672 ± 14 244 ± 7 56 ± 3 91 ± 5 13 ± 2

carbon Oct2018 142 ± 5 36 ± 2 13 ± 1 3 ± 1 5 ± 1 1 ± 1

Dec2021 180 ± 5 45 ± 3 15 ± 1 3 ± 1 6 ± 1 1 ± 1

All 3321 ± 9 80 ± 5 28 ± 3 6 ± 1 11 ± 2 2 ± 1

deuterium Oct2018 758 ± 26 173 ± 13 64 ± 7 15 ± 3 23 ± 4 3 ± 2

Dec2021 742 ± 26 167 ± 13 64 ± 7 14 ± 3 24 ± 4 3 ± 2

All 1500 ± 53 340 ± 25 129 ± 13 30 ± 3 47 ± 8 6 ± 3

Table 4.4: Number of events (in thousand) after the reconstruction and all
background rejection cut positions. BT is an abbreviation for beam time.
Deuterium events are deuterated butanol events minus �ux and target density-
corrected carbon events. The uncertainty is mainly due to some uncertainty
coming from the random background subtraction and the target density con-
stant in the normalisation of the carbon data.

neutrons is less than 0.3 times the one for protons with decreasing neutron

detection e�ciencies towards lower photon energies.

The photon detection e�ciency is around 90% in the Crystal Ball/TAPS

detector setup [262]. Reactions with many photons in the �nal state, e.g. γN →

ηN with η → 6γ, are therefore suppressed. The complete photon detection

e�ciency decreases even more for reactions with many �nal state photons due

to an increase in overlapping PED. An additional suppression of the η → 6γ

decay channel is the 20% lower branching ratio and the additional π0 cuts.

All together leads to a signi�cantly lower event yield of less than 25% for the

η → 6γ decay channel compared to the η → 2γ one, which has been observed

before [262].

Figure 4.20 shows the absolute number of good deuterium events that

passed all criteria described in this chapter. The events are shown energy-

and angular-dependent for all reactions. For obtaining the deuterium events,

the carbon data are scaled to account for the photon �ux and the di�erent

target densities and subtracted from the dButanol data, i.e. normalised by the

photon �ux (Section 5.2) and the relative target surface densities (Section 5.4).

In all reactions, the number of events decreases towards higher energies. The
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Figure 4.20: Eγ and cos (θ) dependent absolute deuterium events that passed
all selection and background suppression criteria. Shown are all reactions: (a)
π0p, (b) π0n, (c) ηp with η → 2γ, (d) ηp with η → 2γ, (e) ηp with η → 6γ and
(f) ηp with η → 6γ.

reason for this lies in the bremsstrahlung process that is proportional to 1/Eγ.

Both η decay channels result in very similar spectra, whereas the ones from

π0 look quite di�erent. In the �rst case, the meson prefers backward angles,

where the nucleon is going in the forward direction. In the second case, the

meson is centred around the vertical experimental axis, i.e. 90○.
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4.5.7 E�ect of kinematic cut positions

The �gures in this section provide an overview of the impact of the kine-

matic cuts applied for suppressing background, as described in Section 4.5. In

contrast to the cut �nding procedure, the raw dButanol data are shown here.

Although, the photon �ux and target-density-normalised carbon-subtracted

data can be seen as well as last cut in black.

The e�ect of the raw cut positions as multiplicity, coincidence time and χ2

anticut for 2γn �nal states that are applied in the presort of EXPLOSCAR can

be seen in Figure 4.1.

All kinematic cuts are essential for a clean event selection. All signals are

already visible after the presort. The invariant mass spectra are also taken for

estimating the remaining background contamination such that the goodness of

the background suppression is best visible there. Besides reducing the back-

ground, the signal gets cleaner with every further kinematic cut. In π0p, for

example, the FWHM of the invariant mass decreases from 21MeV to 18MeV

from only preselection cuts to all background rejection cuts applied. It even

gets down to 17MeV when the carbon is subtracted at the end.

Besides removing unpolarised nucleons, carbon subtraction has another

nice e�ect: it subtracts some background events itself. In the end, a low

background signal of the meson and the recoil nucleon can be seen from the

spectra.

Figures 4.21-4.26 show the di�erent kinematic spectra for all reactions. The

x-axis label indicates the kinematic type: mγγ invariant mass of the meson,

∆ϕ coplanarity between meson and recoil nucleon, ∆m missing mass of the

recoil nucleon, pF absolute Fermi momentum of the initial nucleon, px,yF Fermi

momentum in x- and y-direction of the initial nucleon, pzF Fermi moment in z-

direction (beam direction) of the initial nucleon and ∆θ polar angle di�erence

between reconstructed and missing recoil nucleon. The η → 6γ decay channel

reactions show an additional invariant mass spectrum of the π0 mesons.
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Figure 4.21: E�ect of kinematic cut
positions on invariant mass (a), copla-
narity (b), missing mass (c), total
Fermi momentum (d), Fermi momen-
tum in x- and y-direction (e), Fermi
momentum in z-direction (f) and po-
lar angle di�erence (g) in π0p.
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Figure 4.22: E�ect of kinematic cut
positions on invariant mass (a), copla-
narity (b), missing mass (c), total
Fermi momentum (d), Fermi momen-
tum in x- and y-direction (e), Fermi
momentum in z-direction (f) and po-
lar angle di�erence (g) in π0n.
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Figure 4.23: E�ect of kinematic cut
positions on invariant mass (a), copla-
narity (b), missing mass (c), total
Fermi momentum (d), Fermi momen-
tum in x- and y-direction (e), Fermi
momentum in z-direction (f) and polar
angle di�erence (g) in ηp with η → 2γ.
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Figure 4.24: E�ect of kinematic cut
positions on invariant mass (a), copla-
narity (b), missing mass (c), total
Fermi momentum (d), Fermi momen-
tum in x- and y-direction (e), Fermi
momentum in z-direction (f) and polar
angle di�erence (g) in ηn with η → 2γ.
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Figure 4.25: E�ect of kinematic cut positions in ηp with η → 6γ. Same labels
as in Figure 4.23 with additional invariant mass of intermediate π0 (h).
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Figure 4.26: E�ect of kinematic cut positions in ηn with η → 6γ. Same labels
as in Figure 4.23 with additional invariant mass of intermediate π0 (h).
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4.6 Remaining background contamination

The background contamination is estimated from the invariant mass as a

�nal quality check. For all reactions, each Eγ and cos (θ) dependent spectra are

�tted with an extended �t function. This consists of a signal part that is equal

to the invariant mass �t function in Equation 4.16 and an additional polynomial

of degree 1 for π0
→ 2γ and η → 2γ or polynomial of degree 2 for η → 6γ,

respectively, as background term. The reason for the di�erent treatments lies

in the di�erent kinematics. Due to di�erent �nal states, di�erent background

terms may contribute to the contamination. For example, 3π0 phase space

contribution may contribute to η → 6γ background contamination but not to

the other decay channels.
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Figure 4.27: Invariant mass for background contamination estimation in π0

for di�erent cos (θ) bins at a �xed energy of Eγ = 760MeV. The same data is
shown in a linear (a) and a logarithmic (b) scale. See text for more details.

The Eγ and cos (θ) integrated total invariant mass is �tted with this func-

tion to con�rm the chosen background polynomials with the full statistic. The

ratio between the area of the background term and the total function within

the 2.5σ is assumed to be the background contamination.

As usual, ηN with η → 6γ have fewer events than the others, such that

the energy and angular dependence is hard to get. In the end, the data from

both decay channels are merged and �tted together. Furthermore, the η →

2γ is expected to have more background contamination due to more possible

misidenti�ed events with three �nal state particles compared to the reaction

with seven �nal state particles, where the single π0 must be identi�ed as well.

Figure 4.28 and 4.29 show the energy and angular integrated invariant mass
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Figure 4.28: Total invariant mass with the total asymmetric Gaussian �t func-
tion and the linear (a-d) and quadratic (e-f) background term in π0p (a), π0n
(b), ηp with η → 2γ (c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with
η → 6γ (f). The y-axis is shown in a logarithmic scale. See text for more
details.

spectra for all reactions with linear and logarithmic y-axis. Figure 4.27 shows

an example of the cos (θ) dependent invariant masses with the extended �t

function in π0p with a photon energy of Eγ = 760MeV. The data are shown

in blue, a Gaussian �t as a green dashed-dotted line, the used total asymme-

try Gaussian �t including a background term as a red line, the background
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Figure 4.29: Total invariant mass with the total asymmetric Gaussian �t func-
tion and the linear (a-d) and quadratic (e-f) background term in π0p (a), π0n
(b), ηp with η → 2γ (c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with
η → 6γ (f). Please note the logarithmic scale on the y-axis. See text for more
details.

contribution as a yellow line and the 2.5σ width positions as a cyan dotted

line.

The Gaussian function can describe the peak as well as the adjusted Gaus-

sian one. For values further away from the peak position, the adjusted Gaus-

sian one is better suited for the description. However, the di�erence is only a
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Chapter 4. Event selection

few per cent within the cut positions.

To get physically useful signals, at least 50 entries are required within an

IM range from 100MeV to 170MeV for π0 and 500MeV to 600MeV for η.

The ones that do not meet these conditions are not �tted and their kinematic

bins are coloured in red, as visible in Figure 4.27 for the two most forward

angular bins.

The total estimated background contamination for the energy and angular

integrated IM is found to be around 0.4% in π0p, 0.3% in π0n, 1.2% in ηp

with η → 2γ, 0.2% in ηn with η → 2γ, 0.8% in ηp with η → 6γ and 1.4% in

ηn with η → 6γ. Although the largest contribution is estimated in ηn with

η → 6γ, the statistical uncertainty of the points is relatively large such that

the value of 1.2% in ηp with η → 2γ is more reliable for the largest contribu-

tion. However, the individual energy- and angular-dependent �ts result in a

background contribution of mainly below 1%, for the most part even below

0.5%.

As seen in Section 4.5.1, the data are in excellent agreement with the

MC simulation. The estimated background contribution from the adjusted

asymmetric Gaussian �t function is assumed to be rather an overestimation.

To treat a possible background contribution in a conservatively right way, a

minimum of 0.5% is assumed for all used bins as systematic uncertainty in the

end (Section 6.4.3).

Figure 4.30 shows the background contamination as a function of Eγ and

cos (θ) for all investigated reactions. Most bins have a background contamina-

tion of less than 0.5%. The bins with larger contamination are mainly found

in regions with low event statistics, so the uncertainty of their value is also

large. The missing bins have, as discussed earlier, fewer events than 50 such

that no useful signal is found. They are dismissed in the �nal results.
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Figure 4.30: Background contamination in π0p (a), π0n (b), ηp with η → 2γ
(c), ηn with η → 2γ (d), ηp with η → 6γ (e) and ηn with η → 6γ (f).
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5 | Data analysis

Events of the investigated reactions are selected with a clean signal and low

background contamination. Before polarisation observables can be extracted

(Chapter 6), some more data analysis must be done.

The �rst Section 5.1 discusses the target surface densities that are directly

correlated with the number of nucleons in the target materials.

The event yields depend on the data taking time, which must be considered

for determining the observables. The photon �ux, discussed in Section 5.2,

provides this information.

Sections 5.3 and 5.4 discuss the determination of the polarisation degrees

and the dilution factor, two necessary corrections. In a perfect experiment,

there would be no need for these corrections. However, the photons and nu-

cleons cannot be perfectly polarised, so the exact polarisation degrees must

be known. The dilution factor must be known further to correct the number

of reactions on polarised nucleons inside deuterium compared to unpolarised

ones inside carbon (and oxygen).

Even though the events can be selected with a low background, some con-

tributions from di�erent �nal states may still remain and change the true ob-

servable values. This can be corrected to a certain extent, described in Section

5.5.

As already mentioned several times, the nucleons in this experiment are

quasifree, i.e. bound in deuterium with a Fermi motion. The knowledge of

the true centre of mass (CM) energy W is essential for removing these e�ects.

Section 5.6 discusses this reconstruction process from the �nal state.

The chapter closes with a discussion of data merging methods in Section

5.7.
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Chapter 5. Data analysis

5.1 Target surface density

The target surface density is directly correlated with the number of reac-

tion partners in the target material. Usually, the target stays the same during

a beam time, so the target surface density is constant. For extracting ex-

perimental cross sections, the exact target surface density must be known for

normalisation reasons (Equation 1.51). This value cancels out for polarisation

asymmetries and observables and does not need to be known. However, since

the experiment uses two targets - dButanol and carbon - it is important to

know the ratio between the target surface densities between them. In that

way, the carbon data can be rightfully subtracted from the dButanol data to

get a pure deuterium signal for the kinematic cut positions (Section 4.5) and

the determination of the dilution factor (Section 5.4) later on.

The target surface density is given by:

nt =
ρtltNAf

Mt

, (5.1)

where ρt and lt are the density and length of the target, f andMt are the �lling

factor and molar mass of the target nucleons and NA = 6.022140857 ⋅1023mol−1

[97] is the Avogadro constant. The �lling factor is due to the shape of the used

dButanol beads in the target cell. They are spherical and do not entirely �ll

the target cell (Figure 2.11b).

To get the ratio between the two targets, one needs to normalise them to

the number of carbon nuclei inside the target molecules. The oxygen nuclei

must also be considered, achieved by a relative A2/3 term. The power of 2/3

occurs from the fact that the cross sections of these nuclei with mass number

A scale in such a way [269]. The number of carbon nuclei in dButanol is given

by:

NC(dB)
= 4 + (

MO

MC

)

2/3

= 5.211, (5.2)

where MC = 12.011gmol−1 [318] and MO = 15.999gmol−1 [318] are the molar

masses of carbon and oxygen. Note that the doping material is ignored here.

The target surface density of carbon nuclei inside dButanol respecting the
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5.1. Target surface density

di�erent behaviour of the oxygen nuclei is given by:

n
C(dB)
t = NC(dB)

⋅ nt. (5.3)

The experimental setup with the carbon foam target is the same as the

dButanol one to have the same conditions, i.e. target container, helium, cryo-

stat, etc. Therefore, the target surface density ratio can be directly calculated

using the experimental parameters in Table 5.1. These values hold for both

beam times: Oct2018 and Dec2021.

The density of the dButanol is measured in its �uid state of aggregation to

be (0.9200 ± 0.0005) g cm−
3 at 25 ○C [319]. It melts at −89.99 ○C and therefore

has another density in its solid state. A density of (1.106±0.012) g cm−3 at 77K

was measured [320] for dButanol in the past. Another measurement showed

an increase in the density of butanol of (14.72 ± 1.24)% at 4K compared to

room temperature [321], which should be very similar for dButanol. The mean

value of both, (1.106 ± 0.012) g cm−
3 and (0.9200 ± 0.0005)g cm−

3
⋅ (1.1472 ±

0.0124)=(1.055±0.012)g cm−
3 , is taken with a relative error of 4% to ensure a

rightful treatment. This results in a density of dButanol of (1.08±0.04) g cm−3 .

The other parameters are taken from [322].

material dButanol carbon

ρt [g cm
−3] 1.08 ± 0.04 0.5000 ± 0.0005

lt [cm] 2.000 ± 0.005 2.040 ± 0.005

Mt [gmol−1] 84.19 12.011

f 0.60 ± 0.05 1

NC 5.211 1

nt [barn
−1] 0.0094 ± 0.0009 0.05114 ± 0.00018

nC
t [barn−1] 0.0483 ± 0.0047 0.05114 ± 0.00018

Table 5.1: Parameters of the deuterated butanol and carbon target in both
beam times.

By dividing the carbon nuclei target surface density of the dButanol and

carbon target, a scaling factor ct is found:

ct =
n
C(dB)
t

nC
t

= 0.94 ± 0.09. (5.4)
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Particularly the �lling factor has considerable uncertainty. A better knowl-

edge of that or a direct measurement of it could increase the accuracy of future

experiments.
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5.2. Photon �ux

5.2 Photon �ux

It is crucial to know the photon �ux to normalise the data from di�erent

experimental setups: dButanol and carbon targets or the di�erent polarisation

orientations. The �ux is determined as a function of energy and time, i.e. run

number. Especially the energy dependence is important due to the linearly

polarised photons, which produce a coherent enhancement near the coherent

edge.

Not all de�ected electrons in the Tagger Ne− belong to a photon that im-

pinges the target. The main reasons are the used collimator that narrows the

photon beam and the detection of random electron hits. The number of de-

tected electrons must therefore be multiplied by the tagging e�ciency ϵtagg to

get the right photon �ux:

Nγ = Ne− ⋅ ϵtagg. (5.5)

The tagging e�ciency is like the electron and photon �ux energy-dependent

and determined as a function of the incident photon energy Eγ.

5.2.1 Electron �ux

The electron �ux cannot directly be taken from the number of hits in the

Tagger since the energy distribution of the photons is strongly in�uenced by

the trigger.

The number of tagged electrons Ne− within the time window ∆t =∆t1+∆t2

is calculated by choosing the two windows outside the trigger window itself.

∆t1 goes from −450 ns to −50 ns and ∆t2 from 50 ns to 350 ns.

In the end, the number of tagged electrons within a time window of the

total live time tlive is of interest. Ne− (∆t) must therefore be multiplied by a

scaling factor clive, that is given by the ratio between the number of coincident

hits in neighbouring Tagger bars Nscaler during the total live time tlive and the

coincident TDC hits in neighbouring tagger bars in the data NTDC during the

time window ∆t.

The correct number of detected electrons - the electron �ux - is so given

by:

Ne− = Ne−(∆t) ⋅ clive = Ne−(∆t) ⋅
Nscaler(tlive)

NTDC(∆t)
. (5.6)
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Figure 5.1: Photon �ux without any corrections (dashed cyan) and with tag-
ging e�ciency and rate-independent GIM e�ciency corrections (solid blue) in
Oct2018 (a) and Dec2021 (b).

An additional correction should be applied in general: Cherenkov dead

time correction. The Cherenkov detector works as a veto in the trigger sys-

tem, in�uencing the time for data taking. By multiplying the dead time of

a single Cherenkov hit ∆tChkv with the Cherenkov trigger rate NṄChkv. The

dead time is visible in the TDC spectrum and can be seen in Figure 5.2.

It is ∆tchkv = 86ns. This is true for both beam times, whereas the aver-

age Cherenkov rate di�ers. In Oct2018 it is given with ṄChkv = 1.34MHz,

in Dec2021 with ṄChkv = 2.04MHz. Together, this results in a relative dead

time of around ∆tChkvṄChkv = 11.5% in Oct2018 and ∆tChkvṄChkv = 17.5% in

Dec2021.
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Figure 5.2: Cherenkov Time-to-Digital (TDC) spectrum in ns for run 203232
in Oct2018. All events where the Cherenkov holds as veto, i.e. taps2 ∨
(cf1 ∧ taps1) are shown. The dead time is given as the width with no en-
tries around t = 0ns with ∆tChkv = 86ns.
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Although this seems a lot, the Cherenkov veto signal is only included in

around 10.2% of all trigger events, reducing its in�uence signi�cantly. In all

investigated reactions, the in�uence of the Cherenkov as a veto is even more

suppressed. More than 99% of all �nal events are detected with the cf2 trigger.

Finally, the electron �ux is given by:

Ne− = Ne−(∆t) ⋅ clive (1 −∆tChkvṄChkv) . (5.7)

5.2.2 Tagging e�ciency

Some photons get lost on the way towards the target. The tagging e�ciency

is the ratio of detected photons to detected electrons.

During data-taking runs, the tagging e�ciency is measured using the GIM

and FluMo detectors at the end of the photon beam line (Section 2.2.7). The

tagging e�ciency is given by the number of coincidence hits in GIM and Tagger

within a time window of ∆t = ∣tGIM − tTagg ∣ < 8ns (Figure 5.3) divided by the

total number of detected hits in the Tagger. Furthermore, the rate-independent

GIM e�ciency must be considered as well to result in:

ϵtagg =
1

ϵGIM

⋅

NTagg−GIM

NTagg

. (5.8)
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Figure 5.3: Coincidence time di�erence between GIM and tagging system in
Oct2018. The yellow area show prompt hits within ∆tP = [−8ns,8ns] and the
violet areas show the sideband background windows ∆tSB1

= [−35ns,−19ns]
and ∆tSB2

= [19ns,35ns].

The coincidence hits in GIM and Tagger cannot directly be taken due
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to random background hits. Similar to the random background subtraction

of coincidence CB-Tagger and MT-Tagger hits (Section 4.4), the sideband

subtraction method is used here, too. Therefore, NTagg−GIM is given by the

number of prompt events NP
Tagg−GIM minus sideband events NSB

Tagg−GIM , scaled

with cP−SB = ∆tP /∆tSB. The live time windows are given by the intervals

∆tP = [−8ns,8ns], ∆tSB1
= [−35ns,−19ns] and ∆tSB2

= [19ns,35ns], result-

ing in:

NTagg−GIM = N
P
Tagg−GIM − cP−SB ⋅N

P
Tagg−GIM

= NP
Tagg−GIM −

∆tP

∆tSB
⋅NSB

Tagg−GIM . (5.9)

The sideband time intervals are chosen in this way because the background

slowly decreases towards larger distances from the signal peak and the dead

time from the double pulse resolution of the GIM is tDPR = 12ns, which is

more dominant near the signal peak position.

The only term in Equation 5.8 that still needs to be determined is the

GIM e�ciency. For this, two methods can be used: First, one can calculate

the losses due to dead time. Second, one can perform special low-rate runs

(Section 2.5) with a rate below 300 kHz to determine the tagging e�ciency.

The latter is used in this experiment.
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Figure 5.4: Tagging e�ciency as a function of the run number or time, respec-
tively, without the rate-independent GIM e�ciency correction in Oct2018 (a)
and Dec2021 (b).

The rate-independent GIM e�ciency in low-rate runs ϵGIM is approxi-

mately 1. Due to detector threshold e�ects, this is only partially true for

energies near the threshold itself. However, going towards higher energies, the
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Figure 5.5: Tagging e�ciency (a-b) and rate-independent GIM e�ciency from
low-rate runs (c-d) as a function of the photon energy Eγ in Oct2018 (left
column) and Dec2021 (right column).

GIM e�ciency asymptotically strives towards 1. The GIM e�ciency as a func-

tion of the incident photon energy Eγ can be seen in Figure 5.5. The exact

procedure for its determination can be found in [262]. This is the only step

where the FluMo is used.

The tagging e�ciency is strongly energy-dependent but may also �uctuate

during a beam time, especially after the repolarisation breaks or after the

changing of the target. Therefore, the tagging e�ciency is calculated for every

single run separately. The procedure is shortly described here.

First, the tagging e�ciency is assumed to be approximately 1 for low-rate

runs since the GIM e�ciency is approximately 1 too. Of course, the spectra

are corrected with the rate-independent GIM e�ciencies.

Second, the tagging e�ciency is calculated for every data-taking run re-

sulting in a relative e�ciency. To get absolute values, the relative e�ciency is

scaled to the absolute tagging e�ciency from the low-rate runs with the help

of the Simplex and Migrad algorithms from ROOT.
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The calculation is performed by multiplying the scaled run-dependent tag-

ging e�ciency ϵscaledtagg (t) by the energy mean of the low-rate runs ϵlow rate
tagg (Eγ)

and dividing that by the global mean of the low-rate runs ϵlow rate
tagg :

ϵtagg = ϵtagg (Eγ, t) =
ϵlow rate
tagg (Eγ)

ϵlow rate
tagg

⋅ ϵscaledtagg (t), (5.10)

with

ϵlow rate
tagg (Eγ) =

1

nEγ

nEγ

∑

i=1

ϵlow rate
tagg, i (Eγ), (5.11)

ϵlow rate
tagg =

1

nEγ

nEγ

∑

i=1

ϵlow rate
tagg (i). (5.12)

See Figure 5.5 for the energy-dependent tagging e�ciency. At low energies,

the e�ciency decreases due to detector threshold e�ects and the decrease of the

rate-independent GIM e�ciency. Furthermore, the tagging e�ciency depends

on the linear polarisation, which can be seen as an enhancement just before

the coherent edge at 1200MeV and to some extent also before the second

coherent edge region at 1740MeV. The missing point at 2650MeV and the

slightly di�erent behaviour of the tagging e�ciency afterwards are due to the

tagging �bres that cover that region alone. Figure 5.4 shows the run-dependent

tagging e�ciency, which is equal to the time-dependent one. The values from

the low-rate runs and the rightfully scaled values from the standard data runs

are shown.

Due to the higher beam current, more electrons are detected in the Tagger

with no corresponding photon, which results in a lower tagging e�ciency, i.e.

0.65 compared to 0.73 for the global mean. Furthermore, the rate-independent

GIM e�ciency decreases stronger for low incoming photon energies in Dec2021

and the tagging e�ciency is somewhat more stable over the time in Oct2018

compared to Dec2021. The latter results from the highly stable electron beam

from ELSA in the �rst beam time, which �uctuated more in the second one.

Another approach to obtain the tagging e�ciency would be the determina-

tion of the rate-dependent GIM e�ciency with the help of the FluMo detector,

which can be given by:

ϵGIM = ϵFluMo ⋅
ṄGIM

ṄFluMo

, (5.13)
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where ϵFluMo is the detection e�ciency of the FluMo detector, which is rate-

independent for low-rate runs (≲ 300kHz), ṄGIM is the rate in GIM and ṄFluMo

is the rate in FluMo. However, the rate-independent e�ciency of the FluMo

must be known and the calibration procedure needs to be performed for every

beam electron energy separately.
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5.3 Polarisation degrees

In a perfect experiment, one would reach polarisation degrees of 100% for

both: beam photons and target nucleons. However, this cannot be achieved

in real experiments and the polarisation observables must be corrected corre-

spondingly. The determination of the beam photon polarisation degree δ and

the target nucleon polarisation degree Λ will be explained in the following.

5.3.1 Target nucleon polarisation

The polarisation degree of the target nucleons is measured with the NMR

method [285,286] before and after each repolarisation when the target is moved

out of the experimental position inside the CB. During the experiment, the tar-

get goes in frozen spin mode with very stable temperature and magnetic �eld

conditions (Section 2.3). This is important because no NMR measurements

can be performed during the data taking. Therefore, the target polarisation de-

gree is interpolated between the two measurements with an exponential decay

function to get a run-dependent target polarisation.

The interpolation function is given by:

ΛNMR(t) = ΛNMR(0) ⋅ exp(−
t

τ
) , (5.14)

where ΛNMR(t) and ΛNMR(0) are the target polarisation degrees after time t

and time t = 0, i.e. when the NMRmeasurement is done, and τ is the relaxation

time. In Oct2018, target polarisation degrees of up to 75.3% with relaxation

times around 1100 h were reached. In Dec2021, the maximum was around

69.4% with relaxation times around 800 h. The ΛNMR values are provided by

Runkel. Furthermore, the run-dependent target polarisation degrees for the

Oct2018 beam time are calculated by Hartmann.

The measurement is calibrated at the beginning of the beam time at the

thermal equilibrium (B = 2.5T, T ≈ 1K) where the proton polarisation is given

by:

ΛTE = tanh(
µpB

kBT
) . (5.15)

Here, µp = 1.4106 ⋅ 10−26 JT−1 [97] is the magnetic moment of the proton and
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Figure 5.6: Target polarisation degrees ΛNMR for both orientations with their
2.0% to 2.5% systematic uncertainties (see text) in Oct2018 (a) and Dec2021
(b). Note the di�erent scaling.

kB = 1.3806 ⋅ 10−23 JK−1 [44] is the Boltzmann constant.

The main uncertainty from the calibration comes from the temperature

measurement with a carbon resistor that is about 1% [323]. Additional un-

certainty arises from the NMR measurement itself, resulting in an estimated

systematic uncertainty of 2% [262]. For the runs between 02.11.2018 and

06.11.2018 (run numbers 204209 to 204445) in Oct2018, an additional uncer-

tainty of 0.5% must be included because there was no NMR measurement at

the end of the block.

Figure 5.6 shows the target polarisation values with the systematic uncer-

tainty for both beam times. Di�erent marker styles and colours indicate the

two polarisation directions.

The measured target polarisation ΛNMR is not yet equal to the nucleon

polarisation such that the values must be corrected by γ = 0.92616 [281]:

ΛN = ΛNMR ⋅ γ. (5.16)

The origin of this lies in the D wave contribution in the wave function responsi-

ble for a quadrupole moment in the deuteron, which in�uences the polarisation

measurements done with the NMR technique.

5.3.2 Beam photon polarisation

The calculation of linear beam photon polarisation degrees is more complex

than that for the target nucleons. Linear polarisation is realised by coherent

scattering on a diamond crystal. A detailed description can be found in [249].
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Here, the method is summarised. The entire technique was developed by Liv-

ingston and can be found in [251].

In the �rst step, the relative intensity spectrum Irel as a function of the

incident photon energy Eγ of scattering on the diamond crystal with respect to

an amorphous copper radiator is calculated (Figure 5.7a). To check the time

stability, copper runs are performed every day.
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Figure 5.7: (a) Relative intensity spectrum (black points) with the ANB �t
(red line). (b) Linear polarisation degree δ with the systematic uncertainty of
5% to 10%. Both �gures show the negative crystal orientation of the 1st run
block in Oct2018.

In the second step, the relative intensity spectra are �t with the Analytic

Bremsstrahlung's Calculation (ANB) programme [324]. This programme

analytically calculates the photon polarisation degree of the intensity spec-

tra respecting interference terms from di�erent grid vectors. The original

programme [324] was further developed in the CBELSA/TAPS collabora-

tion [249,325]. A detailed description can be found in [249].

The relative systematic uncertainty is estimated to be 5% from 960MeV

to 1310MeV, 8% from 690MeV to 960MeV and from 1310MeV to 1360MeV

and 10% from 650MeV to 690MeV. The estimation is based on the maximum

di�erence between the data points and the ANB �t.

The calculated polarisation degrees can be seen in Figure 5.7. The good

range for extracting beam polarisation-dependent observables (Σ, P , H) is

de�ned as the range where the beam polarisation degree is larger than 10%

excluding the second coherent edge, i.e. from 650MeV to 1360MeV.

The linear polarisation degrees are calculated by Afzal and Thiel. The

Oct2018 beam time is split into four run sets and the two crystal orientations
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(±45○), for which relative intensities and polarisation degrees are calculated

separately. This is due to slightly di�erent coherent edge positions. The four

run sets are de�ned by the run numbers, i.e. 203219−203943, 203933−204582,

204573 − 204804 and 204813 − 205955.

In the Dec2021 beam time, the coherent edge was not very stable. It drifted

away up to 100MeV, which had to be adjusted manually during the beam time.

Therefore, determining the beam polarisation degrees is more sophisticated

and only preliminary values are available when this work is written. A �nal

determination of the beam asymmetry Σbut, recoil asymmetry P and the beam-

target double polarisation observable H is therefore not possible at this time.

Figure 5.7 shows an intensity spectrum with the ANB �t and the extracted

beam photon polarisation degree with its systematic uncertainties in Oct2018.

More spectra can be found in Appendix B.2. The preliminarily determined

beam polarisation degrees based on the �rst few good runs, without walking

coherent edge, can be found in Appendix B.2 as well.
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5.4 Dilution factor

Neither free neutrons nor deuterons can be polarised, resulting in dButanol

as the target material. The chemical formula is C4D9OD and can be found in

Figure 5.8. dButanol has 42 neutrons and protons per atom, 10 of each are

bound in polarised deuterium, 32 in unpolarised carbon and oxygen nuclei.

Unfortunately, the reactions occur on polarised and unpolarised nucleons

and cannot be distinguished in the event selection process. Thus, knowing

how many reactions occur on which nucleons is crucial so the polarisation

observables can be normalised in a proper way.

The dilution factor d is de�ned as the ratio between reactions on polarised

protons and the total number of reactions on protons. The same is true for

neutrons. The dilution factor does not have to be the same for protons and

neutrons and can be energy- and angle-dependent. However, the values are

expected to be very similar for both nucleons and over a wide kinematical

range.
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Figure 5.8: Chemical/molecule structure formula for deuterated butanol
(C4D9OD).

The beam asymmetry Σ does not depend on the target polarisation and is,

therefore, not a�ected by the dilution factor. However, it also has a dilution

from unpolarised nucleons. In contrast to T , P andH, this cannot be corrected

in this experiment and only results for Σbut can be extracted. See Section 6.4.3

for more details.

The dilution factor of T , P andH can be absorbed in the target polarisation

degree (Equation 5.16) to correct the results by:

Λ = d ⋅ΛN . (5.17)

If the ratio from the molecular formula given in Figure 5.8 was taken, the
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dilution factor would be given by:

dmol =
10

42
≈ 0.2381, (5.18)

assuming that protons and neutrons are identi�ed correctly.

However, this approximation cannot be used because of the event selection

process. The applied kinematic cut positions (Section 4.5) dismiss events o�

polarised deuterium and unpolarised carbon and oxygen di�erently. The Fermi

momentum distributions of both nuclei overlap but are still quite di�erent

(Figure 3.1). The average Fermi momentum of deuterium is around 70MeV,

that of carbon at twice that value with a di�erent shape. Because the Fermi

momentum is, on average, larger in carbon (and oxygen) than in deuterium

(at least up to 260MeV), the kinematic spectra get more di�use. Thus, the

applied coplanarity, missing mass and Fermi momentum cut positions dismiss

more events o� carbon (and oxygen) than o� deuterium, which increases the

dilution factor.

Additionally, there are �nal state interactions that cannot be described well

enough, which further can di�er for various reactions and nuclei.

The ratio between wanted and background reactions o� carbon (and oxy-

gen) are energy and angular sensitive. Therefore, an additional measurement

with a carbon target of similar target surface density (Section 5.1) is conducted.

In this way, the contribution from the carbon can be subtracted from the total

signal afterwards. Oxygen atoms are therefore treated as carbon atoms due to

simpli�cations and the similar Fermi momentum [272].

Calculated are the dilution factors with the photon �ux normalised event

yields N̂ = N/Nγ that can replace the DCS dσ/dΩ. For better readability, the

DCS is replaced by the CS here:

d =
σdB − σC
σdB

=

N̂dB − ct ⋅ N̂C

N̂dB

, (5.19)

where ct is the ratio between dButanol and carbon target surface density,

i.e. reaction partners, and all quantities except ct are energy- and angular-

dependent. The carbon data is taken directly after (Oct2018) or before (Dec2021)

the dButanol beam times with the same experimental setup to reduce system-

atic uncertainties.
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For simplicity, the data and MC simulation of ηp with η → 2γ from Oct2018

are shown as �gure examples in the following. See Appendix B.3 for more

�gures.

5.4.1 Carbon scaling factor

The carbon scaling factor ct is the ratio between the number of carbon (and

oxygen) atoms inside the dButanol target and the ones in the carbon target.

An experimentally determined value of ct is assumed to be more accurate

than the theoretically calculated one from Section 5.1 because of the large

systematic uncertainty and additional inhomogeneities in the dButanol target.

Especially the �lling factor is extremely experimental-dependent and has a

signi�cant uncertainty.

Due to the limited number of events that would result in substantial statis-

tical uncertainties, the scaling factor ct is determined globally and not energy-

and angular-dependent. Possible �uctuations and dependencies are included

in the systematic uncertainty.

The carbon scaling factor is calculated by:

ct =
N̂AC

dB

N̂AC
C

, (5.20)

where anticuts (AC) are applied to the normalised event yields. For these

anticuts, the exact opposite in cut positions are determined compared to the

background suppression cut positions in Section 4.4 to reject as many events

on quasifree nucleons inside deuterium and keep as many events on bound

nucleons inside carbon (and oxygen).

Therefore, a coplanarity anticut of ∆ϕ = 180±2.5σ, missing mass anticut of

∆m =mN ±2.5σ, as well as a Fermi momentum cut of 160MeV < pF < 260MeV

and the standard 2.5σ wide invariant mass cut are applied to extract the

anticut event yields from Equation 5.20. The Fermi momentum cut is chosen

to suppress as many deuterium reactions as possible. The ratio of the Fermi

momentum of deuterium and carbon nuclei (Figure 3.1) is with 0.22−0.28 at its

minimum in that region and dismisses over 70% of reactions o� deuterium. The

ordinary invariant mass cut ensures that no background reactions dominate in

the event yields.
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With the applied anticuts, the carbon scaling factor is found to be

cexpt = 0.89 ± 0.01, (5.21)

for the Oct2018. The error is statistical only. The systematical uncertainty

of ct is estimated to be 12% and is explained in more detail in the following

sections. It can be seen that it is well within the theoretical value of 0.94±0.09

from Section 5.1.
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Figure 5.9: Coplanarity (a) and missing mass (b) of dButanol (blue) and
carbon (red) data with applied anticuts (see text) in ηp with η → 2γ in Oct2018.
The di�erence between them, i.e. remaining deuterium (cyan), is also shown.
The scaling factor of ct = 0.89 is applied for the carbon data.

The relative systematic uncertainty of the dilution factor ∆drel = ∆d/d is

given by the uncertainty of ct that includes all di�erences between the target

materials as well as possible Eγ and cos (θ) dependence [262]:

∆d =
N̂C

N̂dB

⋅∆ct = (1 − d) ⋅
∆ct
ct
. (5.22)

For large dilution factors, the systematic uncertainties in the target densities

of the two materials are small. The statistical uncertainty, however, increases

by increasing the dilution factor due to more stringent cut positions that throw

more events away.

As discussed earlier, ct may be energy- and angular-dependent. However, no

larger dependency has been found such that the values of energy- and angular-

dependent carbon scaling factors are all well within the systematic uncertainty

of 12%. Figure 5.10 shows the energy- and angle-dependent factors in ηp with
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Figure 5.10: Carbon scaling factor ct as a function of the incident photon
energy Eγ (a) and cos (θ) (b) in ηp with η → 2γ in Oct2018. The mean red
line is shown at ct = 0.89 and a 12% relative systematic uncertainty is shown
as grey box.

η → 2γ.

The scaling factor ct should be a global variable for a beam time and,

therefore, independent of the reaction. While the reaction ηn with η → 2γ

results in the same value, the reactions with π0 in the �nal state give a value of

0.95±0.01. As shown in Figure 5.11, the coplanarity and missing mass show an

excess of carbon events, i.e. the deuterium reactions result in negative values.

Since this makes no physical sense, it is assumed that the anticuts do not work

as well as for the reactions with η. It is chosen to use the value of ct = 0.89±0.01

as well. These spectra can also be seen in Figure 5.11. Furthermore, the

remaining deuterium in the dButanol data leads to a too-high value for ct
such that the smaller value is more reasonable. It was also shown that �nal

state interactions (FSI) play an important role in quasifree π0 photoproduction

[326], whereas they are negligible in quasifree η photoproduction [130, 269].

This might result in additional background not coming from the investigated

reaction. The coplanarity and missing mass for π0n and ηn with η → 2γ can

be found in Appendix B.3.

As it can be seen in Figure 5.12, the extracted carbon scaling factor in the

π0 reactions is not only in agreement with the global value of ct = 0.89 from

the η reactions within the systematic uncertainty but also in agreement with

the energy- and angle-dependent ct values.

The investigation is also done for the Dec2021 beam time, resulting in a

slightly smaller value. The coplanarity and missing mass spectra with the
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Figure 5.11: Coplanarity (left column) and missing mass (right column) of
dButanol (blue) and carbon (red) data with applied anticuts (see text) in π0p
in Oct2018. The di�erence between them, i.e. remaining deuterium (cyan), is
also shown. Figures (a-b) are scaled with a factor of ct = 0.95 and (c-d) are
scaled with one of ct = 0.89.

applied anticuts for the reaction ηp with η → 2γ in Dec2021 can be found in

Appendix B.3.

In the end, the scaling factor is given by:

ct = c
exp
t = 0.89 ± 0.01stat ± 0.11syst for Oct2018

ct = c
exp
t = 0.85 ± 0.01stat ± 0.11syst for Dec2021. (5.23)

5.4.2 Monte Carlo simulation

A raw cross-check of the estimated systematic uncertainty of the dilution

factor constant is performed with a MC simulation. The dButanol target ma-

terial is a rather complicated molecule for simulations. It is therefore approx-

imated by simulations of deuterium and carbon nuclei separately, considering

165



Chapter 5. Data analysis

 [MeV]γE
1000 1500 2000 2500 3000

tc

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15
Data

Mean

(a)

)θcos(
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

tc

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15
Data

Mean

(b)

Figure 5.12: Carbon scaling factor ct as a function of Eγ (a) and cos (θ) (b)
from the γp → π0p reaction in the Oct2018 beam time. The mean red line is
shown at ct = 0.89 and a 12% relative systematic uncertainty is shown as grey
box.

their di�erent Fermi momenta distribution. Oxygen nuclei are treated as car-

bon ones since the Fermi momentum distribution is nearly identical for heavy

nuclei, e.g. 12C and 40Ca [272]. The same number of events are generated,

where a factor of 3.2 scales the carbon data due to the molecular structure of

dButanol. The event yields can therefore be approximated by:

NdB = ND + 3.2 ⋅NC . (5.24)

The PDF of the Fermi momentum distribution of dButanol with the weighting

from Equation 5.24 can be seen in Figure 5.13.
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Figure 5.13: Probability density function (PDF) of the Fermi momentum dis-
tribution of deuterated butanol (dButanol) with their contribution of deu-
terium and carbon (Equation 5.24). Models taken from [299,300].
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5.4. Dilution factor

For the determination of ct, anticuts are applied to remove as many reac-

tions on deuterium as possible (Equation 5.20). However, there will be some

remaining dilution of reactions on deuterium that cannot be cut away entirely

due to the strongly overlapping Fermi momenta with carbon.
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Figure 5.14: Coplanarity (a) and missing mass (b) of dButanol (blue) and
carbon (red) MC simulation data with applied anticuts in ηp with η → 2γ.
The di�erence between them, i.e. remaining deuterium (cyan), is also shown.

Figure 5.14 shows the MC simulation in ηp with η → 2γ of the constructed

dButanol simulation and the carbon simulation. It can be seen that outside

the 2.5σ anticuts of the coplanarity (≈ 20MeV) and missing mass spectra

(≈ 100MeV), the di�erence between both simulations is small and well within

the estimated systematic uncertainty. Furthermore, the MC simulation shows

that less than 12% deuterium remains in the dButanol data. This con�rms a

proper treatment of the systematic uncertainty at this point.

5.4.3 Dependence on the Fermi momentum cut position

As expected, the dilution factor and the total number of events are found

to be �rmly Fermi momentum cut position dependent. Decreasing the cut-

o� value increases the dilution factor and decreases the number of remaining

events.

Figure 5.15 shows the dilution factor and the total number of events as

a function of the Fermi momentum cut position. The con�dence level gives

the percentage of remaining deuterium with this cut position based on the

model (Equation 3.1). The values increase from 50% to 100% in 5% steps

with additional values at 87.5% (�nally used value) and 99%. The values are
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Figure 5.15: Average dilution factor d (a) and number of total events (b) as
a function of the remaining deuterium with di�erent Fermi momentum cut
positions, i.e. con�dence level. A value of 90% corresponds to a Fermi mo-
mentum cut position of pF = 178MeV, meaning 10% of the deuterium data are
dismissed. The dashed green line in (a) correspond to the value dmol = 10/42,
which indicates the molecular/chemical dilution factor directly given by the
structure of the deuterated butanol. Note the scaling for the di�erent data
sets in (b).

70MeV, 77MeV, 84MeV, 92MeV, 100MeV, 112MeV, 126MeV, 147MeV,

160MeV, 178MeV, 247MeV, 533MeV and no Fermi momentum cut.

With high Fermi momentum cut positions, not only does the carbon part

increases, but also possible background contributions increase, e.g. �nal state

interactions (FSI) in π0N .

The �nal cut position at pF < 160MeV is the compromise of dismissing

carbon and other background, reducing the systematic uncertainty for the

dilution factor and decreasing the statistical uncertainty of the dilution factor

and the event yields.

5.4.4 Experimentally determined dilution factor

The dilution factor d is determined as a function of Eγ and cos (θ) for

every reaction separately and can be seen in Figure 5.16. A value of ct =

0.89± 1stat ± 11syst (Oct2018) and ct = 0.85± 1stat ± 11syst (Dec2021) is used as a

scaling factor for the carbon data, as discussed in Section 5.4.1. As expected,

the values for the reactions on the proton and neutron are very similar, as well

as the values between Oct2018 and Dec2021.
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Figure 5.16: Dilution factor d in π0N (a) and ηN (b) as a function of Eγ and
cos (θ) in Oct2018 (top row) and in Dec2021 (bottom row).
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5.5 Background correction

All types of possible background reactions a�ect the observable values.

Generally, the measured observable value Oraw must be corrected by an un-

known background one OBG with respect to the background ratio parameter

δBG:

Oraw = (1 − δBG) ⋅O + δBG ⋅OBG. (5.25)

The background observable cannot be determined due to the low statistics.

However, the contribution δBG is rather small and it was shown [262, 288]

that the systematic uncertainty coming from this is in the order of the back-

ground contamination or even smaller. Therefore, the energy- and angle-

dependent background contribution (Figure 4.30) is taken for δBG. A corrected

real observable value and its systematic uncertainty can be calculated by [288]:

O =
Oraw

1 − δBG

∆Oabs
syst,δBG

=

1
√

3

δBG

1 − δBG

. (5.26)

The systematic uncertainty depends only on the background contribution and

not on any observables anymore. The systematic uncertainty is a maximum

estimation.

If the background is smaller than 0.5%, no correction is applied, but an

additional systematic uncertainty of 0.5% is included, i.e. ∆Oabs
syst,δBG

= 0.0029.
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5.6 Reconstruction of the centre of mass energy

from the �nal state

The centre of mass (CM) energyW can be calculated either from the initial

or the �nal state. The �rst is the straightforward method and is usually used

for photoproduction experiments with a free proton target. Like the dButanol

target, they are cooled down such that the target nuclei have no momentum

and the four-momentum is given by their masses.

Equation 1.23 shows W calculated from the initial γN state by assuming

a target nucleon N at rest. This can be used as an estimation but is not

generally suited for determining W . If results are given as a function of the

incident photon energy Eγ, they are smeared out by the Fermi momentum

distribution.

In this experiment, the polarised target nucleons are bound inside deu-

terium nuclei. The deuterium nuclei are at rest, whereas the quasifree nucleons

inside deuterium experience Fermi motion (Section 3.1.3 and 4.5.5) that is not

known in the beginning. However, it is possible to calculate the kinetic energy

of the recoil nucleon [270,327] and, thus, the Fermi momentum of the nucleons

in the initial state.

5.6.1 Kinematic reconstruction

The true CM energy W is given by the mass of the �nal state:

W =
√

s =m (mN) , (5.27)

where no Fermi momentum e�ects are present anymore. The calculation fol-

lows the participant-spectator model [328], saying that the participant target

nucleon reacts with the incoming photon, whereas the second nucleon in deu-

terium acts as a spectator and is thus not involved in the reaction at all. The

deuterium D is at rest with mass mD, the participant nucleon P has energy

EP and Fermi momentum p⃗F and the spectator nucleon S has energy ES and
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Fermi momentum −p⃗F . Energy-momentum conservation leads to the relation:

pD = pP + pS =
⎛

⎜

⎝

mD

0

⎞

⎟

⎠

=

⎛

⎜

⎝

EP

p⃗F

⎞

⎟

⎠

+

⎛

⎜

⎝

ES

−p⃗F

⎞

⎟

⎠

. (5.28)

The energies are given by:

ES =

√

m2
S + p⃗

2
F EP =mD −ES. (5.29)

This model neglects the binding energy of deuterium BD = 2.2246MeV [329].

However, this value is relatively small compared with the photon energies and

can be ignored.

The reaction can be described by:

γD→mnp, (5.30)

where γ is the incident photon, D the deuterium, m the produced meson, n

the neutron and p the proton. Depending on the investigated reaction, either

n or p is the participant (recoil) nucleon and the other one is the spectator.

Energy-momentum conservation of the reaction 5.30 leads to the relation:

⎛

⎜

⎝

Eγ

p⃗γ

⎞

⎟

⎠

+

⎛

⎜

⎝

mD

0

⎞

⎟

⎠

=

⎛

⎜

⎝

Em

p⃗m

⎞

⎟

⎠

+

⎛

⎜

⎝

EP

p⃗P

⎞

⎟

⎠

+

⎛

⎜

⎝

ES

p⃗S

⎞

⎟

⎠

, (5.31)

where p⃗γ = (0,0,Eγ) is the momentum of the incoming photon, p⃗P,S are the

momenta of the (recoil) participant and spectator nucleon, respectively, and

EP,S are their energies, de�ned in 5.29. The four-momentum of the participant

can further be expressed in terms of its kinetic energy TP :

EP = TP +mP p⃗P = p⃗F =
√

TP (TP + 2mP ) ⋅

⎛

⎜
⎜
⎜
⎜
⎜

⎝

sin (θP ) cos (ϕP )

sin (θP ) sin (ϕP )

cos (θP )

⎞

⎟
⎟
⎟
⎟
⎟

⎠

, (5.32)

where θP and ϕP are the polar and azimuthal angles of the participant (recoil)

nucleon.

The measured quantities in this experiment are:
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� initial state: Eγ, p⃗γ = (0,0,Eγ),

� �nal state: θP , ϕP , Em, θm, ϕm,

where the energy and angles of the meson are directly reconstructed from its

detected decay products, the photons, i.e. pm = ∑i pγi . After a clean event

selection, the masses of the particles are known as well:

� initial state: mD,

� �nal state: mP , mS, mm,

where the mass of the meson mm is calculated using Equation 3.18 and Equa-

tion 4.8. If, in addition, the kinetic energy of the participant recoil nucleon is

known, its energy and momentum are known as well (Equation 5.32).
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Figure 5.17: Final state reconstructed centre of mass energy W = m (mN) as
a function of the incident photon energy Eγ in ηn with η → 2γ in Oct2018.
The Fermi momentum smearing is visible around the dashed red line, which
shows the function 1.23, i.e. assuming the target nucleon is at rest with no
Fermi motion.

Although the energy of the recoil nucleon is measured, that value has a large

systematic uncertainty and it is not guaranteed that the nucleon deposits all
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its kinetic energy in the detector. Therefore, it is favourable that the recoil

nucleon's kinetic energy is determined di�erently.

Equation 5.31 must ful�l energy-momentum conservation and determines

the kinetic energy of the participant recoil nucleon [327]:

TP =
− (bc − 2a2mP ) +

√

(bc − 2a2mP )
2
− c2 (b2 − a2)

2 (b2 − a2)
, (5.33)

with

a = pxm sin (θP ) cos (ϕP ) + p
y
m sin (θP ) sin (ϕP ) + (p

z
m −Eγ) cos (θP )

b = Em −Eγ −mD

c = (Em +mP −Eγ −mD)
2
− (m2

S + p
2
m +E2

γ − 2Eγp
z
m) . (5.34)

As a result, the CM energy W is known from the mass of the �nal state. It

is also possible to reconstruct W with the time-of-�ight (TOF) method [270].

However, this is not used in this experiment.

5.6.2 Flux reconstruction

The determination of the photon �ux as a function of the incoming photon

beam energy Eγ has already been explained in Section 5.2. The photon �ux as a

function ofW needs some additional modi�cation due to the Fermi momentum

of the target nucleons. Therefore, Equation 1.23 cannot be used to convert the

�ux values.

A speci�c photon energy corresponds to a broader distribution of W values

and not one speci�cally. The integral of the distribution gives the number of

photons for a speci�c energy.

Using the participant-spectator model again with Equation 5.29 and the

photon beam in z-direction together with Equation 1.22 the CM energy can

be extracted by:

W =
√

m2
D +m2

S + 2Eγ (mD −ES) − 2mDES − 2EγpzF , (5.35)

where ES is given in Equation 5.29. For each Eγ bin n = 106 events are sam-

pled with random isotropic Fermi momentum components satisfying the Fermi
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Figure 5.18: Photon �ux as a function of the incoming photon energy Eγ (a)
and the reconstructed centre of mass energy W in Oct2018.

momentum distribution of deuterium (Equation 3.1). Afterwards, the values

are weighted by Nγ/n to ensure proper normalisation. This whole procedure

also holds for nucleons in carbon (and oxygen). Only the Fermi momentum

distribution function is di�erent, as shown in Section 3.1.3. More details and

the algorithm can be found in [270].
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5.7 Data merging methods

5.7.1 Arithmetic Average

The arithmetic average, also called arithmetic mean or simple mean, for

uncorrelated variables x and its error are given by:

x =
1

n

n

∑

i=1

xi σx =
1
√

n

¿

Á
ÁÀ

n

∑

i=1

σ2
xi
. (5.36)

If the errors σxi
are all the same, i.e. σ0, Equation 5.36 simpli�es to σx = σ0/

√

n.

When a mean is calculated and nothing particular is mentioned, the arithmetic

average is taken.

5.7.2 Inverse-variance weighted average

Taking the variance or error, respectively, of a value into account for cal-

culating an average, the inverse-variance weighted average is the best way to

go. This minimises the variance and, therefore, the error. Again, it is assumed

that the variables are uncorrelated and the distribution is similar to a Gaussian

one. Calculating the average x of two values x1 and x2 with respect to their

variances σx1 and σx2 it results in the formula:

x = (
x1
σ2
x1

+

x2
σ2
x2

)(

1

σ2
x1

+

1

σ2
x2

)

−1

σx = (
1

σ2
x1

+

1

σ2
x2

)

−1/2

. (5.37)

This can be generalised to n points:

x = (
n

∑

i=1

xi
σ2
xi

)(

n

∑

i=1

1

σ2
xi

)

−1

σx = (
n

∑

i=1

1

σ2
xi

)

−1/2

. (5.38)

If all values have the same error, the inverse-variance weighted average and

error are equal to the simple average and its error.

Within this work, an inverse-variance weighted average is used in multiple

situations, e.g. merging the two decay channels from the η decay or merging

the data from multiple beam times.
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5.7. Data merging methods

5.7.3 Linear weighted average

Another possibility for calculating a weighted average uses a linear weight

factor w instead of an inverse-variance weight factor. The equation for the

average x and its error σ is given by:

x = (
n

∑

i=1

wixi)(
n

∑

i=1

wi)

−1

σ =

¿

Á
ÁÀ

n

∑

i=1

w2
i ⋅ σ0. (5.39)

Again, the variables must be independent. They also must all have the same

variance σ2
0. Equation 5.39 can be generalised by interpreting w as a place-

holder for any weight.

5.7.4 Average of overlapping bins

Data with di�erent bin widths can be compared in several ways. Generally,

the binning in Eγ and cos (θ) is very di�erent in di�erent experiments.

On the one hand, the original data values of the nearest bin can be taken

or the one with the largest bin overlaps. Alternatively, the data values can

be adjusted by weighting the values, e.g. by the distance l1,2 between the

neighbouring bin centres and the new one with Equation 5.39 and wi = li.

Another possible method of rebinning data was developed by Tom Jude

[330] and is described in the following.

The method uses the overlap between the reference bins and the new ones.

Instead of the usual rebinning, where only multiples of the original bin widths

can be taken, every value can be chosen for the bin width.

The newly calculated bin value x is very similar to the general weighted

average of Equation 5.39 with the overlapping fraction as weight wi = δi = li/Li.

Here, li is the overlap between the old bin i and the new bin and Li is the bin

width of the old one. The new bin value x and its error σx are given by [330]:

x = (
n

∑

i=1

δixi)(
n

∑

i=1

δi)

−1

σx =

¿

Á
ÁÀ

n

∑

i=1

δiσ2
xi
⋅ (

n

∑

i=1

δi)

−1

(5.40)

Figure 5.19 shows an example of this rebinning method with three over-

lapping bins building a new one with large overlaps. The height of the bins

177



Chapter 5. Data analysis

Figure 5.19: Rebinning of three bins 1,2,3 with widths l1,2,3 and values x1,2,3
into one new bin of width l = l1 + l2 + l3, resulting in a new value x.

symbolises the values. The value and error of the new bin are given by

x = δ1x1 + δ2x2 + δ3x3 σx =
√

δ1σ2
x1
+ δ1σ2

x2
+ δ1σ2

x3
. (5.41)

In addition to adjusting the reference data to �t the here used energy bins,

cos (θ) bins can be rebinned in the same way with Equation 5.40.

More information can be found in [330].
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6 | Extraction of polarisation ob-

servables

This chapter discusses the extraction of the polarisation observables. There-

fore, two methods are used: ϕ binned asymmetry �tting method (Asym) and

unbinned maximum likelihood estimation method (MLE).

The asymmetry method, described in Section 6.1, calculates energy and

angular binned asymmetries as a function of the azimuthal angle of the meson

in the CM frame ϕ and �ts them with the corresponding functions.

The MLE method, described in Section 6.2, uses an event-based maximum

likelihood �t for unbinned data. A probability density function is constructed

and all single events are given as input for the �t.

After extracting the observables with the two methods, their values are

compared in Section 6.3 to verify the correctness of both methods.

Section 6.4 discusses the systematic uncertainties that must be considered

for a signi�cant result.

Here, all polarisation observables will be shown without dilution factor cor-

rection for T , P and H (Section 5.4) if not mentioned otherwise. Furthermore,

when η is mentioned without additional comment, the merged data from both

decay channels are meant. The angles ϕ and θ are always the ones of the meson

in the CM frame if not mentioned otherwise.
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Chapter 6. Extraction of polarisation observables

6.1 Binned asymmetry �tting method

As seen in Section 1.6.4 the di�erent terms in the polarised DCS can be

de�ned as asymmetries. Since the experimental environment is the same for

all measurements, i. e. detection e�ciency, branching ratio and target surface

density, the DCS can be replaced by the �ux normalised event yield N̂ = N/Nγ.

Therefore, Equations 1.62-1.64 can be rewritten:

AΣ (ϕ) =
1

δ

N̂⊥ − N̂∥

N̂⊥ + N̂∥
= Σcos (2 (α − ϕ)) , (6.1)

AT (ϕ) =
1

Λ

N̂↑ − N̂↓

N̂↑ + N̂↓
= T sin (β − ϕ) , (6.2)

APH (ϕ) =
1

δΛ

N̂⊥↑ − N̂
⊥
↓ − N̂

∥

↑ + N̂
∥

↓

N̂⊥↑ + N̂
⊥
↓ + N̂

∥

↑ + N̂
∥

↓

= P cos (2 (α − ϕ)) sin (β − ϕ)

+H sin (2 (α − ϕ)) cos (β − ϕ) . (6.3)

Again, δ and Λ are the polarisation degrees of the beam photon and target

nucleon, α and β are the polarisation directions of the beam photon and target

nucleon and the ⊥ / ∥ and ↑ / ↓ indicate the experimentally set polarisation

direction.

For a perfect experiment, the polarisation degree of the beam photon and

the target nucleon is the same for the di�erent measurements, i.e. δ = δ⊥ = δ∥

and Λ = Λ↑ = Λ↓. However, there are minor di�erences in the values of the

corresponding measurements. It is better to weight the individual normalised

event yields by the corresponding polarisation degrees, which results in the

following formulas for the asymmetry [262]:

AΣ (ϕ) =

1

2
(
N̂⊥

δ⊥
−

N̂∥

δ∥
)

(
N̂⊥

δ⊥
+

N̂∥

δ∥
)(

1

δ⊥
+

1

δ∥
)

−1
−

1

2
(

1

δ⊥
−

1

δ∥
) , (6.4)

AT (ϕ) =

1

2
(
N̂↑
Λ↑

−
N̂↓
Λ↓
)

(
N̂↑
Λ↑

+
N̂↓
Λ↓
)(

1

Λ↑
+

1

Λ↓
)

−1 −
1

2
(

1

Λ↑
−

1

Λ↓
) , (6.5)

180



6.1. Binned asymmetry �tting method

APH (ϕ) =

1

4
(

N̂⊥↑
δ⊥
↑
Λ⊥
↑

−

N̂⊥↓
δ⊥
↓
Λ⊥
↓

−

N̂∥
↑

δ∥
↑
Λ∥
↑

+

N̂∥
↓

δ∥
↓
Λ∥
↓

)

(

N̂⊥↑
δ⊥
↑
Λ⊥
↑

+

N̂⊥↓
δ⊥
↓
Λ⊥
↓

+

N̂∥
↑

δ∥
↑
Λ∥
↑

+

N̂∥
↓

δ∥
↓
Λ∥
↓

)(
1

δ⊥
↑
Λ⊥
↑

+
1

δ⊥
↓
Λ⊥
↓

+
1

δ∥
↑
Λ∥
↑

+
1

δ∥
↓
Λ∥
↓

)

−1

−

AΣ

2
(

1

Λ↑
−

1

Λ↓
) −

AT

2
(

1

δ⊥
−

1

δ∥
) +

1

4
(

1

Λ↑
−

1

Λ↓
)(

1

δ⊥
−

1

δ∥
) , (6.6)

where the asymmetries AΣ and AT within the PH asymmetry APH are calcu-

lated with an additional polarisation degree weighting:

N̂⊥,∥ =
⎛

⎝

N̂⊥,∥↑

Λ⊥,∥↑
+

N̂⊥,∥↓

Λ⊥,∥↓

⎞

⎠

⎛

⎝

1

Λ⊥,∥↑
+

1

Λ⊥,∥↓

⎞

⎠

−1

,

N̂↑,↓ =
⎛

⎝

N̂⊥↑,↓
δ⊥↑,↓

+

N̂∥↑,↓

δ∥↑,↓

⎞

⎠

⎛

⎝

1

δ⊥↑,↓
+

1

δ∥↑,↓

⎞

⎠

−1

. (6.7)

The de�nitions from Equation 6.7 could also be used to calculate the beam

and target asymmetry directly. However, this is not done here to be completely

independent of the target polarisation for the beam asymmetry and the beam

polarisation for the target asymmetry. However, it was checked that the results

were consistently below the 0.1% level in Oct2018.

The observables are extracted by �tting the binned asymmetries in Equa-

tions 6.1-6.3 with the corresponding functions. 24 ϕ bins are chosen for π0N

and 12 for ηN . This is performed in ROOT by minimising the χ2. To attain

the right values, the observables T , P and H must be divided by the dilution

factor afterwards.

Beam time Oct2018 Oct2018

Reaction α [○] β [○] α [○] β [○]

π0p 44.28 ± 0.35 90.66 ± 1.11 45.77 ± 0.35 87.81 ± 1.51

π0n 44.59 ± 0.39 83.46 ± 4.89 46.35 ± 0.41 76.33 ± 7.20

ηp 44.00 ± 1.00 89.92 ± 2.71 46.69 ± 1.00 84.75 ± 2.97

ηn 48.94 ± 1.51 - 46.07 ± 1.71 -

total 44.52 ± 0.25 90.25 ± 1.01 46.06 ± 0.25 86.82 ± 1.32

Table 6.1: Experimentally extracted beam and target polarisation direction
values α and β from the energy and angular integrated total �ts in Oct2018 and
Dec2021. The �ts can be found in Figure 6.1 and Appendix C.1, respectively.
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Figure 6.1: Beam asymmetry AΣbut
(top column), target asymmetry AT (mid-

dle column) and beam-target asymmetry APH (bottom column) of Eγ and
cos (θ) integrated data in π0p (1st row), π0n (2nd row), ηp (3rd row) and ηn
(4th row) in Oct2018. The asymmetries in Dec2021 can be found in Appendix
C.1. Note the di�erent scaling on the y-axis.

The polarisation directions of the beam α and target Λ are set to 45○

and 90○, respectively, in the experiment. Experimental conditions can lead to

a slight change in these values. Therefore, these polarisation directions are

set as additional free parameters for the energy and angular integrated beam

and target asymmetries. As inverse-variance weighted mean for all reactions

except ηn for β, due to the disappearing signal, the values α = (44.52 ± 0.25)○

and β = (90.25 ± 1.01)○ are found in Oct2018. In Dec2021 the values are

determined to be α = (46.06± 0.25)○ and β = (86.82± 1.32)○. See Table 6.1 for

the individually found values.

Figure 6.1 shows the energy and angular merged asymmetry bins, where α
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6.1. Binned asymmetry �tting method

and β are free parameters in the beam and target asymmetry. However, for

the Eγ and cos (θ) dependent asymmetry �ts, the α and β are �xed to the

experimentally found values to reduce additional uncertainties correlated with

low statistics.

The asymmetry is plotted as a function of the azimuthal angle ϕ for every

Eγ and cos (θ) bin separately and the observable values are extracted. For the

beam and target asymmetry, the values are directly given by the amplitude of

the �tting function, whereas P and H are extracted simultaneously from the

PH asymmetry. Examples of energy- and angular-dependent asymmetry �ts

can be found in Appendix C.2. In contrast to the energy and angular merged

one shown in Figure 6.1, their statistics are much lower. Otherwise, they look

very alike.

It is important to mention that the measured beam asymmetry Σbut is not

equal to the physical beam asymmetry Σ. This is due to the dButanol target,

where reactions o� carbon and oxygen cannot be distinguished from the ones

o� deuterium. Depending on the nuclei where the reaction nucleon is bound,

the beam asymmetry may di�er. An additional background factor δΣ,BG must

be introduced:

Σ = (1 − δΣ,BG)Σbut + δΣ,BGΣBG. (6.8)

Unfortunately, the factor δΣ,BG cannot be determined in this experiment such

that all beam asymmetry results must be interpreted with respect to that, i.e.

as Σbut. Nevertheless, the background contribution is small (Section 4.5) and it

is assumed that δΣ,BG is relatively small too. Therefore, the results should still

be very similar to Σ and can be used to compare the here extracted observable

values to the ones from other independent experiments.

Figures 6.2 and 6.3 show the extracted raw observable values for ηN . Re-

member, no dilution factor correction is applied here. The data from the two

investigated decay channels and the combined data are shown. The latter com-

bines the data from both decay channels for every ϕ dependent point and �ts

the asymmetry of the combined data. It is visible that the 2γ decay channel

has signi�cantly smaller error bars than the 6γ one. Nonetheless, the data

agree well with each other. See Section 7.1 for a more detailed discussion.

The extracted observable values for π0N and ηN can be seen in Figures

6.7-6.10, where they are also compared to those from the MLE method.
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Figure 6.2: Beam asymmetry Σbut (top row) and target asymmetry T (bottom
row) as a function of cos (θ) for �xed Eγ. The target asymmetry is not dilution
factor corrected, indicated with raw. Shown are the values for the η → 2γ
and η → 3π0

→ 6γ decay channels as well as for the merged total η data in
the reaction on the proton (left column) and the neutron (right column) in
Oct2018.
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Figure 6.3: Recoil asymmetry P (top row) and beam-target observable H
(bottom row) as a function of cos (θ) for �xed Eγ. The observables are not
dilution factor corrected, indicated with raw. Shown are the values for the
η → 2γ and η → 3π0

→ 6γ decay channels as well as for the merged total η data
in the reaction on the proton (left column) and the neutron (right column) in
Oct2018.

185



Chapter 6. Extraction of polarisation observables

6.2 Unbinned maximum likelihood estimation

method

The asymmetry method calculates binned asymmetries and �ts them with

the principle of least squares. Another approach can be used for extracting

polarisation observables as well: event-based maximum likelihood estimation

(MLE). Here, a data set (δ, Λ, ϕ) is given unbinned and the most probable

values for the free parameters (Σ, T , P , H) of the probability density function

(PDF) are obtained as a result. The values are still determined for each Eγ

and cos (θ) bin independently.

In the end, the likelihood function is rather complex, consisting of 32 free

parameters. It can be di�cult for the algorithm to converge and �nd a stable

maximum or minimum, respectively. Therefore, the MLE method has prob-

lems with kinematic regions with very few events.

However, as shown before [262], the MLE method works well, is in excellent

agreement with the asymmetry method and the statistical errors are smaller

on average.

6.2.1 Probability density function

The likelihood function is built as a product of PDF that suits the experi-

ment.

Here, the PDF normalised to 2π is given by the ratio of the polarised DCS

(Equation 1.57) and the unpolarised one:

f (Σ, T,P,H; δ,Λ, ϕ) = (
dσ

dΩ
) ⋅ (

dσ

dΩ
)

−1

0

= 1 − δΣcos (2 (α − ϕ)) +ΛT sin (β − ϕ)

− δΛP cos (2 (α − ϕ)) sin (β − ϕ)

− δΛH sin (2 (α − ϕ)) cos (β − ϕ) . (6.9)

The PDF f depends on three quantities (δ, Λ, ϕ) and has four free parameters

(Σ, T , P , H). The normalisation to 2π instead of 1 is chosen for better

readability. As long as a constant normalisation is included in all PDF, the
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6.2. Unbinned maximum likelihood estimation method

MLE results do not change. The proper probability is obtained by dividing

the PDF by 2π.

The PDF from Equation 6.9 can also be written as a Fourier series with

coe�cients ak and bk that are independent of ϕ but contain the polarisation

degrees and the four observables:

f = f (Σ, T,P,H; δ,Λ, ϕ) = 1 +
3

∑

k=1

ak sin (kϕ) + bk cos (kϕ) . (6.10)

The coe�cients are given by:

a1 = −ΛT cos (β) − 0.5δΛ (P −H) (sin (2α) sin (β) + cos (2α) cos (β)) ,

b1 = ΛT sin (β) − 0.5δΛ (P −H) (cos (2α) sin (β) − sin (2α) ⋅ cos (β)) ,

a2 = −δΣsin (2α) ,

b2 = −δΣcos (2α) ,

a3 = −0.5δΛ (P +H) (sin (2α) sin (β) − cos (2α) cos (β)) ,

b3 = −0.5δΛ (P +H) (cos (2α) sin (β) + sin (2α) cos (β)) . (6.11)

In contrast to the asymmetry method, where possible un�at detector ac-

ceptance e�ects cancel out, they must be considered here. Therefore, a new

PDF fDA describing the detector acceptance must be included. Having no

information about the exact form, the PDF can be written as a normalised

Fourier series with coe�cients ck and dk. It was shown [262] that only the �rst

6 coe�cients can be considered, while all others can be ignored without losing

information. The reason for this lies in the orthogonality of the sine and cosine

terms. The detector acceptance PDF is given by:

fDA = fDA (c1, d1, . . . , c6, d6;ϕ) = 1 +
6

∑

k=1

ck ⋅ sin (kϕ) + dk cos (kϕ) , (6.12)

where coe�cients c0 = 0 and d0 = 1 can be chosen without loss of generality

in a way that they vanish. In the end fDA depends on 12 free parameters:

c1, d1, . . . , c6, d6.

The total PDF, including possible detector acceptance dependence, is a

simple multiplication of f (Equation 6.10) with fDA (Equation 6.12) and a
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right normalisation factor N :

f̃ = f̃ (Σ, T,P,H, c1, d1, . . . , c6, d6; δ,Λ, ϕ) =
f ⋅ fDA

N

, (6.13)

N = N (Σ, T,P,H, c1, d1, . . . , c3, d3; δ,Λ, ϕ) = 1 +
1

2
⋅

3

∑

k=1

akck + bkdk. (6.14)

To increase readability even more, the set of free model parameters is de-

�ned by:

O ≡ {Σ, T,P,H, c1, d1, . . . , c6, d6} . (6.15)

6.2.2 Likelihood function

The likelihood function L is given as the joint probability of a data set

with n events of the PDF. The maximum of the likelihood function returns the

most probable free model parameters. The existence of a maximum requires

two conditions: �rst, the parameter space must be compact and second, the

likelihood function must be continuous [331]. Furthermore, the used algorithm

must be able to �nd the global maximum for a rather complex function.

For the PDF f̃ , the likelihood function is given by:

L (O) =

n

∏

i=1

f̃ (O; δi,Λi, ϕi) . (6.16)

Computationally, it is a great e�ort to �nd the maximum for such a multi-

dimensional hypersurface, which usually must be solved numerically. A more

e�cient method is minimising the negative logarithm of the likelihood function

− ln (L). This method is also used here.

The errors for the free parameters can be found by searching for the smallest

1σ interval given by:

− ln (L) < − ln (Lmax) + 0.5. (6.17)

The reason for this lies in the central limit theorem (CLT). If the number of

events n tends to in�nity, which can also be approximated by a large num-

ber, the likelihood function with N free parameters tends to a N dimension

Gaussian function.

Besides possible detector asymmetry terms in the PDF, another compli-

cation occurs for unbinned events: the sideband subtraction method (Section
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Figure 6.4: Signal to background ratio ξ as a function of Eγ and cos (θ) for
π0p (left column) and π0n (right column) in Oct2018. The �rst row shows the
values for meson hits in CB, the second row for meson hits in MT.

4.4) is no more valid. Random background Tagger events must be handled

di�erently. Assuming these events are truly random with no physical mean-

ing, an additional PDF can be introduced: f̃ (OBG
). Here, OBG is a set of

16 new parameters, also de�ned by Equation 6.13 with the di�erence that all

parameters are background parameters, i.e. OBG
≡ O

BG
(ΣBG, . . . , dBG

6 ).

All combined results in the likelihood function:

L (O,OBG
) =

n

∏

i=1

(ξ ⋅ f̃ (O; δi,Λi, ϕi) + (1 − ξ) ⋅ f̃ (O
BG; δi,Λi, ϕi) ) (6.18)

⋅

m

∏

j=1

f̃ (OBG; δj,Λj, ϕj) ,

where n is the number of prompt signal hits, m is the number of random

background (sideband) hits and ξ is the signal to background ratio directly
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Figure 6.5: Signal to background ratio ξ as a function of Eγ and cos (θ) for
ηp (left column) and ηn (right column) in Oct2018. The �rst row shows the
values for meson hits in CB, the second row for meson hits in MT.

given by the prompt and sideband time cuts. Explicitly ξ is given by:

ξ =
NP +wSB ⋅NSB

NP

, (6.19)

where NP,SB are the events in the prompt and sideband time interval and wSB

is the ratio between the prompt and sideband time widths. These weights

depend on the detector that provides the time information. For CB, it is

wSB = −0.075, for MT wSB = −0.0125. See Section 4.4 for more information.

The signal strength ξ is Eγ and cos (θ) dependent and can be seen in Figures

6.4 and 6.5. There are no ξMT values for π0N in the very backward direction

due to the small opening angle of the π0 that peaks around 35○ with more

than 95% of all events below 55○, in contrast to η with an average opening

angle around 125○. Moreover, there is almost no di�erence between the two

nucleons. The ones from MT are more constant over the energy and angular

range than the ones from CB.
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6.2. Unbinned maximum likelihood estimation method

The average values for the signal to background ratios are ξCB = 0.72 and

ξMT = 0.93 for π0N and ξCB = 0.76 and ξMT = 0.96 for ηN .

The minimisation of − ln (L) is performed with the RooFit library of ROOT,

where the MINUIT algorithm is used with the functions MIGRAD (�nding mini-

mum), IMPROVE (improving minimum), HESSE (�nding symmetric errors) and

MINOS (�nding asymmetric errors as in Equation 6.17).
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Figure 6.6: Detector acceptance parameters c1, d1, . . . , c6, d6 and background
detector acceptance parameters cBG

1 , dBG
1 , . . . , cBG

6 , dBG
6 in π0p (left column) and

π0n (right column) in Oct2018.

The �nal likelihood function (Equation 6.18) consists of 32 free parameters:

the four observables Σ, T , P , H, four background observables ΣBG, TBG,

PBG, HBG, twelve detector acceptance parameters c1, d1, . . . , c6, d6 and twelve

background detector acceptance parameters cBG
1 , dBG

1 , . . . , cBG
6 , dBG

6 .

Figure 6.6 shows the detector acceptance and background detector accep-

tance parameters for π0N . The values from all Eγ and cos (θ) bins are �lled in

the histogram. All values peak around 0, indicating no strong ϕ dependence
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in the detector acceptance. The observables do not change more than 1%

compared to the extraction without including detector acceptance, which is

far below the typical statistic and systematic uncertainties. The values for ηN

can be found in Appendix C.3.
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6.3 Comparison between the extraction meth-

ods

As discussed in the previous two sections, the polarisation observables are

extracted using the asymmetry �tting method (Asym) and the maximum like-

lihood estimation method (MLE). Here, the observables and some more prop-

erties are compared between the two extraction methods.

6.3.1 Polarisation observables

The extracted observable values from both methods are shown in Figures

6.7-6.10. They are given as a function of cos (θ) for �xed incident photon

energies Eγ. The given angle θ is the polar angle of the meson in the CM

frame, as usual.

The observables are given with the statistical uncertainties as error bars

only and as raw value. T , P and H are not corrected for the dilution from

unpolarised nucleons in carbon and oxygen nuclei (Equation 5.17). Whereas

the statistical uncertainty coming from the correction of Σbut is negligible, the

one of the dilution factor will introduce additional statistical uncertainty of

2%. However, this would be added to both extraction methods' values so that

their correction can be ignored here.

Both extraction methods work well and the results agree with each other.

The smaller the statistical error bars are, the more identical the values. For

some kinematic ranges with very few events, the statistical error bars increase

and the di�erence between the extracted points become larger. The nearly

perfect agreement is no surprise as the same data is taken as input for both

methods, but it demonstrates the functioning of both methods. The observable

values are strongly correlated with each other.

In kinematic regions with few events, one of both methods does not work,

i.e. the �t or minimisation does not converge.

6.3.2 Statistical methods for comparison

Multiple statistical methods exist for a more qualitative comparison of the

extracted values from the two methods than just looking at the points by eye.
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Figure 6.7: The four polarisation observables Σbut, T , P and H in π0p. The
observables are not dilution factor corrected, indicated with raw. The ones ex-
tracted from the maximum likelihood estimation method (MLE) are compared
to the asymmetry �tting method (Asym) results in Oct2018.

Two are discussed here.

Simple di�erence

The straightforward method to compare two values is the simple di�erence:

∆O = OMLE −OAsym. (6.20)
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Figure 6.8: The four polarisation observables Σbut, T , P and H in π0n. The
observables are not dilution factor corrected, indicated with raw. The ones ex-
tracted from the maximum likelihood estimation method (MLE) are compared
to the asymmetry �tting method (Asym) results in Oct2018.

If the mean values of the observables are shifted in one direction, it would

indicate that one of the methods has systematic problems.

Figure 6.11 shows the simple di�erence of all observables merged for each

reaction separately. All histograms are centred around 0 with a slight prefer-

ence towards negative values. This indicates a possible systematic uncertainty

between the two extraction methods. The mean from the reaction π0n, which

is furthest away from 0, is with an absolute value of −0.007 ± 0.001 (Gaus-
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Figure 6.9: The four polarisation observables Σbut, T , P and H in ηp. The
observables are not dilution factor corrected, indicated with raw. The ones ex-
tracted from the maximum likelihood estimation method (MLE) are compared
to the asymmetry �tting method (Asym) results in Oct2018.

sian �t) or −0.004±0.003 (mean) still well within the systematic uncertainties.

However, the MLE method is assumed to be more accurate due to its unbinned

�t.

One can look at the single observables for every reaction (Appendix C.4.1)

to check a systematic shift in one observable only. As for the total merged

histogram, they are all very similar and in agreement with 0 or very close to

it. For observable-reaction combinations with a low statistic and thus a small
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Figure 6.10: The four polarisation observables Σbut, T , P and H in ηn. The
observables are not dilution factor corrected, indicated with raw. The ones ex-
tracted from the maximum likelihood estimation method (MLE) are compared
to the asymmetry �tting method (Asym) results in Oct2018.

number of total points, e.g. P and H in ηn, the comparison and interpretation

are di�cult.

Error normalised di�erence with maximum correlation

A more sophisticated comparison method looks at the di�erences nor-

malised to the statistical uncertainties. As discussed in the previous section,
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Figure 6.11: Simple di�erence ∆O = OMLE − OAsym of the observable values
extracted from the two methods, i.e. maximum likelihood estimation method
(MLE) and asymmetry �tting method (Asym) in Oct2018. The data from all
observables are merged. Shown are all reactions: (a) π0p, (b) π0n, (c) ηp and
(d) ηn.

the values are highly correlated, so this correlation should be considered. The

formula is given by:

∆O

σ∆O

=

OMLE −OAsym
√

σ2
MLE + σ

2
Asym − 2ρσMLEσAsym

∼ N (0,1) , (6.21)

where OMLE,Asym are the observable values from the MLE or asymmetry

method, σMLE,Asym is their statistical uncertainty and ρ is the correlation co-

e�cient. If there is a perfect agreement between the two values, ∆O/σ∆O, will

be a normal distribution N (0,1) centred around 0 with standard deviation 1.

Unfortunately, the correlation ρ is unknown. A maximum correlation can

be estimated by decomposing the uncertainty into a completely correlated and

an uncorrelated part. The correlation is maximised if the smaller of both
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Figure 6.12: Di�erence of the observable values extracted from the two meth-
ods, i.e. maximum likelihood estimation method (MLE) and asymmetry �tting
method (Asym), normalised to their statistical uncertainty with maximum cor-
relation (Equations 6.21 and 6.22) in Oct2018. The data from all observables
are merged. Shown are all reactions: (a) π0p, (b) π0n, (c) ηp and (d) ηn.

uncertainties is equal to the uncorrelated part, resulting in [262]:

ρmax =min{
σMLE

σAsym

,
σAsym

σMLE

} . (6.22)

An error normalised di�erence with a maximum correlation is rather an

upper bound than the actual normalised di�erence. The uncorrelated part can

be something other than 0 in general. However, as was shown in [288], it is

not expected that the uncorrelated part is more than a few per cent.

Figure 6.12 shows the normalised di�erence with the maximum correlation.

The mean values agree with 0 as seen for the absolute di�erence Section 6.3.2,

leading to the conclusion that both methods deliver the same results.

The standard deviation is for all reactions larger than 1, indicating an

uncorrelated part of more than 0. If the maximum correlation is reduced by
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Figure 6.13: Di�erence of the observable values extracted from the two meth-
ods, i.e. maximum likelihood estimation method (MLE) and asymmetry �tting
method (Asym), normalised to their statistical uncertainty with reduced max-
imum correlation (Equations 6.21 and 6.22) in Oct2018. The data from all
observables are merged. Shown are all reactions: (a) π0p, (b) π0n, (c) ηp and
(d) ηn. The reduction in the maximum correlation ρ is 0.3% in π0p, 0.8% in
π0n, 2.8% in ηp and 5.2% in ηn.

0.3% (π0p), 0.8% (π0n), 2.8% (ηp) and 5.2% (ηn) the standard deviation is

in perfect agreement with 1. This con�rms an uncorrelated part of only a few

per cent as claimed before.

Figure 6.13 shows the same as Figure 6.12 but with the reaction-dependent

reduced maximum correlations. The value for the reduction is chosen to �t

the width of 1 best.

See Appendix C.4.2 for the di�erences in the individual observable.

6.3.3 Statistical uncertainty

As claimed before, the average statistical uncertainty is smaller for observ-

able values from the MLE method than the asymmetry method.
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Figure 6.14: Relative di�erence of the statistical uncertainty between the max-
imum likelihood estimation method (MLE) and the asymmetry �tting method
(Equation 6.23) from all observables combined in Oct2018. Shown are all re-
actions: (a) π0p, (b) π0n, (c) ηp and (d) ηn.

Figure 6.14 shows the relative di�erence between the statistical uncertain-

ties, given by:
∆σ

σ
= 2

σMLE − σAsym

σMLE + σAsym

, (6.23)

where σMLE,Asym are the statistical uncertainties coming from the observables

extracted with the MLE and the asymmetry method. The merged data are

from all four observables. To suppress outliers, only di�erences are taken where

the relative statistical error σO/O is smaller than 1.

It is visible that the relative di�erences peak very close to 0 and that there

are values on both sides, i.e. both methods have points with smaller statistical

uncertainties. Nevertheless, the relative mean di�erence over all observables

and reactions is (−2.3 ± 0.3)%, indicating smaller statistical uncertainties for

MLE points.

Especially in the reactions on the proton, one might identify two peaks.
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It is found that the relative uncertainty is much narrower around 0 for the T

observable than for the other three. This may be due to the �tting function in

the asymmetry, which is the most simple for T so that the uncertainties can

be minimised best.
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6.4. Systematic uncertainty

6.4 Systematic uncertainty

Most systematic uncertainties, i.e. detector e�ciency, cut positions and

branching ratio, can be omitted due to the de�nition of the polarisation ob-

servables. The DCS containing these uncertainties occur in the nominator and

denominator in the same way (Equations 6.1-6.3).

However, systematic uncertainties need to be considered, which are dis-

cussed in the following.

6.4.1 Polarisation degrees

A major systematic uncertainty is due to the determination of the polarisa-

tion degrees. Their origin lies in the method that is used for the determination

of the values themselves.

Target nucleon polarisation

As discussed in Section 5.3.1, the target polarisation degree Λ has a system-

atic uncertainty from the temperature and NMR measurements of ∆Λrel
T+NMR =

∆ΛT+NMR/Λ = 2%. In Oct2018, runs with a run number between 204209 and

204445 have a slightly larger one of 2.5%. The reason for this lies in the miss-

ing NMR measurement at the end of the run block. Weighting both values by

the number of events, a systematic uncertainty of ∆Λrel
T+NMR = 2.2% results.

The correction occurring from the D-wave contribution introduces an ad-

ditional uncertainty of ∆Λrel
D−wave =∆ΛD−wave/Λ = 1.8%.

Both these errors can be seen as uncorrelated. The combined uncertainty

from the target polarisation degrees is therefore given by:

∆Λrel
=

√

(∆Λrel
T+NMR)

2
+ (∆Λrel

D−wave)
2 (6.24)

=

⎧
⎪⎪
⎨
⎪⎪
⎩

2.9%, in Oct2018

2.7%, in Dec2021
.
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Chapter 6. Extraction of polarisation observables

Beam photon polarisation

The systematic uncertainty from the beam polarisation degree δ is 5%

for the incident photon energies Eγ = 960MeV to 1310MeV, 8% for Eγ =

690MeV to 960MeV and Eγ = 1310MeV to 1360MeV and 10% for Eγ =

650MeV to 690MeV Section 5.3.2). The estimation is based on the maximum

di�erence between the data points and the ANB �t.

The systematic uncertainty from the beam polarisation degrees is therefore

given by:

∆δrel =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎩

10%, if 650MeV < Eγ < 690MeV

8%, if 690MeV < Eγ < 960MeV

5%, if 960MeV < Eγ < 1310MeV

8%, 1310MeV < Eγ < 1360MeV

.

(6.25)

Total polarisation

The beam asymmetry Σ and target asymmetry T only depend on one

polarisation degree, whereas P and H depend on both. The determination of

the linear and transverse polarisation is completely independent. Therefore,

the total systematic uncertainty due to the polarisation can be calculated by

Gaussian error propagation.

The relative systematic uncertainties for the individual observables are

given by:

∆Σrel
pol =∆δ

rel, (6.26)

∆T rel
pol =∆Λrel, (6.27)

∆P rel
pol =∆H

rel
pol =

√

(∆δrel)
2
+ (∆Λrel

)
2
, (6.28)

where ∆δrel and ∆Λrel values are given by Equations 6.25 and 6.24.

6.4.2 Dilution factor

As discussed in Section 5.4, the relative systematic uncertainty from the

dilution factor ∆Orel
df = ∆drel = ∆d/d can be calculated from the relative
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6.4. Systematic uncertainty

systematic uncertainty of the relative target surface density scaling factor

∆crelt =∆ct/ct = 12% (Equation 5.22).

The uncertainty is energy- an angular-dependent and the values vary be-

tween 5% and 30%. The average relative systematic dilution factor uncer-

tainty is around 13% over the complete kinematic range and all observables.
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Figure 6.15: Relative systematic uncertainty of the dilution factor ∆d/d as a
function of Eγ and cos (θ) in π0p (a) and π0n (b) in Oct2018.
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Figure 6.16: Relative systematic uncertainty of the dilution factor ∆d/d as a
function of Eγ and cos (θ) in ηp (a) and ηn (b) in Oct2018.

Figures 6.15 and 6.16 show the systematic uncertainty introduced from the

dilution factor for the polarisation observables T , P and H as a function of

Eγ in Oct2018. The values are very similar for all reactions. The ones from

Dec2021 can be found in Appendix C.5.
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Chapter 6. Extraction of polarisation observables

6.4.3 Background contamination

Event yields used to determine the polarisation observables may contain

background that originates from other reactions. The main background is

assumed to be multi-meson photoproduction o� nucleons where one or more

particles were not detected or phase space background like direct 3π0 pro-

duction in ηN with η → 6γ. Also, �nal state interactions (FSI) are possible

candidates for background in the data.

The complete Section 4.5 was about reducing background reactions while

keeping as many good events as possible. However, some background events

will still be a part of the �nal data. Everything is under control as long as this

background is small and its contribution can be estimated.

Besides a correction factor for the measured observables, the absolute sys-

tematic uncertainty ∆Oabs
syst,δBG

coming from the background is given as well

with Equation 5.26. A minimal possible contribution of δBG = 0.5% is taken for

all bins to be on the safe side, which results in a minimal absolute uncertainty

of 0.0023.

As seen in Section 5.5, the error is directly connected to the background

contamination found in Figure 4.30. Therefore, the resulting energy- and

angular-dependent uncertainty is mostly below 0.5% such that this uncer-

tainty has only a minor e�ect compared to the polarisation degree and the

dilution factor.

6.4.4 Total systematic uncertainty

The total systematic uncertainty can be calculated with a Gaussian error

propagation from the single uncertainties due to their uncorrelatedness.

A further relative systematic uncertainty is due to the polarisation planes

α and β. Since this value is minimal and to a certain part included in the

uncertainty of the polarisation degrees, this can be neglected.

The uncertainties from the polarisation degrees and the dilution factor are

relative ones that need to be converted to absolute uncertainties. Ignoring the

statistical uncertainty of the observable, one can multiply the relative uncer-

tainties by the observables themselves. However, the statistical uncertainty σO
needs to be considered for an appropriate treatment. Especially for small ob-

servable values with large statistical uncertainty, their systematic uncertainty
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6.4. Systematic uncertainty

would be primarily underestimated otherwise.

The absolute systematic uncertainty of an observable O is given by the

convolution of the relative error function and the normal distribution N :

∆Oabs
syst = ∫

5σO

−5σO

∆Orel
syst ⋅ ∣O − x∣ ⋅N (0, σO)dx. (6.29)

The normal distribution N (0, σO) is further given by:

N (0, σO) =
1

√

2πσ2
O

exp(−
x2

2σ2
O

) (6.30)

and depends on the integrated variable x.

Generally, the integral is made over the whole space. To ensure a proper

treatment without introducing additional systematic uncertainties, it is suf-

�cient to take a range of ±5σO, which is on the level of 0.5 ppm (parts per

million).

The relative observable uncertainties are given by:

∆Σrel
syst =∆Σrel

pol, (6.31)

∆T rel
syst =

√

(∆T rel
pol )

2
+ (∆drel)

2
, (6.32)

∆P rel
syst =∆H

rel
syst =

√

(∆P rel
pol )

2
+ (∆drel)

2
, (6.33)

where ∆P rel
pol =∆H

rel
pol .

In the end, the total uncertainty is given by:

∆O =

√

(∆Oabs
pol )

2
+ (∆Oabs

df )
2
+ (∆Oabs

syst,δBG
)
2
. (6.34)

Table 6.2 gives an overview of the average values for the di�erent systematic

uncertainties in this experiment.

All Eγ and cos (θ) dependent systematic uncertainties for the four polar-

isation observables Σbut, T , P and H in all investigated reactions are shown

in the �nal results as grey histograms in Section 7 and as numerical values in

Appendix D.6 and D.7.

Figure 6.17 shows the comparison between systematic and statistical uncer-

tainties. For each reaction, the data from all four polarisation observables are
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∆Σsyst [%] ∆Tsyst [%] ∆Psyst [%] ∆Hsyst [%]

Target pol. - 2.9

Beam pol. 5.4 - 5.4

Total pol. 5.4 2.9 6.1

Dilution factor - 12.5 − 13.8

Background contr. 0.5 − 1.1

Total 5.7 − 5.8 12.9 − 14.4 14.2 − 15.0 14.2 − 15.3

Table 6.2: Overview of the relative, average Eγ and cos (θ) dependent system-
atic uncertainties in Oct2018. Some values depend on the kinematic range and
the reaction, where no signi�cant di�erences are observed. The values are all
relative except the background contribution (but also given in %).

shown. The statistical uncertainty drives these data. Only for π0p some points

around the ∆Osyst =∆Ostat line can be seen, where the average statistical un-

certainty increases from π0p to π0n to ηp to ηn. The points from the double

polarisation P and H are shifted towards higher statistical uncertainties than

those from Σ and T . The systematic uncertainty for the beam asymmetry is

smaller than that for the other three observables. The origin of this lies in the

systematic uncertainty of the dilution factor, dominating for T , P and H.

The comparison between systematic and statistical uncertainties for the

combined results from both beam times merged can be found in Appendix

C.4.3. Even though the linear polarisation degrees are not �nal, the �gures

show how small the statistical uncertainty will get. The values for T should

be valid, though.
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Figure 6.17: Comparison between systematic and statistical uncertainties in
π0p (a), π0n (b), ηp (c) and ηn (d) in Oct2018. The red line indicates ∆Osyst =

∆Ostat.
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7 | Results

The �nal results for the polarisation observables Σbut, T , P and H in π0

and η photoproduction o� quasifree nucleons are shown and discussed in this

chapter.

It starts with the two Sections 7.1 and 7.2 that compare the η → 2γ decay

channel with the η → 3π0
→ 6γ once more and the results from the two beam

times, respectively.

The follow-up Sections 7.3, 7.4, 7.5 and 7.6 discuss the individual observ-

ables separately as a function of cos (θ) for �xed incident photon energies Eγ

and �xed CM energiesW . Since the latter is reconstructed from the �nal state,

no Fermi momentum smearing is visible anymore. Remember, θ is the polar

angle of the meson in the CM system. The data will be compared to existing

high statistical experiments and partial wave analyses (PWA). Section 7.3 also

discusses how the results are presented in more detail.

As mentioned in the motivation, the observed narrow structure in ηn

around W = 1.68GeV is of particular interest. Section 7.8 provides a more

detailed discussion about the structure.

To distinguish the reactions already with the naked eye, the photoproduc-

tion results on the proton are shown in blue and on the neutron in red.

Because the linear beam polarisation degrees could not be determined �-

nally by the time this work is written, only preliminary results are possible

for Σbut, P and H. Therefore, the �nal results for these observables only use

Oct2018 beam time data. Nevertheless, the target asymmetry T can be deter-

mined by taking the merged data from both beam times.

The numerical values can be found in data tables in Appendix D.6. These

only include Oct2018 beam time data, whereas Appendix D.7 shows the data

tables for the target asymmetry T of the merged full data from both beam

times.
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7.1 Comparison of η decay channels

Both η decay channels should give the same results. To ensure that the

merging of both decay channels is physically valid, it is important to check if

the analysis results in the same values for both decay channels.

Figures 6.2 and 6.3 already showed a direct comparison between the two

decay channels. However, it is hard to state the quality of the agreement.

A more scienti�c approach uses the normalised di�erence between the values

given by:
∆O

∆σ
=

Oη→2γ −Oη→6γ
√

σ2
η→2γ + σ

2
η→6γ

∼ N (0,1) , (7.1)

where O are the observables, σ their error and N (0,1) is the normal distri-

bution with mean 0 and standard deviation 1. In contrast to Equation 6.21,

there is no correlation factor ρ here since the two compared values are fully

independent. The distribution should therefore end up in a normal distribu-

tion. Although the analysis is - ignoring the η reconstruction - nearly the same

for both decay channels, the analysis takes very di�erent events with di�erent

particles where no correlation is expected.
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Figure 7.1: Error normalised di�erence (Equation 7.1) of all observables in
the two decay channels of η on the proton (a) and the neutron (b) are shown
together with a Gaussian �t function and its extracted mean µ and standard
deviation σ.

Figure 7.1 shows the comparison between the two decay channels for proton

and neutron. The data from all four observables are taken together.

The mean position is in perfect agreement with 0 for both reactions. No
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systematic drive towards a decay channel is visible. The standard deviation

is slightly too large for the neutron. Considering the low statistics in ηn with

η → 6γ, the reason may lie in statistical �uctuations.

The results, together with the visible agreement of both decay channels in

Figures 6.2 and 6.3, show a good agreement for the results from both decay

channels and both nucleons.
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7.2 Comparison of beam times

The linear polarisation degrees could not �nally be determined when this

work was written. Therefore, observables that depend on the linear beam

polarisation, i.e. Σbut, P and H, cannot be determined �nally. However, the

target asymmetry T is independent of the linear beam polarisation degrees

and can be extracted.
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Figure 7.2: Target asymmetry T as a function of cos (θ) for �xed centre of
mass energies W in π0p (a), π0n (b), ηp (c) and ηn (d). Results from Oct2018
are compared to Dec2021 ones.
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Figure 7.3: Error normalised di�erence ∆T /σT =

(TOct2018 − TDec2021) /

√

σ2
Oct2018 + σ

2
Dec2021 between the target asymmetry

values from Oct2018 and Dec2021 beam time in π0p (a), π0n (b), ηp (c) and
ηn (d).

Figure 7.2 shows the target asymmetry T extracted from the Oct2018 beam

time compared to the Dec2021 one. The data are in good agreement with each

other. Their average di�erence is centred around 0 in all reactions except π0p,

where a slight deviation is visible, i.e. Dec2021 data points are slightly smaller

compared to Oct2018 ones. However, within the systematic uncertainty, they

are still in excellent agreement.

Figure 7.3 shows the variance weighted di�erence between the target asym-

metry results from both beam times. Since the experiments are independent

of each other, this should result in a normal distribution N (0,1), analogue to

Equation 7.1 with Oct2018 and Dec2021 replacing η → 2γ and η → 6γ. Except

for π0p, they agree with a mean of 0 or are only slightly o�. The same is

true for the standard deviations that agree with 1 or very close to it. Look-

ing at the absolute values, i.e. simple di�erence, in π0p, one �nds a value of

−0.010±0.013 (Gaussian �t) and −0.013±0.008 (mean) showing that the values

215



Chapter 7. Results

are still in agreement with each other. Including the systematic uncertainty,

they �rmly agree. Therefore, no further corrections or systematic uncertainties

are included at this point.

Preliminary results for Σbut, P and H in Dec2021 can be found in Appendix

D.1. Although the linear beam polarisation degrees are not determined �nally,

the data's agreement is quite good over a large kinematic region. Furthermore,

preliminary results from the merged data of both beam times can be found in

Appendix D.1 as well. This should mainly illustrate the statistical uncertainty

that is expected in the end. Even though the observable values from Dec2021

(except T ) may still slightly change, the statistical uncertainty is not expected

to be a�ected.
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7.3. Beam asymmetry Σbut

7.3 Beam asymmetry Σbut

The following �gures show the results for the beam asymmetry Σbut in π0

and η photoproduction on quasifree nucleons as a function of cos (θ) for �xed

incident photon energies Eγ (Figure 7.4) and �xed CM energies W (Figures

7.5-7.8).
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Figure 7.4: Beam asymmetry Σbut as a function of cos (θ) for �xed photon
energies Eγ in the reactions γp → π0p (a), γn → π0n (b), γp → ηp (c) and
γn→ ηn (d).
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Figure 7.5: Beam asymmetry Σbut as a function of cos (θ) for �xed cen-
tre of mass energies W in the reaction γp → π0p. The data are compared
with GRAAL 2005 [150], CLAS 2013 [149], CBELSA/TAPS 2019 [144] and
CBELSA/TAPS 2019-02 [143] data and to BnGa 2022 [126] and SAID MA19
[121] partial wave analysis.

Shown are the data that were extracted with the MLE method. As dis-

cussed in Section 6.3.3, the statistical uncertainties are slightly smaller for the

extracted polarisation observables than for the asymmetry one.

The error bars of the MLE points show the statistical uncertainty only,

whereas the systematic uncertainty (Section 6.4) is shown as a grey histogram

around the 0 line. The former is always larger than the latter, except for

some energy bins in π0 around high beam photon polarisation degrees (Section

5.3.2), i.e. around W = 1665MeV (Eγ = 1000MeV).
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Figure 7.6: Beam asymmetry Σbut as a function of cos (θ) for �xed centre
of mass energies W in the reaction γn → π0n. The data are compared with
GRAAL 2009 [232] data and to BnGa 2022 [126] and SAID MA19 [121] partial
wave analysis.

The beam asymmetry Σbut is well suited to check if the analysis is working

�ne or if unexpected systematic uncertainties occur. Previous data exist for

all reactions, and the PWA can describe these quite well. The results of this

work are compared to previous data - all done on free protons - and PWA

predictions in the results for �xed CM energies W . Here, the target material

is dButanol with quasifree nucleons bound in deuterium. Also, remember that

possible background reactions o� carbon and oxygen cannot be distinguished

from deuterium reactions and, therefore, cannot be subtracted. Σbut is shown,
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Figure 7.7: Beam asymmetry Σbut as a function of cos (θ) for �xed centre
of mass energies W in the reaction γp → ηp. The data are compared with
CBELSA/TAPS 1998 [239], CBELSA/TAPS 2007 [234], GRAAL 2007 [238],
CLAS 2017 [237] and CBELSA/TAPS 2020-2 [235] data and to BnGa 2022
[126] and EtaMAID 2018 [122] partial wave analysis.

which may still have background contributions.

The existing data from other experiments are adjusted to make the compar-

ison easier. Whenever possible, previous results are adjusted with the overlap-

ping bin average method (Section 5.7.4). Because the exact energy bin widths

of the GRAAL data [150,232,238,243] are unknown, their points are adjusted

with the linear averaging method (Section 5.7.3). Their results are expected

to be less exact, especially in kinematic regions where the observable changes

strongly.
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Figure 7.8: Beam asymmetry Σbut as a function of cos (θ) for �xed centre
of mass energies W in the reaction γn → ηn. The data are compared with
GRAAL 2008 [243] data and to BnGa 2022 [126] and EtaMAID 2018 [122]
partial wave analysis.

Data from π0p are compared to previous data from GRAAL [150], CLAS

[149] and two CBELSA/TAPS experiments [143,144]. The latter used the same

accelerator and detector setup as this work does. Therefore, some systematic

uncertainties might be the same. However, the target material was di�erent

and after the PED reconstruction with EXPLORA, di�erent programmes with

di�erent methods were used.

It is essential to mention that the CBELSA/TAPS 2019 data in π0p [144]

are preliminary, i.e. not �nalised and published. Because they are in a near-
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to-�nish state and cover an extensive kinematic range, they are shown as a

comparison nevertheless.

The GRAAL data have the smallest uncertainties and measure the beam

asymmetry with a completely di�erent method. They are, therefore, excellent

for an independent check. The data from this work perfectly agree with the

two previous experiments. In some kinematic regions, the di�erence is more

than one standard deviation away, but not unexpectedly many. The exception

of the excellent agreement is the energy W = 1615MeV, where especially the

GRAAL data have a di�erent shape. The fast-changing beam asymmetry can

explain this in this region and the available GRAAL energies ofW = 1600MeV

and W = 1620MeV. Here, a wider energy binning of 50MeV is used such that

the data of this work average over a relatively large range.

Data from π0n are compared to previous data from GRAAL [232] only.

They agree with the one from this work in all kinematic regions. In contrast

to π0p, the beam asymmetry does not change that fast around W = 1615MeV

such that the agreement also holds. This also con�rms the assumption that the

disagreement at this energy in π0p is due to the fast-changing beam asymmetry.

Several high statistics measurements exist of the beam asymmetry in ηp.

Three of the existing data were performed within the CBELSA/TAPS collabo-

ration [234,235,239], i.e. using the same accelerator and similar detector setup.

However, all these data were taken before the CB upgrade from QDC to SADC

readout, unable to use the main spectrometer in the �rst level trigger system.

Besides CBELSA/TAPS data, results from CLAS [237] and GRAAL [238] are

shown for comparison. The data from this work are in agreement with all

existing data. The statistical uncertainty, and therefore the �uctuations, are

larger than for the compared data.

Also, ηn data are compared with GRAAL [243] and as for the other reac-

tions, they agree with each other. The �uctuation is even larger than for ηp

due to the lower statistics, but the structure is still clearly visible.

The data comparison with di�erent PWA is also shown in Figures 7.5-7.8.

BnGa [119] is the only model that is available for all four reactions, whereas

SAID [121] is given for π0N and EtaMAID [122] for ηN only. It is essential

to mention that none of the models include any of the data from this work

yet. As the shape of the beam asymmetry for π0N and ηN has been known

for quite some time, all three models agree over a large kinematic range with
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each other and with the existing world data.

Because MAID 2021 is not �nalised [120] and the previous MAID 2007 [127]

is pretty old, ignoring the high statistics data from the last decade, the MAID

model is not included in the �gures for comparison. However, many kinematic

regions look promising as well.

Comparing the proton with neutron data, the shape of the beam asymmetry

is similar for the ηN �nal states but start to change signi�cantly for π0N .
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7.4 Target asymmetry T

Hereinafter, the results for the target asymmetry T in π0 and η photo-

production on quasifree nucleons are shown as a function of cos (θ) for �xed

incident photon energies Eγ (Figure 7.9) and �xed CM energies W (Figures

7.10-7.13). The results are shown for the merged full statistics data from both

beam times. The results from Oct2018 alone can be found in Appendix D.2.
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Figure 7.9: Target asymmetry T as a function of cos (θ) for �xed photon
energies Eγ in the reactions γp → π0p (a), γn → π0n (b), γp → ηp (c) and
γn→ ηn (d). The merged full data from both beam times are shown.
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Figure 7.10: Target asymmetry T as a function of cos (θ) for �xed centre
of mass energies W in the reaction γp → π0p. The merged full data from
both beam times are shown. The data are compared with CBELSA/TAPS
2015 [142] and CBELSA/TAPS 2019 [144] data and to BnGa 2022 [126] and
SAID MA19 [121] partial wave analysis.

As for the beam asymmetry, the statistical uncertainties are larger than the

systematic ones except for some kinematic ranges in π0p, e.g. W = 1515MeV.

Besides comparison with previous data for the reactions on protons, it is

the �rst time that results for the neutron are shown. The two reactions π0p

and ηp can verify if the analysis works �ne for the target asymmetry.

As for all reference data except GRAAL, the ones shown here are adjusted

with the energy overlapping bin average method (Section 5.7.3).

Reaction π0p is compared to CBELSA/TAPS data from 2015 [142] and
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Figure 7.11: Target asymmetry T as a function of cos (θ) for �xed centre of
mass energies W in the reaction γn → π0n. The merged full data from both
beam times are shown. The data are compared with BnGa 2022 [126] and
SAID MA19 [121] partial wave analysis.

2019 [144] that used the Crystal Barrel/TAPS detector setup before the CB

upgrade from QDC to SADC readout. Again, the CBELSA/TAPS 2019 data

[144] are preliminary, i.e. not �nalised and published. Because they are in a

near-to-�nish state and cover an extensive kinematic range, they are shown as

a comparison nevertheless.

Over all kinematic ranges, the results are in excellent agreement with the

previous ones. For the two lowest energies W = 1470MeV and W = 1515MeV

a few points do not agree within 1σ with previous results around cos (θ) = 0.
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Figure 7.12: Target asymmetry T as a function of cos (θ) for �xed centre
of mass energies W in the reaction γp → ηp. The merged full data from
both beam times are shown. The data are compared with A2 2014 [236] and
CBELSA/TAPS 2020 [119] data and to BnGa 2022 [126], BnGa 2022 (b) [332]
and EtaMAID 2018 [122] partial wave analysis.

The photon tagging is not that stable at the beginning of that energy range

around Eγ = 650MeV, which could explain these �uctuations or they might be

statistical �uctuations.

The results for ηp are compared to A2 [236] and CBELSA/TAPS [119]

data, where former have the best statistics. The statistical uncertainty, and

therefore the �uctuations, are larger than for π0p. Nevertheless, the agreement

between the data of this work and the two other experiments is good. This is

somewhat surprising since the CBELSA/TAPS data lie systematically higher
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Figure 7.13: Target asymmetry T as a function of cos (θ) for �xed centre of
mass energies W in the reaction γn → ηn. The merged full data from both
beam times are shown. The data are compared with BnGa 2022 [126] and
EtaMAID 2018 [122] partial wave analysis.

than the A2 one, by about 40% [262].

The di�erence between the target observable values normalised to the un-

certainty can be seen in Figure 7.14. The explicitly calculated quantity is equal

to Equation 6.21 without a correlation factor. Thereby, the data of this work

is the �rst observable and the reference one is the second. The experiments are

conducted independently such that no larger systematic drift towards one or

another direction is expected. However, the T values from this work lie between

the two existing ones. The average absolute di�erence is 0.08± 0.02 (Gaussian
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Figure 7.14: Di�erence between the T observable values from this work to
the A2 data [236] (a) and CBELSA/TAPS data [119] (b) normalised to the
uncertainty σ∆T =

√

σ2
1 − σ

2
2, where σ1,2 are the uncertainties of this work (1)

and the compared data (2), respectively.

�t) for the A2 data and −0.05 ± 0.02 (Gaussian �t) for the CBELSA/TAPS

data. The �rst are about 18% lower and the latter about 15% higher than

the data shown here.

The comparison of the data with the PWA and the PWA among each other

do not agree as well as for the beam asymmetry. This indicates a lack of data

for the PWA input to constrain resonance parameters. SAID [121] is in best

agreement with π0p and π0n and can describe the data very well in large parts

of the kinematic regions.

BnGa [119] describes π0p as good as SAID but fails in π0n. Especially

the backward region starting at 1565MeV cannot be described. One possible

explanation lies in the input data used for the PWA. SAID includes some

more recent data of Σ in γn → π0n from A2 [233] and E in γn → pπ− from

CLAS [333] that are excluded in BnGa yet. See [63] for an excellent overview

of which data are included in which PWA.

Looking at ηp and ηn, BnGa is in much better agreement with the data.

Especially the shape around 1665MeV can almost be reproduced. The agree-

ment in ηN and the disagreement in π0n indicate a problem with ∆ resonances

and their treatment, where N∗ resonances are included acceptably.

In ηn, a second BnGa 2022 model is shown, BnGa 2022 (b) [332], which

describes the narrow structure around W = 1.68GeV with an additional P11

resonance. On the other hand, the default BnGa 2022 solution describes the

structure as interference between two S waves. See Section 7.8 for a detailed
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discussion.

EtaMAID [122] could describe the beam asymmetry in ηp and ηn quite

good also describes T in ηp quite good, with a remarkable agreement with the

high statistics A2 data [236]. However, the PWA fails regarding the predic-

tions of T in ηn. In the lower energy range, which is strongly in�uenced by

the N(1535)1/2− resonance, EtaMAID has no di�culties for the description,

but going towards the observed narrow structure around W = 1665MeV the

PWA predicts an entirely di�erent shape. This indicates the importance of

this experiment for solving the puzzle of that narrow structure. Section 7.8

discusses this narrow structure in great detail.

The target asymmetry T looks similar in the lower energy regime for both

π0 and η, where their shapes start to get very di�erent for higher energies.

Most di�erent resonances and interferences between them play an essential

role when going towards higher energies and regions where no single resonance

dominates.
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7.5 Recoil asymmetry P

This section shows the recoil asymmetry P in π0 and η photoproduction

on quasifree nucleons as a function of cos (θ) for �xed incident photon energies

Eγ (Figure 7.15) and �xed CM energies W (Figures 7.16-7.19).

1− 0.5− 0 0.5 1

1−

0

1

MLE

1− 0.5− 0 0.5 1

1−

0

1

685 MeV
1− 0.5− 0 0.5 1

1−

0

1

760 MeV
1− 0.5− 0 0.5 1

1−

0

1

840 MeV

1− 0.5− 0 0.5 1

1−

0

1

920 MeV
1− 0.5− 0 0.5 1

1−

0

1

1000 MeV
1− 0.5− 0 0.5 1

1−

0

1

1080 MeV
1− 0.5− 0 0.5 1

1−

0

1

1160 MeV

1− 0.5− 0 0.5 1

1−

0

1

1280 MeV
1− 0.5− 0 0.5 1

1−

0

1

1− 0.5− 0 0.5 1

1−

0

1

1− 0.5− 0 0.5 1

1−

0

1

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

-1

0

1

-1

0

1

-1

0

1

)θcos(

P

(a)

1− 0.5− 0 0.5 1

1−

0

1

MLE

1− 0.5− 0 0.5 1

1−

0

1

685 MeV
1− 0.5− 0 0.5 1

1−

0

1

760 MeV
1− 0.5− 0 0.5 1

1−

0

1

840 MeV

1− 0.5− 0 0.5 1

1−

0

1

920 MeV
1− 0.5− 0 0.5 1

1−

0

1

1000 MeV
1− 0.5− 0 0.5 1

1−

0

1

1080 MeV
1− 0.5− 0 0.5 1

1−

0

1

1160 MeV

1− 0.5− 0 0.5 1

1−

0

1

1280 MeV
1− 0.5− 0 0.5 1

1−

0

1

1− 0.5− 0 0.5 1

1−

0

1

1− 0.5− 0 0.5 1

1−

0

1

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

-1

0

1

-1

0

1

-1

0

1

)θcos(

P

(b)

1− 0.5− 0 0.5 1

1−

0

1

MLE

1− 0.5− 0 0.5 1

1−

0

1

760 MeV
1− 0.5− 0 0.5 1

1−

0

1

840 MeV

1− 0.5− 0 0.5 1

1−

0

1

920 MeV
1− 0.5− 0 0.5 1

1−

0

1

1000 MeV
1− 0.5− 0 0.5 1

1−

0

1

1080 MeV

1− 0.5− 0 0.5 1

1−

0

1

1160 MeV
1− 0.5− 0 0.5 1

1−

0

1

1− 0.5− 0 0.5 1

1−

0

1

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

-1

0

1

-1

0

1

-1

0

1

)θcos(

P

(c)

1− 0.5− 0 0.5 1

1−

0

1

MLE

1− 0.5− 0 0.5 1

1−

0

1

760 MeV
1− 0.5− 0 0.5 1

1−

0

1

840 MeV

1− 0.5− 0 0.5 1

1−

0

1

920 MeV
1− 0.5− 0 0.5 1

1−

0

1

1000 MeV
1− 0.5− 0 0.5 1

1−

0

1

1080 MeV

1− 0.5− 0 0.5 1

1−

0

1

1160 MeV
1− 0.5− 0 0.5 1

1−

0

1

1− 0.5− 0 0.5 1

1−

0

1

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

-1

0

1

-1

0

1

-1

0

1

)θcos(

P

(d)

Figure 7.15: Recoil asymmetry P as a function of cos (θ) for �xed photon
energies Eγ in the reactions γp → π0p (a), γn → π0n (b), γp → ηp (c) and
γn→ ηn (d).

The recoil asymmetry P is not measured directly but extracted together

with the BT double polarisation observables H. By the design of this exper-
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Figure 7.16: Recoil asymmetry P as a function of cos (θ) for �xed centre of
mass energies W in the reaction γp → π0p. The data are compared with
CBELSA/TAPS 2015 [142] and CBELSA/TAPS 2019 [144] data and to BnGa
2022 [126] and SAID MA19 [121] partial wave analysis.

iment, P can only be extracted by measuring di�erent beam and target po-

larisation orientations, resulting in around half the statistics of the normalised

event yields in comparison to the other single polarisation observables Σbut

and T . This can be seen best in Equation 6.3 that shows the APH asymmetry

that depends on both observables. The statistical uncertainties are expected

to increase, which can be seen in the �gures.

As for the target asymmetry T there are previous results for π0p [142,144]

and ηp [119] from CBELSA/TAPS. These previous experiments were con-
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Figure 7.17: Recoil asymmetry P as a function of cos (θ) for �xed centre of
mass energiesW in the reaction γn→ π0n. The data are compared with BnGa
2022 [126] and SAID MA19 [121] partial wave analysis.

ducted with free proton targets (H-Butanol) that have some advantages: the

dilution is easier to determine since free protons do not have any Fermi mo-

mentum and the background from misidenti�ed protons or neutrons is strongly

suppressed, such that the statistics can be increased signi�cantly by looking

at inclusive reactions too.

Nevertheless, the results are within the expected statistical �uctuations -

especially for ηp - in agreement with previous data and can even increase the

energy range. The π0p reaction gives high statistics results, whereas the ones

for ηp and π0n do not have enough statistics to give quantitative statements.
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Figure 7.18: Recoil asymmetry P as a function of cos (θ) for �xed centre
of mass energies W in the reaction γp → ηp. The data are compared with
CBELSA/TAPS 2020 [119] data and to BnGa 2022 [126] and EtaMAID 2018
[122] partial wave analysis.

The reaction ηn is even worse. Only a tendency can be seen and even this is

only visible in energy regions with the highest linear polarisation degrees, e.g.

W = 1665MeV.

Comparing the PWA with each other, the recoil asymmetry P gets more

interesting. For π0p both, BnGa [119] and SAID [121], describe the data quite

well. The same is true in ηp and BnGa [119] and EtaMAID [122], where both

PWA have di�erent shapes but are rather close to each other. Within the

uncertainties, both PWA can describe the data approximately.
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Figure 7.19: Recoil asymmetry P as a function of cos (θ) for �xed centre of
mass energies W in the reaction γn→ ηn. The data are compared with BnGa
2022 [126] and EtaMAID 2018 [122] partial wave analysis.

Of particular interest are π0n and ηn, where the di�erent PWA predict

quite di�erent structures towards higher energies, e.g. W = 1665MeV. In

π0n, SAID tends towards the right structure, whereas BnGa is far o� for some

energies. In ηn, the statistics are too low to make quantitative statements.

However, the observable seems promising for testing the models as they di�er

very much at energies likeW = 1615MeV. However, EtaMAID and BnGa have

the right sign at the energy of W = 1665MeV, where a narrow structure has

been observed.
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7.6 Beam-target double polarisation observable

H

The results from the beam-target double polarisation observable H are

given here in π0 and η photoproduction on quasifree nucleons and shown as

a function of cos (θ) for �xed incident photon energies Eγ (Figure 7.20) and

�xed CM energies W (Figures 7.21-7.24).

Like the P observable, H also depends on four di�erent settings in this

experiment, i.e. two beam and two target polarisation orientations. The sta-

tistical uncertainties are therefore expected to be of the same order.

Experiments with linearly polarised photons and transversely polarised nu-

cleons are predestined as polarisation observable experiments since all three

single polarisation observables and H can be extracted simultaneously. Hence,

the same reference data from CBELSA/TAPS in π0p [142, 144] and ηp [119]

are available for H.

For π0p, both reference data agree well with the ones from this work.

ηp also agrees with the reference data, although the statistics is worse for

the existing energies. Towards higher energies, no previous data exist. The

same is true for π0n and ηn, where the �rst results for H are presented here.

The PWA comparison in π0p looks very similar to the situation in P . Both

PWA, BnGa [119] and SAID [121], describe the data quite well.

In π0n, all PWA might explain the structures correctly since the statisti-

cal uncertainties are too large to make a quantitative statement. In contrast

to T , where the two PWA make very di�erent predictions, BnGa and SAID

make similar predictions for H, analogue to P . If the statistics could be im-

proved in future experiments, the agreement with PWA could be analysed

more quantitatively and a preference for one PWA could be concluded. This

would restrict the partial waves more and lead to more detailed information

about their contributions.

In ηp, both PWA seems to have the right direction and none can be pre-

ferred. In ηn, a very di�erent behaviour is visible, especially around W =

1615MeV. However, the quality of the data does not allow a preference at this

point.
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Figure 7.20: Beam-target double polarisation observable H as a function of
cos (θ) for �xed photon energies Eγ in the reactions γp → π0p (a), γn → π0n
(b), γp→ ηp (c) and γn→ ηn (d).
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Figure 7.21: Beam-target double polarisation observable H as a function of
cos (θ) for �xed centre of mass energies W in the reaction γp→ π0p. The data
are compared with CBELSA/TAPS 2015 [142] and CBELSA/TAPS 2019 [144]
data and to BnGa 2022 [126] and SAID MA19 [121] partial wave analysis.
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Figure 7.22: Beam-target double polarisation observable H as a function of
cos (θ) for �xed centre of mass energies W in the reaction γn → π0n. The
data are compared with BnGa 2022 [126] and SAID MA19 [121] partial wave
analysis.
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Figure 7.23: Beam-target double polarisation observable H as a function of
cos (θ) for �xed centre of mass energies W in the reaction γp → ηp. The data
are compared with CBELSA/TAPS 2020 [119] data and to BnGa 2022 [126]
and EtaMAID 2018 [122] partial wave analysis.
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Figure 7.24: Beam-target double polarisation observable H as a function of
cos (θ) for �xed centre of mass energies W in the reaction γn→ ηn. The data
are compared with BnGa 2022 [126] and EtaMAID 2018 [122] partial wave
analysis.
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7.7 Partial wave contributions

To connect the polarisation observable results to multipoles and, therefore,

to partial wave contributions, they can be multiplied by the unpolarised DCS

to get pro�le functions, as discussed in Sections 1.6.3 and 1.6.4. For minimising

additional uncertainties, PWA data are used for the unpolarised DCS. BnGa

2019 [119] is chosen because this PWA is available for all investigated reactions.

Dividing the pro�le function by the phase space factor and the sine term re-

sults in an even more compact form for the observables in a truncated analysis.

These reduced polarisation observables are obtained by explicitly calculating

the observables based on Equation 1.55:

Σ̃ = Σ̌ ⋅

p∗m
p∗γ

1

sin2
(x)
=

2lmax

∑

l=2

(Almax)
Σ̌
l (W )P

′′
l (x) , (7.2)

T̃ = Ť ⋅

p∗m
p∗γ

1

sin (x)
=

2lmax

∑

l=1

(Almax)
Ť
l (W )P

′
l (x) , (7.3)

P̃ = P̌ ⋅

p∗m
p∗γ

1

sin (x)
=

2lmax

∑

l=1

(Almax)
P̌
l (W )P

′
l (x) , (7.4)

H̃ = Ȟ ⋅

p∗m
p∗γ

1

sin (x)
=

2lmax

∑

l=1

(Almax)
Ȟ
l (W )P

′
l (x) . (7.5)

Truncating at a certain lmax provides details about the dominant partial

wave contributions. With lmax = 1, only S and P waves contribute to the

shape, where with lmax = 2 also D waves, lmax = 3 F waves and lmax = 4 G

waves contribute to the shape of the Legendre polynomials.

Figures 7.25-7.28 show the same reduced polarisation observables with the

corresponding Legendre �t functions truncated at lmax = 1, 2, 3 and 4. For T ,

the merged full data, including the statistics from both beam times, is shown.

For the other observables, the results from Oct2018 are shown.

The truncation at lmax = 1 is insu�cient for describing the data, whereas

the data for the lower energy bins can nearly completely be described with

lmax = 2 �ts, i.e. S, P and D waves. Going towards higher energies, i.e. above

W = 1715MeV in π0p, at least lmax = 3 needs to be taken to describe the data

adequately. It is also visible that with lmax = 4, all data structures can be

described well, even for high energies. The statistical �uctuations get large in
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Figure 7.25: Reduced polarisation observables Σ̃ (a), T̃ (b), P̃ (c) and H̃ as a
function of cos (θ) for �xed centre of mass energiesW in the reaction γp→ π0p.
The �tted functions correspond to Legendre polynomials with a truncation at
lmax = 1,2,3,4. The darker the line, the higher the cut-o�. Note the di�erent
scales of the y-axis.

some kinematic ranges in ηN , such that the Legendre �ts are not that good

or useful, respectively, anymore.

The χ2 per degrees of freedoms (ndf), as well as the individual Legendre

coe�cients, can be found in Appendix D.3 and D.4.
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Figure 7.26: Reduced polarisation observables Σ̃ (a), T̃ (b), P̃ (c) and H̃ as a
function of cos (θ) for �xed centre of mass energiesW in the reaction γn→ π0n.
The �tted functions correspond to Legendre polynomials with a truncation at
lmax = 1,2,3,4. The darker the line, the higher the cut-o�. Note the di�erent
scales of the y-axis.
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Figure 7.27: Reduced polarisation observables Σ̃ (a), T̃ (b), P̃ (c) and H̃ as a
function of cos (θ) for �xed centre of mass energies W in the reaction γp→ ηp.
The �tted functions correspond to Legendre polynomials with a truncation at
lmax = 1,2,3,4. The darker the line, the higher the cut-o�. Note the di�erent
scales of the y-axis.
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Figure 7.28: Reduced polarisation observables Σ̃ (a), T̃ (b), P̃ (c) and H̃ as a
function of cos (θ) for �xed centre of mass energiesW in the reaction γn→ ηn.
The �tted functions correspond to Legendre polynomials with a truncation at
lmax = 1,2,3,4. The darker the line, the higher the cut-o�. Note the di�erent
scales of the y-axis.
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7.8 Narrow structure in ηn around W = 1.68GeV

One of the main motivations for the chosen energy range is a more detailed

analysis of the observed narrow structure aroundW = 1.68GeV in ηn [122,140].

The 4th energy bin in the η reaction is with its value of W = (1665 ± 25)MeV

exactly around that observed structure.
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Figure 7.29: Polarisation observables T , P and H (from left to right) in ηn
at a centre of mass energy of W = 1665MeV. In the �rst row, the data are
compared to BnGa 2022 with [332] and without [126] the introduction of a
narrow P11 resonance as well as to EtaMAID 2018 [122]. In the second row,
the data are compared to BnGa 2019 [119] and BnGa 2014 with and without
additional narrow P11 resonance [133]. T shows the merged full data from both
beam times, P and H only the one from Oct2018.

Figure 7.29 shows the data from ηn atW = 1665MeV compared to di�erent

PWA. Again, T shows the merged full data from both beam times, whereas

P and H show only the Oct2018 one. EtaMAID 2018 [122] and two BnGa

2022 [126,332] models can be seen in the upper row and BnGa 2019 model [119]

together with three di�erent BnGa 2014 models [334] can be seen in the lower
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row. The data are the same in both rows. They are split to see the comparison

to the PWA models better. BnGa 2022 is based on BnGa 2019, again based

on BnGa 2014 (a).

The di�erence between the three BnGa 2014 PWA lies in the treatment of

the observed narrow structure. Model (a) treats the structure as an interference

of two S waves: S11 (1535)1/2− and S11 (1650)1/2−. Models (b) and (c) both

introduce an additional narrow P11 (1685)1/2+ resonance that couples to the

S11 waves. There, the di�erence lies in the coupling. In (b), the P wave couples

positively with the S wave, in (c) negatively. Two models exist because the

PWA calculations result in two equally possible solutions for this situation.

As shown for the E observable and helicity-dependent cross sections [334],

contributions with J ≥ 3/2 were ruled out. Model (c) was ruled out as well

due to a large discrepancy between the model and the data, where models (a)

and (b) are concluded to be possible explanations. The preference was model

(b) [334], where the deviation between model and data was the smallest, i.e.

best χ2
/ndf .

PWA\Observable T P H Total

EtaMAID 2018 8.82(5.61) 0.87(1.32) 0.81(1.16) 3.50(2.70)

BnGa 2022 0.73(1.13) 0.83(1.17) 0.80(0.90) 0.79(1.07)

BnGa 2022 (b) 4.65(4.65) 5.27(2.71) 2.81(2.10) 4.24(3.15)

BnGa 2019 1.79(2.17) 1.18(1.29) 0.71(0.99) 1.23(1.48)

BnGa 2014 (a) 3.18(2.87) 0.39(1.12) 0.98(1.04) 1.52(1.68)

BnGa 2014 (b) 7.12(4.91) 0.77(0.94) 0.96(1.08) 2.95(2.31)

BnGa 2014 (c) 11.51(5.48) 0.83(1.01) 1.60(1.24) 4.65(2.58)

Table 7.1: χ2
/ndf values for the comparison of the observables T , P and H

from this work to di�erent partial wave analysis models in the energy range
W = 1640MeV − 1690MeV (W = 1590MeV − 1740MeV). Models BnGa 2014
(b) and (c) [334] and BnGa 2022 (b) [332] include an additional narrow P11

resonance around the observed structure. T shows the merged full data from
both beam times, P and H only the one from Oct2018.

The results in Figure 7.29 also disagree with model (c). Especially T indi-

cates a di�erent shape. Model (b) is closer to the data in T but still further

away than model (a). In P and H, the statistical uncertainty of the data

is too large to make quantitative statements. However, considering all three
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7.8. Narrow structure in ηn around W = 1.68GeV

observables, model (a) is preferred (see χ2
/ndf in Table 7.1).

BnGa 2019, which follows the S wave interference hypothesis, is in even

better agreement than BnGa 2014 (a). EtaMAID 2018, on the other hand,

seems to agree with P and H, but not in T . This PWA uses a di�erent

approach for treating the narrow structure: interference between the S wave

and a dominant P11(1710)1/2+ wave [122].

A further comparison is conducted with the most recent BnGa 2022-02 -

from now on called BnGa 2022 - solution [126] in Figure 7.29. In addition to

the standard BnGa 2022 solution, one with an introduced P11(1680) resonance

(BnGa 2022 (b) [332]) is shown. This model takes the phase of the state's

coupling, mass and width from the �t to the DCS. As it can be found in

Appendix D.5, the total CS can be described very well with both models,

whereas the DCS has some problems around the observed structure as before

the BnGa 2014 (b) [334]. In backward angles, the DCS of the model with the

additional resonance is too small and in forward angles too high.

More quantitatively, the χ2
/ndf between the data here merged full data

from both beam times for T and Oct2018 data for P and H, and PWA can

be compared in the energy region from W = 1600MeV to 1720MeV. The

DCS [132], beam asymmetry Σ [243] and helicity dependent DCS dσ/dΩ1/2,3/2

[334] of BnGa 2022 have one of 0.95, 2.39, 1.27 and 0.82 [332], whereas the

same observables compared to BnGa 2022 (b) have values of 1.38, 3.68, 2.08

and 0.93 [332]. The values for T , P and H can be found in Table 7.1. It is

remarkable how well the BnGa 2022 PWA agrees with the data in the complete

range around the narrow structure, resulting in a χ2
/ndf value of 1.07. BnGa

2022 (b) with the narrow resonance, on the other hand, has even the wrong

sign for T and P .

Taking the merged full data from both beam times, a χ2
/ndf of 0.73

(1.13) results for T in comparison to BnGa 2022 in the energy range of W =

1640MeV − 1690MeV (W = 1590MeV − 1740MeV). Whereas the comparison

to BnGa 2022 (b) results in values of 4.65 (4.65), preferring a solution without

an additional narrow P11 resonance even more.

All together allows the conclusion that the structure is probably produced

from the interference of two S11 states, following the approach of BnGa instead

of EtaMAID.

Figure 7.30 shows the reduced polarisation observables T̃ , P̃ and H̃ in ηn
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Figure 7.30: Reduced polarisation observables T̃ , P̃ and H̃ (from left to right)
in ηn at a centre of mass energy of W = 1665MeV. T is shown with the
merged full statistics of both beam times, whereas P and H are only shown
from Oct2018. The �tted functions correspond to Legendre polynomials with
a truncation at lmax = 1, 2, 3 and 4.

for the energy bin W = 1665MeV. For T̃ already lmax = 1, i.e. S and P waves,

are enough to explain the main structure excluding the angular edges. In these

regions, the structure can only be explained with lmax = 4, i.e. S, P , D, F

and G waves. The situation gets di�erent for P̃ and H̃, where the values are

scattered around the lmax = 1 line, but the structures need lmax = 3, i.e. S, P ,

D, F waves, for their description. Again, with lmax = 4, all data points can be

described with great satisfaction.
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An experiment with linearly polarised beam photons and transversely po-

larised target nucleons was performed over two beam times in 2018 and 2021.

With deuterated butanol as target material, reactions on protons and neu-

trons could be investigated. The setup enabled the simultaneous determina-

tion of the beam asymmetry Σbut, target asymmetry T , recoil asymmetry P

and beam-target double polarisation observable H. The reactions γp → π0p,

γn → π0n, γp → ηp and γn → ηn were investigated with the meson decay

channels π0
→ 2γ, η → 2γ and η → 3π0

→ 6γ.

Di�erent programmes were improved and written to analyse the raw exper-

imental data. EXPLORA was expanded by including Fermi momentum smearing

in Virtual Monte Carlo (VMC) simulations, a new interface between EXPLORA

and OSCAR - EXPLOSCAR - was written and OSCAR with libTOCB was adapted

and updated to the new experimental setup.

Particle reconstruction and background reduction worked well such that all

investigated reactions could be extracted with a low background contamination

of less than 1% on average. A challenge was the determination of reactions

o� unpolarised nucleons bound in carbon and oxygen, the dilution factor. The

�lling factor was not known well enough and new anticuts had to be introduced

to determine the relative target surface densities. On average, the result was

a relatively high systematic uncertainty of around 13%. Nevertheless, nearly

all observables in all reactions are statistically driven, putting this uncertainty

into perspective.

Since only exclusive reactions are investigated, the true centre of mass

energy W of the system could be reconstructed from the �nal state, following

the ideas of Werthmüller [270, 328] and Dieterle [327]. This allows a Fermi

momentum independent determination of the observables.

On the experimental side, upgrading the Crystal Barrel with a new elec-
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tronic by collaboration colleagues before this experiment was crucial. Neutrons

could be detected in the �rst level trigger with good acceptance over the whole

solid angle for the �rst time. Finalising the sampling ADC upgrade by collab-

oration colleagues before the second beam time further increased the trigger

rate for this and all following experiments.

The existing results for Σ in all reactions and all four observables in π0p

and ηp are con�rmed and partially expanded. Furthermore, this is the �rst

experiment that showed results for T , P and H in π0n and ηn. Even though

the statistical uncertainties are rather large for the double polarisation ob-

servables, these data are crucial for clarifying the nucleon resonances in the

range of W = 1.5GeV to 2.5GeV. Two di�erent partial wave analyses (PWA)

approaches were compared to the results. The deviation between PWA and

data is signi�cant in some kinematical ranges, especially on reactions o� the

neutron. This shows the importance of this experiment and the inclusion of

the extracted results in PWA models.

The narrow structure in ηn around W = 1.68GeV was investigated in more

detail. The data favours a PWA solution with an interference of the resonances

S11(1535)1/2− and S11(1650)1/2−. A once and for all �nal statement, however,

cannot be given with the available statistics.

The experiment enhances the world data of polarisation observables and

makes a small step further towards the complete experiment. Some ideas about

the origin of the narrow structure in ηn could be refuted and the interference

of two S waves is concluded as the most probable interpretation.

A �nal evaluation of the second beam time will be important for mak-

ing qualitative statements about the narrow structure in ηn and giving more

stringent conditions for the PWA.
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Appendix A. Kinematic cut positions

A.1 Invariant mass cut positions
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Figure A.1: Invariant mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c), sigma low (d) and sigma high (e) with their linear (c) and constant
(d-e) �t functions in π0p.
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Figure A.2: Invariant mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c), sigma low (d) and sigma high (e) with their linear (c) and constant
(d-e) �t functions in π0n.
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Appendix A. Kinematic cut positions
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Figure A.3: Invariant mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c), sigma low (d) and sigma high (e) with their linear (c) and constant
(d-e) �t functions in ηp with η → 2γ.

258



A.1. Invariant mass cut positions

400 500 600 700

0

0.5

1

Data

MC

Fit

Cut position

400 500 600 700

0

0.5

1
685 MeV

400 500 600 700

0

0.5

1
760 MeV

400 500 600 700

0

0.5

1
840 MeV

400 500 600 700

0

0.5

1
920 MeV

400 500 600 700

0

0.5

1
1000 MeV

400 500 600 700

0

0.5

1
1080 MeV

400 500 600 700

0

0.5

1
1160 MeV

400 500 600 700

0

0.5

1
1280 MeV

400 500 600 700

0

0.5

1
1530 MeV

400 500 600 700

0

0.5

1
2000 MeV

400 500 600 700

0

0.5

1
2700 MeV

400 500 600 400 500 600 400 500 600 400 500 600 700

0

0.5

1

0

0.5

1

0

0.5

1

 [MeV]γγm

co
un

ts
 [a

.u
.]

(a)

400 500 600 700

0

0.5

1
) < -0.83θ-1.00 < cos(

400 500 600 700

0

0.5

1
) < -0.67θ-0.83 < cos(

400 500 600 700

0

0.5

1
) < -0.50θ-0.67 < cos(

400 500 600 700

0

0.5

1
) < -0.33θ-0.50 < cos(

400 500 600 700

0

0.5

1
) < -0.17θ-0.33 < cos(

400 500 600 700

0

0.5

1
) < 0.00θ-0.17 < cos(

400 500 600 700

0

0.5

1
) < 0.17θ0.00 < cos(

400 500 600 700

0

0.5

1
) < 0.33θ0.17 < cos(

400 500 600 700

0

0.5

1
) < 0.50θ0.33 < cos(

400 500 600 700

0

0.5

1
) < 0.67θ0.50 < cos(

400 500 600 700

0

0.5

1
) < 0.83θ0.67 < cos(

400 500 600 700

0

0.5

1
) < 1.00θ0.83 < cos(

400 500 600 400 500 600 400 500 600 400 500 600 700

0

0.5

1

0

0.5

1

0

0.5

1

 [MeV]γγm

co
un

ts
 [a

.u
.]

(b)

1− 0.5− 0 0.5 1
520

540

560

580

Data

Fit
1− 0.5− 0 0.5 1

520

540

560

580

685 MeV

1− 0.5− 0 0.5 1
520

540

560

580

760 MeV

1− 0.5− 0 0.5 1
520

540

560

580

840 MeV

1− 0.5− 0 0.5 1520

540

560

580

920 MeV

1− 0.5− 0 0.5 1520

540

560

580

1000 MeV

1− 0.5− 0 0.5 1520

540

560

580

1080 MeV

1− 0.5− 0 0.5 1520

540

560

580

1160 MeV

1− 0.5− 0 0.5 1520

540

560

580

1280 MeV

1− 0.5− 0 0.5 1520

540

560

580

1530 MeV

1− 0.5− 0 0.5 1520

540

560

580

2000 MeV

1− 0.5− 0 0.5 1520

540

560

580

2700 MeV

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

520

540

560

580

520

540

560

580

520

540

560

580

)θcos(

 [M
eV

]
µ

(c)

1− 0.5− 0 0.5 1
0

20

40

Data

Fit
1− 0.5− 0 0.5 1

0

20

40

685 MeV

1− 0.5− 0 0.5 1
0

20

40

760 MeV

1− 0.5− 0 0.5 1
0

20

40

840 MeV

1− 0.5− 0 0.5 10

20

40

920 MeV

1− 0.5− 0 0.5 10

20

40

1000 MeV

1− 0.5− 0 0.5 10

20

40

1080 MeV

1− 0.5− 0 0.5 10

20

40

1160 MeV

1− 0.5− 0 0.5 10

20

40

1280 MeV

1− 0.5− 0 0.5 10

20

40

1530 MeV

1− 0.5− 0 0.5 10

20

40

2000 MeV

1− 0.5− 0 0.5 10

20

40

2700 MeV

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

0

20

40

0

20

40

0

20

40

)θcos(

 [M
eV

]
lo

w
σ

(d)

1− 0.5− 0 0.5 1
0

20

40

Data

Fit
1− 0.5− 0 0.5 1

0

20

40

685 MeV

1− 0.5− 0 0.5 1
0

20

40

760 MeV

1− 0.5− 0 0.5 1
0

20

40

840 MeV

1− 0.5− 0 0.5 10

20

40

920 MeV

1− 0.5− 0 0.5 10

20

40

1000 MeV

1− 0.5− 0 0.5 10

20

40

1080 MeV

1− 0.5− 0 0.5 10

20

40

1160 MeV

1− 0.5− 0 0.5 10

20

40

1280 MeV

1− 0.5− 0 0.5 10

20

40

1530 MeV

1− 0.5− 0 0.5 10

20

40

2000 MeV

1− 0.5− 0 0.5 10

20

40

2700 MeV

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

0

20

40

0

20

40

0

20

40

)θcos(

 [M
eV

]
hi

gh
σ

(e)

Figure A.4: Invariant mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c), sigma low (d) and sigma high (e) with their linear (c) and constant
(d-e) �t functions in ηn with η → 2γ
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Figure A.5: Invariant mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c), sigma low (d) and sigma high (e) with their linear (c) and constant
(d-e) �t functions in ηp with η → 6γ.
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Figure A.6: Invariant mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) in ηn with η → 6γ
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A.2 Coplanarity cut positions
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Figure A.7: Coplanarity cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
sigma (c) with its quadratic �t function in π0p.
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Figure A.8: Coplanarity cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
sigma (c) with its quadratic �t function in π0n.
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Figure A.9: Coplanarity cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
sigma (c) with its quadratic �t function in ηp with η → 2γ.
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Figure A.10: Coplanarity cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
sigma (c) with its quadratic �t function in ηn with η → 2γ
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Figure A.11: Coplanarity cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
sigma (c) with its quadratic �t function in ηp with η → 6γ.
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Figure A.12: Coplanarity cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) in ηn with η → 6γ
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Figure A.13: Missing mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c) and sigma (d) with their linear �t functions in π0p.

267



Appendix A. Kinematic cut positions

600 800 1000 1200

0

0.5

1

Data

MC

Fit

Cut position

600 800 1000 1200

0

0.5

1
685 MeV

600 800 1000 1200

0

0.5

1
760 MeV

600 800 1000 1200

0

0.5

1
840 MeV

600 800 1000 1200

0

0.5

1
920 MeV

600 800 1000 1200

0

0.5

1
1000 MeV

600 800 1000 1200

0

0.5

1
1080 MeV

600 800 1000 1200

0

0.5

1
1160 MeV

600 800 1000 1200

0

0.5

1
1280 MeV

600 800 1000 1200

0

0.5

1
1530 MeV

600 800 1000 1200

0

0.5

1
2000 MeV

600 800 1000 1200

0

0.5

1
2700 MeV

600 800 1000 600 800 1000 600 800 1000 600 800 1000 1200

0

0.5

1

0

0.5

1

0

0.5

1

m [MeV]∆

co
un

ts
 [a

.u
.]

(a)

600 800 1000 1200

0

0.5

1
) < -0.83θ-1.00 < cos(

600 800 1000 1200

0

0.5

1
) < -0.67θ-0.83 < cos(

600 800 1000 1200

0

0.5

1
) < -0.50θ-0.67 < cos(

600 800 1000 1200

0

0.5

1
) < -0.33θ-0.50 < cos(

600 800 1000 1200

0

0.5

1
) < -0.17θ-0.33 < cos(

600 800 1000 1200

0

0.5

1
) < 0.00θ-0.17 < cos(

600 800 1000 1200

0

0.5

1
) < 0.17θ0.00 < cos(

600 800 1000 1200

0

0.5

1
) < 0.33θ0.17 < cos(

600 800 1000 1200

0

0.5

1
) < 0.50θ0.33 < cos(

600 800 1000 1200

0

0.5

1
) < 0.67θ0.50 < cos(

600 800 1000 1200

0

0.5

1
) < 0.83θ0.67 < cos(

600 800 1000 1200

0

0.5

1
) < 1.00θ0.83 < cos(

600 800 1000 600 800 1000 600 800 1000 600 800 1000 1200

0

0.5

1

0

0.5

1

0

0.5

1

m [MeV]∆

co
un

ts
 [a

.u
.]

(b)

1− 0.5− 0 0.5 1
900

950

1000

Data

Fit
1− 0.5− 0 0.5 1

900

950

1000

685 MeV

1− 0.5− 0 0.5 1
900

950

1000

760 MeV

1− 0.5− 0 0.5 1
900

950

1000

840 MeV

1− 0.5− 0 0.5 1900

950

1000

920 MeV

1− 0.5− 0 0.5 1900

950

1000

1000 MeV

1− 0.5− 0 0.5 1900

950

1000

1080 MeV

1− 0.5− 0 0.5 1900

950

1000

1160 MeV

1− 0.5− 0 0.5 1900

950

1000

1280 MeV

1− 0.5− 0 0.5 1900

950

1000

1530 MeV

1− 0.5− 0 0.5 1900

950

1000

2000 MeV

1− 0.5− 0 0.5 1900

950

1000

2700 MeV

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

900

950

1000

0.9

0.95

1
310×

0.9

0.95

1
310×

)θcos(

 [M
eV

]
µ

(c)

1− 0.5− 0 0.5 1
0

50

100

150

Data

Fit
1− 0.5− 0 0.5 1

0

50

100

150

685 MeV

1− 0.5− 0 0.5 1
0

50

100

150

760 MeV

1− 0.5− 0 0.5 1
0

50

100

150

840 MeV

1− 0.5− 0 0.5 10

50

100

150

920 MeV

1− 0.5− 0 0.5 10

50

100

150

1000 MeV

1− 0.5− 0 0.5 10

50

100

150

1080 MeV

1− 0.5− 0 0.5 10

50

100

150

1160 MeV

1− 0.5− 0 0.5 10

50

100

150

1280 MeV

1− 0.5− 0 0.5 10

50

100

150

1530 MeV

1− 0.5− 0 0.5 10

50

100

150

2000 MeV

1− 0.5− 0 0.5 10

50

100

150

2700 MeV

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5 1

0

50

100

150

0

50

100

150

0

50

100

150

)θcos(

 [M
eV

]
σ

(d)

Figure A.14: Missing mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c) and sigma (d) with their linear �t functions in π0n.
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Figure A.15: Missing mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c) and sigma (d) with their linear �t functions in ηp with η → 2γ.
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Figure A.16: Missing mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c) and sigma (d) with their linear �t functions in ηn with η → 2γ
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Figure A.17: Missing mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-dependent
mean (c) and sigma (d) with their linear �t functions in ηp with η → 6γ.
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Figure A.18: Missing mass cut positions as a function of the incident photon
energy Eγ (a) and cos (θ) (b) in ηn with η → 6γ
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Appendix A. Kinematic cut positions

A.4 Fermi momentum cut positions
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Figure A.19: Fermi momentum of the total Fermi momentum (a), the compo-
nent Fermi momentum in x- (c), y- (d) and z-direction (b) and as a function
of the incident photon energy Eγ (e) and cos (θ) (f) in π0p.
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Figure A.20: Fermi momentum of the total Fermi momentum (a), the compo-
nent Fermi momentum in x- (c), y- (d) and z-direction (b) and as a function
of the incident photon energy Eγ (e) and cos (θ) (f) in π0n.
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Figure A.21: Fermi momentum of the total Fermi momentum (a), the compo-
nent Fermi momentum in x- (c), y- (d) and z-direction (b) and as a function
of the incident photon energy Eγ (e) and cos (θ) (f) in ηp with η → 2γ.
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Figure A.22: Fermi momentum of the total Fermi momentum (a), the compo-
nent Fermi momentum in x- (c), y- (d) and z-direction (b) and as a function
of the incident photon energy Eγ (e) and cos (θ) (f) in ηn with η → 2γ.
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Figure A.23: Fermi momentum of the total Fermi momentum (a), the compo-
nent Fermi momentum in x- (c), y- (d) and z-direction (b) and as a function
of the incident photon energy Eγ (e) and cos (θ) (f) in ηp with η → 6γ.
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A.4. Fermi momentum cut positions
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Figure A.24: Fermi momentum of the total Fermi momentum (a), the compo-
nent Fermi momentum in x- (c), y- (d) and z-direction (b) and as a function
of the incident photon energy Eγ (e) and cos (θ) (f) in ηn with η → 6γ.
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Appendix A. Kinematic cut positions

A.5 Polar angle di�erence cut positions
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Figure A.25: Polar angle di�erence cut positions as a function of the incident
photon energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-
dependent sigma (c) with its linear �t function in π0p.
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Figure A.26: Polar angle di�erence cut positions as a function of the incident
photon energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-
dependent sigma (c) with its linear �t function in π0n.
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Figure A.27: Polar angle di�erence cut positions as a function of the incident
photon energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-
dependent sigma (c) with its linear �t function in ηp with η → 2γ.
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A.5. Polar angle di�erence cut positions
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Figure A.28: Polar angle di�erence cut positions as a function of the incident
photon energy Eγ (a) and cos (θ) (b) as well as the energy- and angular-
dependent sigma (c) with its linear �t function in ηn with η → 6γ.
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Figure A.29: Polar angle di�erence cut positions as a function of the incident
photon energy Eγ (a) and cos (θ) (b) in ηn with η → 6γ.
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B | Data analysis

B.1 Cherenkov radiation for CO2

Cherenkov light is emitted if the phase velocity of the electric-charged par-

ticle v is faster than the speed of light in that medium, i.e.:

v ≥
c

n
(B.1)

must be ful�lled. Here, n is the refractive index of the medium and c is the

speed of light. This leads to a condition for the half-opening angle θ of the

Cherenkov light cone:

cos (θ) =
1

nβ
, (B.2)

where β = v/c.

Figure B.1: Kinematic conditions for Cherenkov radiation, where c is the light
velocity, n the refractive index, t the time and β = v/c the velocity in terms of
the light velocity. Figure taken from [335]

The threshold velocity vthr is given for the equal sign in equation (B.1),
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Appendix B. Data analysis

leading to:

vthr =
c

n
⇔ βthr =

1

n
, (B.3)

which is equivalent with a threshold angle θthr = 0.

In terms of the relativistic kinetic energy that is given by:

Ekin = γmc
2 (B.4)

with the Lorentz factor γ = (1 − β)−1 and the mass m of the particle, the

threshold is given by:

Ethr
kin =

mc2
√

1 − βthr
=

mc2
√

1 − 1
n2

. (B.5)

If the refractive index is n = 1.00045, like it is for CO2 under standard

conditions [276, 277], the threshold energy for an electron or positron is given

by 17.4MeV.
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B.2. Linear beam photon polarisation degrees

B.2 Linear beam photon polarisation degrees
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Figure B.2: Relative intensity spectrum with the ANB �t (a) and linear polar-
isation degree δ with error range (b) for negative crystal orientation and run
numbers 203219 to 203943 in Oct2018.
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Figure B.3: Relative intensity spectrum with the ANB �t (a) and linear po-
larisation degree δ with error range (b) for positive crystal orientation and run
numbers 203219 to 203943 in Oct2018.
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Figure B.4: Relative intensity spectrum with the ANB �t (a) and linear polar-
isation degree δ with error range (b) for negative crystal orientation and run
numbers 203933 to 204582 in Oct2018.
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Figure B.5: Relative intensity spectrum with the ANB �t (a) and linear po-
larisation degree δ with error range (b) for positive crystal orientation and run
numbers 203933 to 204582 in Oct2018.
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Figure B.6: Relative intensity spectrum with the ANB �t (a) and linear polar-
isation degree δ with error range (b) for negative crystal orientation and run
numbers 204573 to 204813 in Oct2018.
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B.2. Linear beam photon polarisation degrees
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Figure B.7: Relative intensity spectrum with the ANB �t (a) and linear po-
larisation degree δ with error range (b) for positive crystal orientation and run
numbers 204573 to 204813 in Oct2018.
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Figure B.8: Relative intensity spectrum with the ANB �t (a) and linear polar-
isation degree δ with error range (b) for negative crystal orientation and run
numbers 204804 to 205955 in Oct2018.
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Figure B.9: Relative intensity spectrum with the ANB �t (a) and linear po-
larisation degree δ with error range (b) for positive crystal orientation and run
numbers 204804 to 205955 in Oct2018.
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Figure B.10: Preliminary relative intensity spectrum with the ANB �t (a) and
linear polarisation degree δ with error range (b) for negative crystal orientation
in Dec2021.
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Figure B.11: Preliminary relative intensity spectrum with the ANB �t (a) and
linear polarisation degree δ with error range (b) for positive crystal orientation
in Dec2021.
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B.3 Carbon scaling factor
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Figure B.12: Coplanarity (a) and missing mass (b) spectra of the dButanol
and carbon data with applied anticuts. The di�erence between them, i.e.
remaining deuterium reactions, is also shown. The scaling factor of ct = 0.89
is applied for the carbon data. The data show ηn with η → 2γ in Oct2018.
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Figure B.13: Coplanarity (a) and missing mass (b) spectra of the dButanol
and carbon data with applied anticuts. The di�erence between them, i.e.
remaining deuterium reactions, is also shown. The scaling factor of ct = 0.89
is applied for the carbon data. The data show π0n in Oct2018.
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Figure B.14: Coplanarity (a) and missing mass (b) spectra of the dButanol
and carbon data with applied anticuts. The di�erence between them, i.e.
remaining deuterium reactions, is also shown. The scaling factor of ct = 0.85
is applied for the carbon data. The data show ηp with η → 2γ in Dec2021.

290



C | Extraction of polarisation ob-

servables

291



Appendix C. Extraction of polarisation observables

C.1 Integrated asymmetries in Dec2021
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Figure C.1: Beam asymmetry AΣbut
(top column), target asymmetry AT (mid-

dle column) and beam-target asymmetry APH (bottom column) of Eγ and
cos (θ) integrated data in π0p (1st row), π0n (2nd row), ηp (3rd row) and ηn
(4th row) in Dec2021.
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Appendix C. Extraction of polarisation observables

C.2.1 Beam asymmetry AΣbut
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Figure C.2: ϕ-dependent beam asymmetries AΣbut
with their �t functions

(Equation 6.1) for �xed cos (θ) and �xed incident photon energies Eγ =

840MeV (a-b), 1000MeV (c-d) and 1160MeV (e-f) in π0p (left column) and
π0n (right column).
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Figure C.3: ϕ-dependent beam asymmetries AΣbut
with their �t functions

(Equation 6.1) for �xed cos (θ) and �xed incident photon energies Eγ =

840MeV (a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column) and
ηn (right column) with merged decay channels.
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Appendix C. Extraction of polarisation observables
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Figure C.4: ϕ-dependent beam asymmetries AΣbut
with their �t functions

(Equation 6.1) for �xed cos (θ) and �xed incident photon energies Eγ =

840MeV (a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column) and
ηn (right column) with η → 2γ.
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C.2. Asymmetry Fitting
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Figure C.5: ϕ-dependent beam asymmetries AΣbut
with their �t functions

(Equation 6.1) for �xed cos (θ) and �xed incident photon energies Eγ =

840MeV (a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column) and
ηn (right column) with η → 6γ.
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Appendix C. Extraction of polarisation observables

C.2.2 Target asymmetry AT
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Figure C.6: ϕ-dependent target asymmetries AT with their �t functions (Equa-
tion 6.2) for �xed cos (θ) and �xed incident photon energies Eγ = 840MeV
(a-b), 1000MeV (c-d) and 1160MeV (e-f) in π0p (left column) and π0n (right
column).
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C.2. Asymmetry Fitting
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Figure C.7: ϕ-dependent target asymmetries AT with their �t functions (Equa-
tion 6.2) for �xed cos (θ) and �xed incident photon energies Eγ = 840MeV
(a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column) and ηn (right
column) with merged decay channels.
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Appendix C. Extraction of polarisation observables

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.83θ-1.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.67θ-0.83 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.50θ-0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.33θ-0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.17θ-0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.00θ-0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.17θ0.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.33θ0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.50θ0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.67θ0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.83θ0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 1.00θ0.83 < cos(

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

 [deg]φ

T
A

(a)

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.83θ-1.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.67θ-0.83 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.50θ-0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.33θ-0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.17θ-0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.00θ-0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.17θ0.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.33θ0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.50θ0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.67θ0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.83θ0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 1.00θ0.83 < cos(

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

 [deg]φ

T
A

(b)

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.83θ-1.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.67θ-0.83 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.50θ-0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.33θ-0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.17θ-0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.00θ-0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.17θ0.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.33θ0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.50θ0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.67θ0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.83θ0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 1.00θ0.83 < cos(

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

 [deg]φ

T
A

(c)

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.83θ-1.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.67θ-0.83 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.50θ-0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.33θ-0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.17θ-0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.00θ-0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.17θ0.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.33θ0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.50θ0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.67θ0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.83θ0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 1.00θ0.83 < cos(

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

 [deg]φ

T
A

(d)

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.83θ-1.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.67θ-0.83 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.50θ-0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.33θ-0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.17θ-0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.00θ-0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.17θ0.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.33θ0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.50θ0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.67θ0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.83θ0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 1.00θ0.83 < cos(

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

 [deg]φ

T
A

(e)

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.83θ-1.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.67θ-0.83 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.50θ-0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.33θ-0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < -0.17θ-0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.00θ-0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.17θ0.00 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.33θ0.17 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.50θ0.33 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.67θ0.50 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 0.83θ0.67 < cos(

0 100 200 300
0.4−

0.2−

0

0.2

0.4

) < 1.00θ0.83 < cos(

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

 [deg]φ

T
A

(f)

Figure C.8: ϕ-dependent target asymmetries AT with their �t functions (Equa-
tion 6.2) for �xed cos (θ) and �xed incident photon energies Eγ = 840MeV
(a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column) and ηn (right
column) with η → 2γ.
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C.2. Asymmetry Fitting
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Figure C.9: ϕ-dependent target asymmetries AT with their �t functions (Equa-
tion 6.2) for �xed cos (θ) and �xed incident photon energies Eγ = 840MeV
(a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column) and ηn (right
column) with η → 6γ.
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Appendix C. Extraction of polarisation observables

C.2.3 Beam-target asymmetry APH
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Figure C.10: ϕ-dependent beam-target asymmetries APH with their �t func-
tions (Equation 6.3) for �xed cos (θ) and �xed incident photon energies
Eγ = 840MeV (a-b), 1000MeV (c-d) and 1160MeV (e-f) in π0p (left column)
and π0n (right column).
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C.2. Asymmetry Fitting
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Figure C.11: ϕ-dependent beam-target asymmetries APH with their �t func-
tions (Equation 6.3) for �xed cos (θ) and �xed incident photon energies
Eγ = 840MeV (a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column)
and ηn (right column) with merged decay channels.
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Figure C.12: ϕ-dependent beam-target asymmetries APH with their �t func-
tions (Equation 6.3) for �xed cos (θ) and �xed incident photon energies
Eγ = 840MeV (a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column)
and ηn (right column) with η → 2γ.
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C.2. Asymmetry Fitting
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Figure C.13: ϕ-dependent beam-target asymmetries APH with their �t func-
tions (Equation 6.3) for �xed cos (θ) and �xed incident photon energies
Eγ = 840MeV (a-b), 1000MeV (c-d) and 1160MeV (e-f) in ηp (left column)
and ηn (right column) with η → 6γ.
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Appendix C. Extraction of polarisation observables

C.3 Detector acceptance from the maximum like-

lihood estimation in ηN
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Figure C.14: Detector acceptance parameters c1, d1, . . . , c6, d6 and background
detector acceptance parameters cBG

1 , dBG
1 , . . . , cBG

6 , dBG
6 in ηp (left column) and

ηn (right column) in Oct2018.
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C.4. Comparison between extraction methods

C.4 Comparison between extraction methods

C.4.1 Simple di�erence
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Figure C.15: Simple di�erence ∆O = OMLE − OAsym of the polarisation ob-
servables extracted from the two methods, i.e. maximum likelihood method
(MLE) and asymmetry �tting method (Asym), with a Gaussian �t function in
Oct2018. The data from Σbut (a-d), T (e-h), P (i-l) and H (m-p) in π0p (1st

column), π0n (2nd column), ηp (3rd column) and ηn (4th column) are shown.
The Gaussian �t function's mean µ and standard deviation σ are given as nu-
merical values.
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C.4.2 Error normalised di�erence with maximum corre-

lation
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Figure C.16: Error normalised di�erence (Equation 6.21) with maximum cor-
relation of the polarisation observables extracted from the two methods, i.e.
maximum likelihood method (MLE) and asymmetry �tting method (Asym),
with a Gaussian �t function in Oct2018. The data from Σbut (a-d), T (e-h), P
(i-l) and H (m-p) in π0p (1st column), π0n (2nd column), ηp (3rd column) and
ηn (4th column) are shown. The Gaussian �t function's mean µ and standard
deviation σ are given as numerical values.
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C.4. Comparison between extraction methods

C.4.3 Systematic and statistical uncertainty in merged

beam time data
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Figure C.17: Comparison between systematic and statistical uncertainties in
π0p (a), π0n (b), ηp (c) and ηn (d) with the data of both beam times, i.e.
Oct2018 and Dec2021 merged. The red line indicates ∆Osyst =∆Ostat.
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C.5 Systematic uncertainty of the dilution fac-

tor in Dec2021
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Figure C.18: Relative systematic uncertainty of the dilution factor ∆d/d as a
function of Eγ and cos (θ) in π0p (a) and π0n (b) in Dec2021.
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Figure C.19: Relative systematic uncertainty of the dilution factor ∆d/d as a
function of Eγ and cos (θ) in ηp (a) and ηn (b) in Dec2021.
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Appendix D. Results

D.1.1 Comparison of beam times with preliminary data
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Figure D.1: Preliminary beam asymmetry Σbut as a function of cos (θ) for �xed
centre of mass energies W in π0p (a), π0n (b), ηp (c) and ηn (d). Results from
Oct2018 are compared to Dec2021 ones.
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Figure D.2: Preliminary recoil asymmetry P as a function of cos (θ) for �xed
centre of mass energies W in π0p (a), π0n (b), ηp (c) and ηn (d). Results from
Oct2018 are compared to Dec2021 ones.
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Figure D.3: Preliminary beam-target asymmetry H as a function of cos (θ) for
�xed centre of mass energies W in π0p (a), π0n (b), ηp (c) and ηn (d). Results
from Oct2018 are compared to Dec2021 ones.
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D.1.2 Results with merged preliminary data
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Figure D.4: Beam asymmetry Σbut as a function of cos (θ) for �xed centre of
mass energies W in π0p (a), π0n (b), ηp (c) and ηn (d). Results with the
full statistics is shown, i.e. merged from both beam times with preliminary
Dec2021 results.
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Figure D.5: Recoil asymmetry P as a function of cos (θ) for �xed centre of
mass energies W in π0p (a), π0n (b), ηp (c) and ηn (d). Results with the
full statistics is shown, i.e. merged from both beam times with preliminary
Dec2021 results.
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D.1. Preliminary results from Dec2021
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Figure D.6: Beam-target double polarisation observable H as a function of
cos (θ) for �xed centre of mass energies W in π0p (a), π0n (b), ηp (c) and
ηn (d). Results with the full statistics is shown, i.e. merged from both beam
times with preliminary Dec2021 results.
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Appendix D. Results

D.2 Target asymmetry T from Oct2018
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Figure D.7: Target asymmetry T as a function of cos (θ) for �xed photon
energies Eγ in the reactions γp → π0p (a), γn → π0n (b), γp → ηp (c) and
γn→ ηn (d). Results from Oct2018 are shown.
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D.2. Target asymmetry T from Oct2018
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Figure D.8: Target asymmetry T as a function of cos (θ) for �xed centre of
mass energies W in π0p (a), π0n (b), ηp (c) and ηn (d). Results from Oct2018
are shown. Please see the captions of Figures 7.10-7.13 for details about the
references from compared data and partial wave analyses.
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Appendix D. Results
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Figure D.9: χ2
/ndf from the Legendre polynomial �ts to the reduced polari-

sation observables Σ̃ (a), T̃ (b), P̃ (c) and H̃ as a function of cos (θ) for �xed
centre of mass energies W in π0p in Oct2018. The �tted functions correspond
to Legendre polynomials with a truncation at 1, 2, 3 and 4. The darker the
colour, the higher the cut-o�.
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Figure D.10: χ2
/ndf from the Legendre polynomial �ts to the reduced polari-

sation observables Σ̃ (a), T̃ (b), P̃ (c) and H̃ as a function of cos (θ) for �xed
centre of mass energies W in π0n in Oct2018. The �tted functions correspond
to Legendre polynomials with a truncation at 1, 2, 3 and 4. The darker the
colour, the higher the cut-o�.
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Figure D.11: χ2
/ndf from the Legendre polynomial �ts to the reduced polari-

sation observables Σ̃ (a), T̃ (b), P̃ (c) and H̃ as a function of cos (θ) for �xed
centre of mass energies W in ηp in Oct2018. The �tted functions correspond
to Legendre polynomials with a truncation at 1, 2, 3 and 4. The darker the
colour, the higher the cut-o�.
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Figure D.12: χ2
/ndf from the Legendre polynomial �ts to the reduced polari-

sation observables Σ̃ (a), T̃ (b), P̃ (c) and H̃ as a function of cos (θ) for �xed
centre of mass energies W in ηn in Oct2018. The �tted functions correspond
to Legendre polynomials with a truncation at 1, 2, 3 and 4. The darker the
colour, the higher the cut-o�.
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Figure D.13: χ2
/ndf from the Legendre polynomial �ts to the reduced polar-

isation observable T̃ as a function of cos (θ) for �xed centre of mass energies
W in π0p (a), π0n (b), ηp (c) and ηn (d). The data is shown for the merged
full data from both beam times. The �tted functions correspond to Legendre
polynomials with a truncation at 1, 2, 3 and 4. The darker the colour, the
higher the cut-o�.
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Figure D.14: Legendre coe�cients (Almax)
Σ̃
l in π0p in Oct2018.
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Figure D.15: Legendre coe�cients (Almax)
T̃
l in π0p in Oct2018.
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Figure D.16: Legendre coe�cients (Almax)
T̃
l in π0p from the merged full data

from both beam times.
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Figure D.17: Legendre coe�cients (Almax)
P̃
l in π0p in Oct2018.
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Figure D.18: Legendre coe�cients (Almax)
H̃
l in π0p in Oct2018.
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Figure D.19: Legendre coe�cients (Almax)
Σ̃
l in π0n in Oct2018.
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Figure D.20: Legendre coe�cients (Almax)
T̃
l in π0n in Oct2018.
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Figure D.21: Legendre coe�cients (Almax)
T̃
l in π0n from the merged full data

from both beam times.
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Figure D.22: Legendre coe�cients (Almax)
P̃
l in π0n in Oct2018.
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Figure D.23: Legendre coe�cients (Almax)
H̃
l in π0n in Oct2018.
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D.4. Legendre coe�cients

D.4.3 γp→ ηp

W [MeV]
1500 1550 1600 1650 1700 1750 1800 1850

b/
sr

]
µ [Σ∼ 2) 4

(A

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

(a)

W [MeV]
1500 1550 1600 1650 1700 1750 1800 1850

b/
sr

]
µ [Σ∼ 3) 4

(A
0.02−

0

0.02

0.04

0.06

(b)

W [MeV]
1500 1550 1600 1650 1700 1750 1800 1850

b/
sr

]
µ [Σ∼ 4) 4

(A

0.14−

0.12−

0.1−

0.08−

0.06−

0.04−

0.02−

0

(c)

W [MeV]
1500 1550 1600 1650 1700 1750 1800 1850

b/
sr

]
µ [Σ∼ 5) 4

(A

0.01−

0

0.01

0.02

0.03

(d)

W [MeV]
1500 1550 1600 1650 1700 1750 1800 1850

b/
sr

]
µ [Σ∼ 6) 4

(A

0.004−

0.002−

0

0.002

0.004

0.006

0.008

0.01

(e)

W [MeV]
1500 1550 1600 1650 1700 1750 1800 1850

b/
sr

]
µ [Σ∼ 7) 4

(A

0.02−

0.015−

0.01−

0.005−

0

0.005

(f)

W [MeV]
1500 1550 1600 1650 1700 1750 1800 1850

b/
sr

]
µ [Σ∼ 8) 4

(A

2−

0

2

4

6

8

3−10×

(g)

Figure D.24: Legendre coe�cients (Almax)
Σ̃
l in ηp in Oct2018.

335



Appendix D. Results

W [MeV]
1500 1600 1700 1800 1900 2000

b/
sr

]
µ [

T~ 1) 4
(A

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

(a)

W [MeV]
1500 1600 1700 1800 1900 2000

b/
sr

]
µ [

T~ 2) 4
(A

0.2−

0.1−

0

0.1

0.2

(b)

W [MeV]
1500 1600 1700 1800 1900 2000

b/
sr

]
µ [

T~ 3) 4
(A

0.3−

0.2−

0.1−

0

0.1

0.2

(c)

W [MeV]
1500 1600 1700 1800 1900 2000

b/
sr

]
µ [

T~ 4) 4
(A

0.05−

0

0.05

0.1

0.15

(d)

W [MeV]
1500 1600 1700 1800 1900 2000

b/
sr

]
µ [

T~ 5) 4
(A

0.1−

0.05−

0

0.05

0.1

0.15

0.2

0.25

(e)

W [MeV]
1500 1600 1700 1800 1900 2000

b/
sr

]
µ [

T~ 6) 4
(A

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2

(f)

W [MeV]
1500 1600 1700 1800 1900 2000

b/
sr

]
µ [

T~ 7) 4
(A

0.25−

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

(g)

W [MeV]
1500 1600 1700 1800 1900 2000

b/
sr

]
µ [

T~ 8) 4
(A

0.3−

0.2−

0.1−

0

0.1

(h)

Figure D.25: Legendre coe�cients (Almax)
T̃
l in ηp in Oct2018.
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Figure D.26: Legendre coe�cients (Almax)
T̃
l in ηp from the merged full data

from both beam times.
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Figure D.27: Legendre coe�cients (Almax)
P̃
l in ηp in Oct2018.
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Figure D.28: Legendre coe�cients (Almax)
H̃
l in ηp in Oct2018.
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D.4.4 γn→ ηn
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Figure D.29: Legendre coe�cients (Almax)
Σ̃
l in ηn in Oct2018.
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Figure D.30: Legendre coe�cients (Almax)
T̃
l in ηn in Oct2018.
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Figure D.31: Legendre coe�cients (Almax)
T̃
l in ηn from the merged full data

from both beam times.
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Figure D.32: Legendre coe�cients (Almax)
P̃
l in ηn in Oct2018.
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Figure D.33: Legendre coe�cients (Almax)
H̃
l in ηn in Oct2018.
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D.5. BnGa 2022-02 predictions in ηn

D.5 BnGa 2022-02 predictions in ηn

Figure D.34: Total CS as a function of W in γn → ηn. The standard BnGa
2022-02 [126] (left) prediction is compared to a BnGa 2022-02 one with an
additional P11(1680) resonance (b) [332]. The �tted data are from [132].

Figure D.35: DCS as a function of cos (θ) for �xed W in γn → ηn. The
standard BnGa 2022-02 [126] (left) prediction is compared to a BnGa 2022-
02 one with an additional P11(1680) resonance (b) [332]. The �tted data are
from [132].
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Appendix D. Results

D.6 Data tables (Oct2018 data)

D.6.1 γp→ π0p
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−0.417 0.4158 0.0298 0.0383 −0.417 −0.0182 0.0245 0.0069

−0.250 0.5708 0.0247 0.0507 −0.250 0.1423 0.0230 0.0162

−0.083 0.6178 0.0225 0.0544 −0.083 0.2449 0.0218 0.0242

0.083 0.6648 0.0229 0.0582 0.083 0.4040 0.0227 0.0367

0.250 0.7004 0.0253 0.0610 0.250 0.4460 0.0260 0.0400

0.417 0.6804 0.0297 0.0594 0.417 0.6274 0.0293 0.0543

0.583 0.6877 0.0463 0.0600 0.583 0.5980 0.0396 0.0627

0.750 0.7170 0.1527 0.0624 0.750 0.7859 0.0893 0.0668

1665 −0.917 0.0938 0.0303 0.0097 1715 −0.917 0.0262 0.0339 0.0067

−0.750 −0.0897 0.0186 0.0095 −0.750 −0.2068 0.0228 0.0153

−0.583 −0.2316 0.0176 0.0166 −0.583 −0.4264 0.0214 0.0263

−0.417 −0.4080 0.0207 0.0254 −0.417 −0.5524 0.0273 0.0326

−0.250 −0.3462 0.0192 0.0223 −0.250 −0.5795 0.0221 0.0340

−0.083 −0.1083 0.0192 0.0104 −0.083 −0.3175 0.0229 0.0209

0.083 0.1618 0.0198 0.0131 0.083 0.0709 0.0223 0.0085

0.250 0.4572 0.0202 0.0279 0.250 0.4843 0.0204 0.0292

0.417 0.6503 0.0202 0.0375 0.417 0.7166 0.0195 0.0408

0.583 0.7819 0.0230 0.0444 0.583 0.7941 0.0228 0.0456

0.750 0.7943 0.0396 0.0447 0.750 0.7756 0.0359 0.0438
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) Σbut ∆Σstat
but ∆Σsyst

but
Eγ [MeV] cos (θ) Σbut ∆Σstat

but ∆Σsyst
but

1765 −0.917 0.0573 0.0531 0.0082 1840 −0.917 0.0616 0.0923 0.0132

−0.750 −0.1613 0.0423 0.0131 −0.750 0.3252 0.0843 0.0274

−0.583 −0.3418 0.0413 0.0221 −0.583 −0.1049 0.0888 0.0129

−0.417 −0.5090 0.0581 0.0304 −0.417 −0.5745 0.1367 0.0445

−0.250 −0.4778 0.0389 0.0289 −0.250 −0.4362 0.0837 0.0350

−0.083 −0.2361 0.0394 0.0168 −0.083 0.1663 0.0804 0.0165

0.083 0.2085 0.0370 0.0154 0.083 0.3682 0.0773 0.0303

0.250 0.4844 0.0339 0.0292 0.250 0.4336 0.0820 0.0353

0.417 0.6315 0.0340 0.0366 0.417 0.6898 0.0677 0.0525

0.583 0.7778 0.0412 0.0439 0.583 0.8000 0.1105 0.0601

0.750 0.8844 0.0596 0.0492 0.750 0.8267 0.1272 0.1097

0.917 1.0150 0.6204 0.0767

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1470 −0.917 −0.3269 0.0863 0.0356 1515 −0.917 −0.0957 0.0487 0.0122

−0.750 −0.5077 0.0514 0.0503 −0.750 −0.1176 0.0304 0.0139

−0.583 −0.5923 0.0387 0.0579 −0.583 −0.2837 0.0269 0.0309

−0.417 −0.6954 0.0476 0.0902 −0.417 −0.3470 0.0310 0.0428

−0.250 −0.6787 0.0336 0.0708 −0.250 −0.4116 0.0222 0.0430

−0.083 −0.6732 0.0330 0.0792 −0.083 −0.3841 0.0215 0.0434

0.083 −0.6884 0.0347 0.0844 0.083 −0.4123 0.0240 0.0542

0.250 −0.6094 0.0363 0.0708 0.250 −0.3561 0.0248 0.0446

0.417 −0.4504 0.0434 0.0629 0.417 −0.2862 0.0286 0.0351

0.583 −0.5625 0.1698 0.1242 0.583 −0.2324 0.0515 0.0303

1565 −0.917 0.1846 0.0419 0.0171 1615 −0.917 0.2777 0.0423 0.0239

−0.750 0.1795 0.0303 0.0198 −0.750 0.0905 0.0280 0.0119

−0.583 0.0358 0.0262 0.0082 −0.583 0.0806 0.0291 0.0129

−0.417 −0.0554 0.0350 0.0118 −0.417 −0.0524 0.0362 0.0112

−0.250 −0.1192 0.0244 0.0159 −0.250 −0.0885 0.0293 0.0135

−0.083 −0.1920 0.0252 0.0259 −0.083 −0.1847 0.0332 0.0284

0.083 −0.1926 0.0271 0.0280 0.083 −0.2415 0.0363 0.0375

0.250 −0.2324 0.0305 0.0343 0.250 −0.3418 0.0409 0.0495

0.417 −0.1440 0.0355 0.0227 0.417 −0.2849 0.0470 0.0413

0.583 0.1400 0.0528 0.0203 0.583 −0.1440 0.0607 0.0330

0.750 0.3458 0.2897 0.0871 0.750 −0.0014 0.1346 0.0171
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Appendix D. Results

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1665 −0.917 0.3402 0.0410 0.0300 1715 −0.917 0.3912 0.0539 0.0410

−0.750 0.0831 0.0261 0.0120 −0.750 0.0519 0.0354 0.0102

−0.583 −0.0062 0.0290 0.0077 −0.583 −0.1365 0.0396 0.0224

−0.417 −0.1298 0.0399 0.0234 −0.417 −0.0509 0.0587 0.0159

−0.250 −0.1074 0.0308 0.0166 −0.250 −0.0809 0.0455 0.0168

−0.083 −0.1600 0.0373 0.0293 −0.083 −0.2610 0.0562 0.0576

0.083 −0.3094 0.0385 0.0502 0.083 −0.2307 0.0553 0.0530

0.250 −0.3939 0.0405 0.0619 0.250 −0.2140 0.0509 0.0477

0.417 −0.2547 0.0388 0.0388 0.417 0.0628 0.0439 0.0158

0.583 0.0812 0.0412 0.0146 0.583 0.2654 0.0514 0.0470

0.750 0.1381 0.0696 0.0196 0.750 0.3111 0.0851 0.0571

1765 −0.917 0.2195 0.0748 0.0293 1840 −0.917 0.1621 0.0515 0.0190

−0.750 −0.0402 0.0576 0.0108 −0.750 0.0534 0.0490 0.0101

−0.583 −0.1197 0.0648 0.0204 −0.583 −0.0755 0.0627 0.0143

−0.417 −0.0125 0.0880 0.0158 −0.417 0.1226 0.0670 0.0167

−0.250 −0.1075 0.0700 0.0206 −0.250 −0.0019 0.0628 0.0103

−0.083 −0.4138 0.0890 0.0904 −0.083 −0.2684 0.0644 0.0418

0.083 −0.5013 0.0822 0.1047 0.083 −0.4520 0.0597 0.0605

0.250 −0.3315 0.0716 0.0657 0.250 −0.5772 0.0838 0.1044

0.417 0.1247 0.0728 0.0291 0.417 0.1368 0.0551 0.0224

0.583 0.5342 0.0999 0.1086 0.583 0.6362 0.0881 0.0701

0.750 0.6749 0.1557 0.1510 0.750 0.3041 0.0774 0.0851

0.917 −0.3693 0.5306 0.0898

1950 −0.917 0.1677 0.0617 0.0179 2145 −0.917 0.3401 0.1216 0.0411

−0.750 −0.1008 0.0628 0.0146 −0.750 −0.2915 0.0487 0.0464

−0.583 0.0806 0.0792 0.0162 −0.583 −0.2847 0.0829 0.0379

−0.417 0.4244 0.0924 0.0682 −0.417 0.3037 0.1060 0.0453

−0.250 0.2428 0.0745 0.0323 −0.250 0.2389 0.1013 0.0338

−0.083 −0.0178 0.0634 0.0126 −0.083 0.0211 0.0722 0.0122

0.083 −0.3879 0.0710 0.0585 0.083 −0.1160 0.0773 0.0191

0.250 −0.2663 0.0947 0.0440 0.250 −0.1488 0.1187 0.0397

0.417 0.1419 0.1664 0.0344 0.417 0.0461 0.2014 0.0733

0.583 0.2310 0.1148 0.0298 0.583 −0.5863 0.1790 0.1207

0.750 −0.1123 0.0758 0.0312 0.750 −0.3368 0.0599 0.0563

0.917 −0.0288 0.0681 0.0333 0.917 −0.2887 0.1551 0.0572
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

2435 −0.917 0.2179 0.1754 0.0352

−0.750 −0.0609 0.4427 0.0699

−0.583 −2.7120 1.9069 1.2479

−0.417 −0.4358 0.4033 0.0949

−0.250 −1.7892 6.9663 0.0050

−0.083 −0.8492 0.3542 0.1162

0.083 −0.3729 0.1257 0.0869

0.250 0.0600 0.2808 0.0391

0.417 0.2500 0.3547 0.0645

0.583 −0.6172 0.1682 0.1479

0.750 −0.4012 0.1677 0.0578

0.917 −0.4334 0.3221 0.1406

Eγ [MeV] cos (θ) P ∆P stat ∆P syst Eγ [MeV] cos (θ) P ∆P stat ∆P syst

1470 −0.917 −0.9219 0.5286 0.1254 1515 −0.917 −0.1063 0.2371 0.0277

−0.750 −1.0465 0.3149 0.1395 −0.750 −0.1617 0.1515 0.0259

−0.583 −0.7715 0.2354 0.1057 −0.583 −0.5376 0.1310 0.0689

−0.417 −0.6734 0.2638 0.0966 −0.417 −0.4967 0.1442 0.0665

−0.250 −0.7442 0.1881 0.1110 −0.250 −0.4818 0.1068 0.0665

−0.083 −0.7928 0.1894 0.1201 −0.083 −0.4035 0.1015 0.0576

0.083 −0.6539 0.1918 0.0983 0.083 −0.3700 0.1108 0.0540

0.250 −0.9112 0.2169 0.1357 0.250 −0.2828 0.1178 0.0430

0.417 −0.1613 0.2583 0.0706 0.417 −0.0977 0.1343 0.0305

0.583 −1.3979 0.9681 0.6451 0.583 −0.0133 0.2447 0.0845

1565 −0.917 −0.4104 0.1587 0.0499 1615 −0.917 0.0384 0.1233 0.0157

−0.750 −0.3602 0.1140 0.0455 −0.750 −0.3876 0.0835 0.0487

−0.583 −0.0151 0.0989 0.0143 −0.583 −0.2518 0.0863 0.0356

−0.417 −0.2460 0.1283 0.0354 −0.417 −0.2648 0.1030 0.0395

−0.250 −0.3702 0.0942 0.0535 −0.250 −0.0406 0.0891 0.0159

−0.083 −0.2413 0.0937 0.0393 −0.083 −0.2205 0.0970 0.0378

0.083 −0.2120 0.1004 0.0369 0.083 −0.1592 0.1052 0.0303

0.250 −0.0747 0.1139 0.0214 0.250 −0.3720 0.1190 0.0620

0.417 −0.0367 0.1320 0.0207 0.417 −0.2208 0.1342 0.0387

0.583 0.1874 0.1929 0.0397 0.583 −0.0084 0.1741 0.0357

0.750 0.6043 0.9728 0.2180 0.750 0.7427 0.3919 0.1111
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Appendix D. Results

Eγ [MeV] cos (θ) P ∆P stat ∆P syst Eγ [MeV] cos (θ) P ∆P stat ∆P syst

1665 −0.917 −0.1547 0.1031 0.0193 1715 −0.917 −0.0750 0.1282 0.0175

−0.750 −0.1198 0.0671 0.0178 −0.750 −0.4290 0.0885 0.0554

−0.583 −0.0205 0.0745 0.0125 −0.583 −0.1823 0.0964 0.0301

−0.417 −0.2411 0.0994 0.0382 −0.417 −0.1803 0.1472 0.0361

−0.250 −0.1120 0.0786 0.0226 −0.250 0.0443 0.1075 0.0220

−0.083 −0.0347 0.0946 0.0177 −0.083 −0.1958 0.1346 0.0467

0.083 −0.3084 0.0957 0.0538 0.083 −0.6332 0.1364 0.1388

0.250 −0.4542 0.0987 0.0740 0.250 −0.3200 0.1218 0.0696

0.417 −0.2622 0.0953 0.0417 0.417 −0.1445 0.1048 0.0331

0.583 0.0092 0.1015 0.0156 0.583 0.0719 0.1187 0.0255

0.750 0.1717 0.1677 0.0287 0.750 0.5190 0.2008 0.0983

1765 −0.917 −0.2693 0.2184 0.0404 1840 −0.917 −0.0427 0.3161 0.0328

−0.750 −0.5446 0.1706 0.0735 −0.750 −0.1073 0.3046 0.0330

−0.583 −0.4014 0.1855 0.0597 −0.583 −0.5795 0.3716 0.0739

−0.417 0.1284 0.2899 0.0437 −0.417 −0.0390 0.5319 0.0561

−0.250 −0.1052 0.1845 0.0348 −0.250 0.7855 0.3431 0.1049

−0.083 −0.5175 0.2352 0.1051 −0.083 −0.2890 0.3744 0.0578

0.083 −0.3534 0.2162 0.0768 0.083 −0.1017 0.3357 0.0466

0.250 −0.4171 0.1902 0.0875 0.250 −0.5825 0.4393 0.0997

0.417 −0.1843 0.1973 0.0484 0.417 0.0607 0.3033 0.0408

0.583 0.3023 0.2463 0.0711 0.583 0.4553 0.4422 0.0751

0.750 0.3189 0.3835 0.0952 0.750 0.6200 0.5156 0.1385

0.917 −0.2766 2.6895 0.0050

Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst

1470 −0.917 0.8111 0.5424 0.1131 1515 −0.917 0.4190 0.2313 0.0515

−0.750 0.4613 0.3163 0.0669 −0.750 0.1083 0.1485 0.0219

−0.583 −0.0455 0.2317 0.0296 −0.583 0.2578 0.1276 0.0359

−0.417 −0.0060 0.2581 0.0330 −0.417 0.2663 0.1406 0.0384

−0.250 0.3415 0.1890 0.0544 −0.250 0.0768 0.1060 0.0185

−0.083 0.0713 0.1841 0.0279 −0.083 −0.0239 0.0990 0.0156

0.083 −0.3673 0.1922 0.0580 0.083 −0.1311 0.1085 0.0239

0.250 −0.2729 0.2140 0.0471 0.250 −0.1292 0.1155 0.0244

0.417 −0.4816 0.2529 0.1216 0.417 −0.3572 0.1323 0.0728

0.583 1.1471 0.9064 0.5460 0.583 −0.0831 0.2374 0.0866
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst

1565 −0.917 0.0223 0.1535 0.0185 1615 −0.917 0.2852 0.1170 0.0347

−0.750 0.1466 0.1119 0.0226 −0.750 −0.0121 0.0823 0.0125

−0.583 0.2062 0.0995 0.0291 −0.583 −0.0685 0.0851 0.0158

−0.417 0.2227 0.1256 0.0326 −0.417 0.2590 0.0993 0.0388

−0.250 0.0958 0.0914 0.0194 −0.250 0.0804 0.0868 0.0185

−0.083 0.2189 0.0922 0.0362 −0.083 −0.0154 0.0949 0.0164

0.083 −0.1413 0.0983 0.0271 0.083 0.0741 0.1029 0.0207

0.250 −0.2310 0.1103 0.0397 0.250 −0.2322 0.1165 0.0408

0.417 −0.2010 0.1281 0.0347 0.417 −0.1613 0.1287 0.0309

0.583 −0.5018 0.1897 0.0838 0.583 −0.1621 0.1721 0.0436

0.750 −0.5990 0.9006 0.2066 0.750 0.0246 0.3820 0.0481

1665 −0.917 −0.0248 0.1001 0.0123 1715 −0.917 −0.4870 0.1293 0.0560

−0.750 −0.2272 0.0665 0.0288 −0.750 −0.3254 0.0868 0.0432

−0.583 −0.3181 0.0738 0.0437 −0.583 −0.2680 0.0976 0.0415

−0.417 0.1194 0.0957 0.0228 −0.417 −0.1572 0.1454 0.0333

−0.250 0.0830 0.0783 0.0192 −0.250 0.0637 0.1055 0.0232

−0.083 0.1787 0.0921 0.0334 −0.083 0.2078 0.1322 0.0487

0.083 −0.1535 0.0931 0.0299 0.083 0.1113 0.1288 0.0344

0.250 −0.0837 0.0953 0.0208 0.250 −0.3874 0.1190 0.0831

0.417 −0.2184 0.0949 0.0356 0.417 −0.0756 0.1022 0.0240

0.583 0.0575 0.0992 0.0170 0.583 0.1038 0.1202 0.0287

0.750 0.0744 0.1694 0.0227 0.750 0.2696 0.1893 0.0557

1765 −0.917 −0.6086 0.2211 0.0789 1840 −0.917 −0.2655 0.3071 0.0405

−0.750 −0.6372 0.1641 0.0851 −0.750 −0.3988 0.3033 0.0512

−0.583 −0.4841 0.1847 0.0707 −0.583 −0.6383 0.3688 0.0799

−0.417 −0.2064 0.2855 0.0484 −0.417 −0.8175 0.4356 0.1044

−0.250 0.3229 0.1853 0.0625 −0.250 0.1172 0.3413 0.0415

−0.083 0.2974 0.2324 0.0665 −0.083 −0.0552 0.3624 0.0453

0.083 0.0502 0.2142 0.0398 0.083 0.3025 0.3301 0.0595

0.250 −0.0561 0.1860 0.0355 0.250 −0.2064 0.4209 0.0625

0.417 0.1995 0.1976 0.0504 0.417 −0.3083 0.3004 0.0566

0.583 0.0816 0.2397 0.0457 0.583 0.3209 0.4440 0.0641

0.750 0.7660 0.3808 0.1765 0.750 0.3287 0.5397 0.1170

0.917 0.3038 3.8717 0.0050
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Appendix D. Results

D.6.2 γn→ π0n

Eγ [MeV] cos (θ) Σbut ∆Σstat
but ∆Σsyst

but
Eγ [MeV] cos (θ) Σbut ∆Σstat

but ∆Σsyst
but

1470 −0.917 0.1104 0.1796 0.0208 1515 −0.917 0.0779 0.0953 0.0130

−0.750 0.2814 0.1261 0.0313 −0.750 0.4586 0.0787 0.0417

−0.583 0.6789 0.1095 0.0682 −0.583 0.8076 0.0694 0.0696

−0.417 0.8003 0.1078 0.0795 −0.417 0.9039 0.0710 0.0773

−0.250 0.7811 0.0954 0.0778 −0.250 0.8301 0.0608 0.0714

−0.083 0.8213 0.0888 0.0815 −0.083 0.7944 0.0558 0.0685

0.083 0.8338 0.0926 0.0827 0.083 0.7415 0.0565 0.0643

0.250 0.9199 0.1064 0.0907 0.250 0.9012 0.0619 0.0771

0.417 0.7624 0.1305 0.0760 0.417 0.6759 0.0718 0.0591

0.583 0.7637 0.2062 0.0931 0.583 0.8254 0.1009 0.0710

0.750 0.7203 0.4175 0.0734 0.750 0.4718 0.1962 0.0428

1565 −0.917 0.1351 0.0847 0.0161 1615 −0.917 0.1706 0.0772 0.0186

−0.750 0.4318 0.0703 0.0395 −0.750 0.3373 0.0701 0.0318

−0.583 0.5093 0.0634 0.0457 −0.583 0.5242 0.0591 0.0467

−0.417 0.6926 0.0631 0.0604 −0.417 0.6485 0.0560 0.0570

−0.250 0.7756 0.0538 0.0670 −0.250 0.6839 0.0479 0.0594

−0.083 0.7665 0.0486 0.0663 −0.083 0.7795 0.0435 0.0670

0.083 0.7560 0.0489 0.0655 0.083 0.6985 0.0462 0.0605

0.250 0.6900 0.0539 0.0602 0.250 0.5987 0.0534 0.0526

0.417 0.6000 0.0611 0.0539 0.417 0.5834 0.0605 0.0514

0.583 0.5396 0.0824 0.0482 0.583 0.5748 0.0717 0.0507

0.750 0.2571 0.1370 0.0258 0.750 0.6195 0.1003 0.0542

0.917 0.1498 0.4283 0.0340 0.917 0.5159 0.2492 0.0463
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) Σbut ∆Σstat
but ∆Σsyst

but
Eγ [MeV] cos (θ) Σbut ∆Σstat

but ∆Σsyst
but

1665 −0.917 0.0065 0.0639 0.0076 1715 −0.917 −0.0362 0.0610 0.0079

−0.750 0.2705 0.0568 0.0185 −0.750 0.1250 0.0606 0.0113

−0.583 0.4948 0.0515 0.0297 −0.583 0.4049 0.0575 0.0252

−0.417 0.5238 0.0517 0.0312 −0.417 0.4210 0.0600 0.0260

−0.250 0.5413 0.0443 0.0321 −0.250 0.3776 0.0537 0.0239

−0.083 0.5996 0.0442 0.0350 −0.083 0.2056 0.0593 0.0153

0.083 0.4986 0.0500 0.0299 0.083 0.2098 0.0643 0.0189

0.250 0.4846 0.0539 0.0328 0.250 0.4001 0.0583 0.0254

0.417 0.7648 0.0488 0.0432 0.417 0.6780 0.0490 0.0389

0.583 0.9302 0.0471 0.0515 0.583 0.8809 0.0469 0.0490

0.750 0.7433 0.0606 0.0422 0.750 0.8453 0.0588 0.0561

0.917 0.7071 0.1677 0.0404 0.917 0.8857 0.1567 0.0493

1765 −0.917 0.0334 0.0796 0.0085 1840 −0.917 0.4190 0.1323 0.0336

−0.750 0.3525 0.0794 0.0226 −0.750 0.5524 0.1384 0.0428

−0.583 0.5037 0.0805 0.0311 −0.583 0.5392 0.1570 0.0419

−0.417 0.4034 0.1007 0.0252 −0.417 0.6290 0.2152 0.0480

−0.250 0.4080 0.0872 0.0254 −0.250 0.3287 0.1726 0.0277

−0.083 0.0256 0.0956 0.0097 −0.083 0.3996 0.1779 0.0324

0.083 −0.0547 0.0936 0.0094 0.083 0.0790 0.1995 0.0185

0.250 0.1761 0.0849 0.0139 0.250 0.3798 0.1965 0.0353

0.417 0.5922 0.0743 0.0346 0.417 0.7283 0.1724 0.0548

0.583 0.8093 0.0781 0.0455 0.583 0.6247 0.1969 0.0618

0.750 0.9594 0.0888 0.0651 0.750 1.2499 0.1868 0.0905

0.917 0.9655 0.2338 0.0533

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1470 −0.917 −0.4067 0.0935 0.0336 1515 −0.917 0.0081 0.0592 0.0077

−0.750 −0.6214 0.0783 0.0606 −0.750 −0.1796 0.0589 0.0205

−0.583 −0.5718 0.0674 0.0575 −0.583 −0.3763 0.0554 0.0400

−0.417 −0.6861 0.0807 0.0869 −0.417 −0.5667 0.0664 0.0712

−0.250 −0.6349 0.0663 0.0794 −0.250 −0.4112 0.0517 0.0484

−0.083 −0.6149 0.0608 0.0721 −0.083 −0.4853 0.0491 0.0586

0.083 −0.6816 0.0743 0.0986 0.083 −0.4339 0.0484 0.0512

0.250 −0.5798 0.0797 0.0809 0.250 −0.4132 0.0540 0.0511

0.417 −0.5233 0.1023 0.0797 0.417 −0.1518 0.0635 0.0231

0.583 −0.1964 0.1228 0.0417 0.583 −0.2010 0.0839 0.0257

0.750 0.5014 0.2689 0.0549 0.750 0.0186 0.1810 0.0249
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Appendix D. Results

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1565 −0.917 0.1477 0.0715 0.0148 1615 −0.917 0.2637 0.0852 0.0231

−0.750 0.0055 0.0722 0.0105 −0.750 −0.0616 0.0962 0.0144

−0.583 −0.1157 0.0621 0.0150 −0.583 0.0342 0.0812 0.0122

−0.417 −0.0572 0.0764 0.0146 −0.417 0.1263 0.0864 0.0216

−0.250 −0.1128 0.0535 0.0153 −0.250 0.1535 0.0698 0.0226

−0.083 −0.2356 0.0573 0.0329 −0.083 0.1540 0.0668 0.0234

0.083 −0.0762 0.0586 0.0152 0.083 0.2204 0.0769 0.0359

0.250 −0.0221 0.0578 0.0103 0.250 0.2217 0.0769 0.0303

0.417 0.1905 0.0678 0.0259 0.417 0.3380 0.1049 0.0562

0.583 0.2418 0.1010 0.0340 0.583 0.2623 0.0888 0.0261

0.750 0.4109 0.1954 0.0744 0.750 0.3093 0.1416 0.0343

0.917 −0.2624 0.4561 0.0518 0.917 0.3665 0.2589 0.0244

1665 −0.917 0.1712 0.0857 0.0177 1715 −0.917 0.2116 0.0968 0.0254

−0.750 −0.1710 0.1197 0.0364 −0.750 −0.2055 0.1223 0.0385

−0.583 −0.1403 0.0921 0.0228 −0.583 −0.2405 0.1252 0.0464

−0.417 0.1230 0.0954 0.0221 −0.417 0.1330 0.1426 0.0364

−0.250 0.3272 0.0786 0.0441 −0.250 0.5919 0.1565 0.1351

−0.083 0.3516 0.0919 0.0605 −0.083 0.5085 0.1712 0.1275

0.083 0.3089 0.1022 0.0543 0.083 0.0229 0.1965 0.0545

0.250 0.3792 0.1152 0.0716 0.250 0.3118 0.1232 0.0544

0.417 0.3695 0.0914 0.0513 0.417 0.5919 0.1240 0.1080

0.583 0.3943 0.0874 0.0478 0.583 0.5821 0.1282 0.1100

0.750 0.5227 0.1087 0.0595 0.750 0.4019 0.1570 0.0929

0.917 −0.1396 0.3046 0.0410 0.917 1.1146 0.4938 0.1859

1765 −0.917 0.3354 0.1018 0.0302 1840 −0.917 0.0663 0.0760 0.0104

−0.750 −0.1919 0.1006 0.0232 −0.750 0.0160 0.0814 0.0113

−0.583 0.2771 0.1369 0.0452 −0.583 0.0579 0.1016 0.0140

−0.417 0.1626 0.1638 0.0341 −0.417 0.5945 0.1555 0.0814

−0.250 0.4651 0.2350 0.1260 −0.250 0.6741 0.1924 0.1221

−0.083 0.3071 0.1917 0.0649 −0.083 0.1051 0.1348 0.0227

0.083 0.3670 0.2258 0.0935 0.083 0.0657 0.1471 0.0231

0.250 0.3047 0.1421 0.0460 0.250 −0.1053 0.1841 0.0376

0.417 0.6022 0.1522 0.0970 0.417 0.8275 0.1742 0.1221

0.583 0.7418 0.2033 0.1504 0.583 0.9497 0.2463 0.2061

0.750 0.7918 0.2580 0.1957 0.750 0.4342 0.1378 0.0596

0.917 1.8963 2.1755 0.0050
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1950 −0.917 0.1800 0.0945 0.0191 2145 −0.917 −0.0045 0.1785 0.0173

−0.750 −0.0881 0.0888 0.0169 −0.750 −0.2422 0.1632 0.0579

−0.583 −0.0579 0.1433 0.0232 −0.583 0.0613 0.2435 0.0343

−0.417 0.5613 0.1552 0.0828 −0.417 0.7377 0.2140 0.0798

−0.250 0.5611 0.1809 0.0873 −0.250 0.2635 0.1654 0.0275

−0.083 0.3896 0.1243 0.0456 −0.083 0.1878 0.0207 0.0280

0.083 −0.2652 0.2116 0.0673 0.083 0.0287 0.1840 0.0259

0.250 −0.2248 0.2452 0.0508 0.250 −0.1318 0.2245 0.0309

0.417 0.3206 0.3121 0.0838 0.417 0.0332 0.2823 0.0308

0.583 1.0334 0.3795 0.2738 0.583 −0.0773 0.3454 0.0785

0.750 0.1010 0.1407 0.0341 0.750 −0.0920 0.1384 0.0317

0.917 0.5753 0.4395 0.1766 0.917 0.3780 0.3584 0.1234

2435 −0.917 −0.0535 0.2785 0.0305

−0.750 −0.1837 0.9045 0.1896

−0.083 0.1411 0.3747 0.0251

0.250 0.8182 0.5073 0.0941

0.750 0.5789 0.1853 0.1173

0.917 0.2235 0.1516 0.0302

Eγ [MeV] cos (θ) P ∆P stat ∆P syst Eγ [MeV] cos (θ) P ∆P stat ∆P syst

1470 −0.917 0.1516 0.6029 0.0627 1515 −0.917 0.2414 0.2943 0.0365

−0.750 −1.0734 0.4651 0.1390 −0.750 −0.3469 0.2899 0.0481

−0.583 −0.9175 0.4117 0.1285 −0.583 −0.2260 0.2662 0.0400

−0.417 −1.5853 0.4718 0.2323 −0.417 −1.1787 0.3091 0.1575

−0.250 −0.6866 0.4039 0.1100 −0.250 −0.7269 0.2508 0.1022

−0.083 −0.9764 0.3691 0.1576 −0.083 −0.5331 0.2324 0.0777

0.083 −0.5889 0.4318 0.1070 0.083 −0.3967 0.2315 0.0604

0.250 −1.4794 0.4888 0.2495 0.250 −0.4679 0.2609 0.0702

0.417 0.0731 0.6218 0.0832 0.417 0.6127 0.3127 0.0902

0.583 −1.4353 0.7985 0.2309 0.583 −0.1847 0.4058 0.0561

0.750 0.3706 1.5572 0.1779 0.750 0.8783 0.9021 0.1696
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Appendix D. Results

Eγ [MeV] cos (θ) P ∆P stat ∆P syst Eγ [MeV] cos (θ) P ∆P stat ∆P syst

1565 −0.917 −0.3940 0.2795 0.0479 1615 −0.917 0.0077 0.2547 0.0299

−0.750 −0.3392 0.2692 0.0464 −0.750 0.2819 0.2801 0.0464

−0.583 −0.4878 0.2324 0.0643 −0.583 0.0995 0.2399 0.0322

−0.417 0.0110 0.2808 0.0338 −0.417 0.3849 0.2520 0.0599

−0.250 −0.1538 0.2065 0.0335 −0.250 0.5585 0.2090 0.0842

−0.083 −0.0507 0.2118 0.0297 −0.083 0.1764 0.1940 0.0360

0.083 −0.0347 0.2218 0.0306 0.083 0.1474 0.2239 0.0363

0.250 −0.4215 0.2227 0.0660 0.250 0.7637 0.2304 0.1136

0.417 −0.1347 0.2519 0.0387 0.417 0.7249 0.3094 0.1036

0.583 0.7278 0.3663 0.1106 0.583 0.6194 0.2625 0.0826

0.750 1.1496 0.7150 0.1753 0.750 0.3594 0.3877 0.0530

0.917 2.8427 5.3437 0.0050 0.917 −0.7758 0.7316 0.0885

1665 −0.917 −0.3855 0.2209 0.0487 1715 −0.917 0.0168 0.2356 0.0310

−0.750 −0.5547 0.3081 0.0749 −0.750 −0.8617 0.3129 0.1425

−0.583 0.0649 0.2282 0.0300 −0.583 0.0714 0.3006 0.0496

−0.417 −0.0893 0.2388 0.0331 −0.417 0.8640 0.3642 0.1810

−0.250 0.1289 0.1955 0.0329 −0.250 0.8649 0.3516 0.1972

−0.083 0.5433 0.2303 0.0927 −0.083 0.5609 0.3959 0.1393

0.083 0.1781 0.2563 0.0467 0.083 0.4237 0.4916 0.1240

0.250 0.5775 0.2862 0.0989 0.250 −0.0544 0.2913 0.0528

0.417 0.0776 0.2242 0.0308 0.417 0.1828 0.2709 0.0550

0.583 0.4023 0.2102 0.0540 0.583 0.4897 0.2775 0.0983

0.750 0.3798 0.2562 0.0505 0.750 0.0375 0.3578 0.0676

0.917 0.8141 0.9134 0.1207 0.917 1.1889 0.9122 0.2431

1765 −0.917 −0.5773 0.2813 0.0575 1840 −0.917 0.2544 0.4278 0.0432

−0.750 −0.2797 0.3020 0.0437 −0.750 0.3542 0.5273 0.0608

−0.583 −0.2731 0.3844 0.0598 −0.583 0.0298 0.6007 0.0644

−0.417 −0.1374 0.4980 0.0739 −0.417 1.6362 0.9948 0.2353

−0.250 0.9641 0.6180 0.1901 −0.250 −0.2791 0.9091 0.1145

−0.083 1.4825 0.5745 0.2914 −0.083 −0.4787 0.7846 0.1129

0.083 −0.3950 0.5992 0.1155 0.083 0.9666 0.8798 0.1674

0.250 0.6285 0.3935 0.1270 0.250 1.5192 1.0187 0.2517

0.417 −0.0468 0.3787 0.0623 0.417 1.2431 0.8194 0.2224

0.583 1.1923 0.4981 0.2434 0.583 0.4931 1.1108 0.2163

0.750 0.8641 0.6081 0.2289 0.750 0.7886 0.8570 0.2695

0.917 4.6746 5.4572 0.0050
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst

1470 −0.917 0.4914 0.5927 0.0779 1515 −0.917 −0.1138 0.3041 0.0314

−0.750 0.6733 0.4789 0.0931 −0.750 0.1342 0.2710 0.0325

−0.583 0.1650 0.4089 0.0523 −0.583 0.1850 0.2644 0.0370

−0.417 0.2704 0.4589 0.0664 −0.417 −0.4825 0.3045 0.0693

−0.250 0.4641 0.4108 0.0824 −0.250 0.0599 0.2431 0.0317

−0.083 −0.0511 0.3525 0.0494 −0.083 0.0523 0.2298 0.0306

0.083 0.6780 0.4301 0.1194 0.083 0.1720 0.2263 0.0365

0.250 −0.4702 0.4714 0.0957 0.250 0.0221 0.2548 0.0330

0.417 −0.6463 0.6022 0.1198 0.417 −0.7620 0.3072 0.1102

0.583 0.6880 0.7937 0.1448 0.583 0.0814 0.3991 0.0516

0.750 −1.0763 1.4658 0.2041 0.750 −1.5743 0.8807 0.2591

1565 −0.917 0.2691 0.2589 0.0370 1615 −0.917 0.2327 0.2433 0.0389

−0.750 0.6247 0.2797 0.0760 −0.750 0.3025 0.2718 0.0477

−0.583 0.4581 0.2348 0.0609 −0.583 −0.0138 0.2344 0.0295

−0.417 0.3231 0.2787 0.0509 −0.417 0.8489 0.2646 0.1215

−0.250 0.0579 0.1972 0.0274 −0.250 0.6586 0.2038 0.0984

−0.083 0.3502 0.2070 0.0558 −0.083 0.1417 0.1909 0.0328

0.083 0.1597 0.2149 0.0360 0.083 0.0928 0.2220 0.0329

0.250 0.1820 0.2140 0.0378 0.250 0.1854 0.2194 0.0383

0.417 −0.1047 0.2409 0.0360 0.417 −0.5844 0.3005 0.0851

0.583 −0.2723 0.3699 0.0584 0.583 0.1096 0.2515 0.0324

0.750 −0.2837 0.7468 0.0970 0.750 −0.2087 0.4009 0.0451

0.917 0.0435 1.4545 0.1723 0.917 −0.9477 0.7318 0.1008

1665 −0.917 −0.0656 0.2074 0.0243 1715 −0.917 −0.3140 0.2316 0.0509

−0.750 −0.0566 0.2937 0.0346 −0.750 −0.2055 0.3063 0.0524

−0.583 0.0324 0.2259 0.0290 −0.583 0.3901 0.3186 0.0817

−0.417 0.1316 0.2237 0.0338 −0.417 −0.0592 0.3585 0.0639

−0.250 0.6084 0.1933 0.0951 −0.250 0.5548 0.3354 0.1311

−0.083 0.2690 0.2238 0.0523 −0.083 −0.0316 0.3898 0.0761

0.083 0.0797 0.2547 0.0402 0.083 0.5811 0.4749 0.1463

0.250 −0.1519 0.2781 0.0480 0.250 0.6577 0.3045 0.1380

0.417 0.5572 0.2239 0.0809 0.417 0.2169 0.2606 0.0573

0.583 0.1784 0.2070 0.0319 0.583 −0.0801 0.2713 0.0473

0.750 −0.6346 0.2675 0.0782 0.750 0.0024 0.3446 0.0653

0.917 0.2324 0.7986 0.0818 0.917 0.1097 0.8749 0.1367
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Appendix D. Results

Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst

1765 −0.917 −0.0583 0.2659 0.0246 1840 −0.917 0.2361 0.4500 0.0439

−0.750 −0.0638 0.3145 0.0344 −0.750 −0.1998 0.5127 0.0529

−0.583 −0.3028 0.3920 0.0627 −0.583 0.1025 0.6277 0.0678

−0.417 0.5609 0.4929 0.1092 −0.417 0.1459 0.9866 0.1142

−0.250 −0.2880 0.6097 0.1054 −0.250 −1.4659 0.9590 0.2240

−0.083 0.6716 0.5298 0.1449 −0.083 0.3807 0.7621 0.1047

0.083 0.3880 0.6076 0.1159 0.083 −0.2604 0.8835 0.1154

0.250 0.3422 0.4066 0.0866 0.250 −0.4951 0.9994 0.1462

0.417 −0.3733 0.3582 0.0856 0.417 −0.4553 0.7462 0.1235

0.583 −0.1876 0.4654 0.0850 0.583 0.0867 1.0654 0.1921

0.750 0.9138 0.6396 0.2408 0.750 0.6751 0.9092 0.2591

0.917 7.6286 16.0313 0.0050

D.6.3 γp→ ηp

Eγ [MeV] cos (θ) Σbut ∆Σstat
but ∆Σsyst

but
Eγ [MeV] cos (θ) Σbut ∆Σstat

but ∆Σsyst
but

1515 −0.917 0.0338 0.0911 0.0134 1565 −0.917 0.0392 0.0634 0.0146

−0.750 −0.1185 0.1040 0.0155 −0.750 0.1180 0.0740 0.0147

−0.583 −0.1940 0.1120 0.0208 −0.583 0.2938 0.0656 0.0304

−0.417 0.2056 0.1100 0.0247 −0.417 0.2188 0.0599 0.0225

−0.250 0.2779 0.1120 0.0281 −0.250 0.1635 0.0595 0.0181

−0.083 0.1165 0.1249 0.0162 −0.083 0.2522 0.0610 0.0252

0.083 0.0672 0.1465 0.0362 0.083 0.3031 0.0683 0.0292

0.250 0.4121 0.2048 0.0686 0.250 0.0522 0.0881 0.0259

0.417 −0.0967 0.3030 0.0528 0.417 0.2410 0.1386 0.0610

0.583 0.3002 0.4504 0.0411 0.583 0.2307 0.2665 0.0280

0.750 0.0143 0.3656 0.0520 0.917 0.1738 0.3592 0.0306

0.917 0.0283 0.2262 0.0196
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) Σbut ∆Σstat
but ∆Σsyst

but
Eγ [MeV] cos (θ) Σbut ∆Σstat

but ∆Σsyst
but

1615 −0.917 0.0607 0.0636 0.0186 1665 −0.917 0.1100 0.0702 0.0107

−0.750 0.1401 0.0661 0.0212 −0.750 0.2187 0.0737 0.0165

−0.583 0.1590 0.0555 0.0175 −0.583 0.2749 0.0608 0.0194

−0.417 0.2675 0.0535 0.0260 −0.417 0.3879 0.0600 0.0244

−0.250 0.3153 0.0509 0.0301 −0.250 0.2953 0.0570 0.0198

−0.083 0.2048 0.0558 0.0238 −0.083 0.3264 0.0689 0.0234

0.083 0.3060 0.0612 0.0290 0.083 0.3671 0.0642 0.0321

0.250 0.2569 0.0640 0.0252 0.250 0.5453 0.0638 0.0433

0.417 0.2825 0.0782 0.0457 0.417 0.3751 0.0702 0.0238

0.583 0.1777 0.1331 0.0198 0.583 0.4303 0.0988 0.0632

0.917 −0.1219 0.4872 0.0365 0.750 −0.1950 0.2686 0.0184

0.917 −0.1371 0.3384 0.0196

1715 −0.917 −0.0840 0.1150 0.0507 1765 −0.917 0.3433 0.1961 0.0233

−0.750 −0.0625 0.0949 0.0149 −0.750 −0.3350 0.1842 0.0426

−0.583 0.0716 0.0744 0.0174 −0.583 0.0293 0.1207 0.0100

−0.417 0.0802 0.0684 0.0215 −0.417 0.2625 0.0986 0.0215

−0.250 0.2340 0.0722 0.0258 −0.250 0.4043 0.1301 0.0313

−0.083 0.4548 0.0702 0.0376 −0.083 0.5168 0.0802 0.0353

0.083 0.4652 0.0570 0.0283 0.083 0.5313 0.0817 0.0316

0.250 0.5281 0.0562 0.0342 0.250 0.6237 0.0739 0.0413

0.417 0.6230 0.0557 0.0362 0.417 0.7192 0.0776 0.0410

0.583 0.7450 0.0699 0.0698 0.583 0.7669 0.0899 0.0433

0.750 0.8604 0.1686 0.0480 0.750 0.3765 0.1889 0.0240

1840 −0.917 0.1734 0.4721 0.0355

−0.750 0.0754 0.3791 0.0292

−0.583 −0.0068 0.3044 0.0224

−0.417 0.1836 0.2328 0.0216

−0.250 0.1765 0.2795 0.0233

−0.083 0.6432 0.1796 0.0497

0.083 0.9039 0.1728 0.0695

0.250 0.8495 0.1703 0.0635

0.417 0.6844 0.1914 0.0521

0.583 0.4189 0.2049 0.0392

0.750 0.8549 0.2926 0.0639
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Appendix D. Results

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1515 −0.917 −0.0166 0.0608 0.0111 1565 −0.917 0.1105 0.0591 0.0200

−0.750 0.1246 0.0827 0.0200 −0.750 0.1821 0.0775 0.0261

−0.583 0.0651 0.0697 0.0105 −0.583 0.2069 0.0618 0.0259

−0.417 0.1967 0.0727 0.0242 −0.417 0.1437 0.0579 0.0192

−0.250 0.0085 0.0698 0.0095 −0.250 0.1430 0.0598 0.0198

−0.083 0.0755 0.0736 0.0103 −0.083 0.1877 0.0602 0.0227

0.083 0.1894 0.0846 0.0363 0.083 0.0592 0.0660 0.0113

0.250 0.1522 0.1164 0.0440 0.250 −0.0005 0.0809 0.0245

0.417 −0.0280 0.1684 0.0398 0.417 0.0224 0.1177 0.0471

0.583 0.0942 0.3002 0.0295 0.583 0.0189 0.2199 0.0150

0.750 0.2573 0.2884 0.0665 0.917 −0.5534 0.7071 0.1862

0.917 −0.2865 0.1893 0.0383

1615 −0.917 0.2149 0.0762 0.0321 1665 −0.917 0.2503 0.1271 0.0382

−0.750 0.2754 0.0913 0.0422 −0.750 0.5492 0.1430 0.0816

−0.583 0.2028 0.0775 0.0302 −0.583 0.3816 0.1078 0.0547

−0.417 0.2959 0.0799 0.0452 −0.417 0.5373 0.1308 0.0943

−0.250 0.3174 0.0711 0.0407 −0.250 0.3158 0.1062 0.0461

−0.083 0.1445 0.0825 0.0266 −0.083 0.7119 0.2618 0.2434

0.083 0.1888 0.0857 0.0268 0.083 0.2721 0.1141 0.0487

0.250 0.2859 0.0911 0.0388 0.250 0.4264 0.1222 0.0748

0.417 0.2345 0.1055 0.0468 0.417 0.2070 0.1502 0.0419

0.583 0.1426 0.2173 0.0325 0.583 0.2557 0.1700 0.0717

0.917 1.4861 1.5238 0.3382 0.750 −0.3250 1.3612 0.6516

0.917 −0.1814 1.0612 0.3534

1715 −0.917 0.3123 0.3663 0.1707 1765 −0.917 0.1161 0.2353 0.0247

−0.750 0.6093 0.1566 0.0630 −0.750 0.7844 0.3668 0.1561

−0.583 0.2377 0.1560 0.0501 −0.583 0.7340 0.2624 0.1386

−0.417 0.6056 0.1531 0.1140 −0.417 0.5138 0.1716 0.0767

−0.250 0.5943 0.1446 0.0921 −0.250 0.6555 0.1746 0.0805

−0.083 0.6225 0.1651 0.1155 −0.083 0.7542 0.1593 0.1071

0.083 0.3897 0.1076 0.0524 0.083 0.4727 0.1499 0.0720

0.250 0.5872 0.1267 0.0933 0.250 0.6237 0.1336 0.0861

0.417 0.5293 0.1234 0.0804 0.417 0.3018 0.1451 0.0502

0.583 0.3557 0.1444 0.0824 0.583 0.4405 0.1665 0.0726

0.750 0.4129 0.4907 0.1280 0.750 0.8336 0.3327 0.1142

360



D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1840 −0.917 0.7011 0.3688 0.1027 1950 −0.917 −0.3769 0.6237 0.1166

−0.750 0.3446 0.2391 0.0422 −0.750 −0.1953 0.3609 0.0330

−0.583 0.8284 0.3063 0.1665 −0.583 0.1616 0.2464 0.0442

−0.417 0.4992 0.1719 0.0657 −0.417 −0.0094 0.1994 0.0160

−0.250 0.6757 0.2922 0.1293 −0.250 0.0977 0.3304 0.0404

−0.083 0.1689 0.1328 0.0245 −0.083 0.1636 0.1640 0.0211

0.083 0.2863 0.1584 0.0532 0.083 0.2356 0.1895 0.0324

0.250 0.2428 0.1235 0.0376 0.250 −0.1299 0.2185 0.0374

0.417 0.3905 0.1358 0.0534 0.417 0.1593 0.1977 0.0312

0.583 0.1846 0.1321 0.0317 0.583 0.0826 0.0160 0.0129

0.750 0.2051 0.2170 0.0385 0.750 −0.0329 0.1955 0.0238

Eγ [MeV] cos (θ) P ∆P stat ∆P syst Eγ [MeV] cos (θ) P ∆P stat ∆P syst

1515 −0.917 0.2413 0.3217 0.0435 1565 −0.917 −0.0068 0.2386 0.0329

−0.750 −0.2396 0.4371 0.0497 −0.750 0.0570 0.3106 0.0360

−0.583 −0.1664 0.3766 0.0417 −0.583 −0.0505 0.2465 0.0322

−0.417 0.2295 0.3890 0.0478 −0.417 0.0689 0.2343 0.0301

−0.250 −0.3106 0.3628 0.0469 −0.250 −0.1805 0.2379 0.0363

−0.083 0.3872 0.3871 0.0499 −0.083 0.1881 0.2320 0.0346

0.083 −0.2741 0.4372 0.0651 0.083 0.6259 0.2528 0.0722

0.250 −0.3482 0.5969 0.0877 0.250 −0.4936 0.3120 0.0723

0.417 0.0181 0.8700 0.1045 0.417 0.6848 0.4311 0.1296

0.583 1.3537 1.5627 0.2107 0.583 −0.5237 0.7879 0.1353

0.750 2.9706 1.4463 0.4332 0.917 −2.0792 2.6104 0.0050

0.917 0.3082 0.9449 0.1173

1615 −0.917 0.3651 0.2388 0.0615 1665 −0.917 0.1259 0.3185 0.0435

−0.750 0.1039 0.2776 0.0432 −0.750 0.5910 0.3498 0.0905

−0.583 0.2015 0.2412 0.0426 −0.583 −0.0406 0.2687 0.0363

−0.417 −0.0020 0.2450 0.0343 −0.417 0.3214 0.3111 0.0577

−0.250 0.6526 0.2130 0.1024 −0.250 0.0708 0.2585 0.0360

−0.083 0.4950 0.2503 0.0793 −0.083 1.3873 0.6264 0.2109

0.083 0.6689 0.2628 0.0966 0.083 0.1437 0.2878 0.0514

0.250 0.4470 0.2767 0.0675 0.250 0.2955 0.3049 0.0673

0.417 0.3117 0.3080 0.0759 0.417 0.7964 0.3834 0.1399

0.583 0.2879 0.6029 0.0928 0.583 0.5993 0.4247 0.1916

0.917 −3.8491 5.7683 0.0050 0.750 8.5240 18.6010 0.0050

0.917 −3.6309 4.7261 0.0050

361



Appendix D. Results

Eγ [MeV] cos (θ) P ∆P stat ∆P syst Eγ [MeV] cos (θ) P ∆P stat ∆P syst

1715 −0.917 −0.7194 0.9276 0.1954 1765 −0.917 0.6654 0.7170 0.1461

−0.750 0.3059 0.3449 0.0698 −0.750 −1.0154 0.9471 0.2249

−0.583 −0.4644 0.3667 0.0922 −0.583 −0.4975 0.6863 0.1171

−0.417 0.3752 0.3444 0.0840 −0.417 0.8365 0.4611 0.1345

−0.250 0.2845 0.3300 0.0702 −0.250 −0.0599 0.5261 0.0694

−0.083 0.0978 0.3603 0.0617 −0.083 0.2307 0.3640 0.0568

0.083 0.4516 0.2530 0.0759 0.083 0.7311 0.4072 0.1102

0.250 0.0352 0.2753 0.0410 0.250 0.0674 0.3337 0.0507

0.417 0.3610 0.2737 0.0606 0.417 0.0244 0.3863 0.0531

0.583 0.1149 0.3430 0.0791 0.583 0.0800 0.4525 0.0637

0.750 0.7235 1.1721 0.2715 0.750 0.7048 0.8760 0.1568

Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst

1515 −0.917 −0.2562 0.3146 0.0440 1565 −0.917 −0.1176 0.2387 0.0357

−0.750 0.0237 0.4476 0.0450 −0.750 −0.3355 0.3074 0.0516

−0.583 0.7009 0.3617 0.0839 −0.583 0.2853 0.2453 0.0466

−0.417 0.1626 0.3901 0.0451 −0.417 −0.0223 0.2273 0.0285

−0.250 −0.3707 0.3695 0.0514 −0.250 0.0159 0.2353 0.0294

−0.083 −0.4573 0.3866 0.0550 −0.083 0.1184 0.2356 0.0307

0.083 0.3533 0.4484 0.0696 0.083 0.0911 0.2458 0.0275

0.250 −0.7736 0.6331 0.1148 0.250 0.2226 0.3094 0.0514

0.417 −0.9436 0.9602 0.1476 0.417 −1.0476 0.3975 0.1726

0.583 −1.7617 1.5182 0.2421 0.583 0.2148 0.8252 0.1213

0.750 −1.3199 1.5008 0.2494 0.917 0.4668 1.9515 0.4234

0.917 1.7025 0.9137 0.2491

1615 −0.917 −0.2161 0.2322 0.0463 1665 −0.917 −0.0659 0.3204 0.0417

−0.750 0.2012 0.2723 0.0484 −0.750 −0.6635 0.3544 0.1001

−0.583 −0.3540 0.2442 0.0594 −0.583 −0.2134 0.2660 0.0448

−0.417 −0.3245 0.2416 0.0567 −0.417 −0.3673 0.3162 0.0628

−0.250 −0.2704 0.2138 0.0487 −0.250 −0.4018 0.2624 0.0653

−0.083 −0.1458 0.2520 0.0412 −0.083 0.0181 0.5662 0.0732

0.083 −0.2148 0.2528 0.0420 0.083 −0.2507 0.2825 0.0588

0.250 −0.3371 0.2691 0.0545 0.250 −0.1128 0.2905 0.0526

0.417 −0.1106 0.2930 0.0598 0.417 −0.5418 0.3638 0.0998

0.583 −1.1588 0.5956 0.1972 0.583 0.1029 0.4004 0.1203

0.917 1.8292 2.8219 0.0050 0.750 1.2743 3.7051 0.0050

0.917 6.0320 12.2189 0.0050
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst

1715 −0.917 0.5499 0.8837 0.1772 1765 −0.917 −0.4743 0.7029 0.1254

−0.750 0.7948 0.3541 0.1363 −0.750 0.1049 1.0184 0.1668

−0.583 −0.9741 0.3811 0.1673 −0.583 −1.0006 0.6452 0.1742

−0.417 −0.3230 0.3277 0.0770 −0.417 0.4533 0.4268 0.0851

−0.250 −0.1308 0.3200 0.0577 −0.250 0.9021 0.5167 0.1379

−0.083 0.3083 0.3619 0.0757 −0.083 −0.1781 0.3527 0.0526

0.083 −0.1571 0.2504 0.0417 0.083 −0.0640 0.3608 0.0464

0.250 0.1185 0.2689 0.0431 0.250 −0.1652 0.3311 0.0544

0.417 0.2380 0.2674 0.0473 0.417 −0.4765 0.4085 0.0868

0.583 0.1932 0.3312 0.0822 0.583 −1.0644 0.4618 0.1760

0.750 −0.4461 1.0468 0.2239 0.750 1.2293 0.8886 0.2204

D.6.4 γn→ ηn

Eγ [MeV] cos (θ) Σbut ∆Σstat
but ∆Σsyst

but
Eγ [MeV] cos (θ) Σbut ∆Σstat

but ∆Σsyst
but

1515 −0.917 0.0992 0.2115 0.0200 1565 −0.917 −0.1302 0.1419 0.0176

−0.750 0.3512 0.1976 0.0336 −0.750 0.2209 0.1061 0.0228

−0.583 0.2814 0.1704 0.0281 −0.583 0.2019 0.1180 0.0215

−0.417 −0.1009 0.1780 0.0181 −0.417 0.2053 0.1355 0.0220

−0.250 0.2234 0.2022 0.0251 −0.250 0.2322 0.1435 0.0241

−0.083 0.6657 0.2214 0.0583 −0.083 0.3193 0.1488 0.0307

0.083 −0.1186 0.2483 0.0226 0.083 0.4383 0.1724 0.0401

0.250 0.2025 0.2552 0.0262 0.250 −0.1747 0.1809 0.0216

0.417 0.0552 0.2937 0.0241 0.417 0.3008 0.1953 0.0299

0.583 0.1018 0.3630 0.0291 0.583 0.2213 0.2335 0.0261

0.750 0.0173 0.3765 0.0291 0.750 −0.1555 0.3084 0.0271

0.917 −0.1765 0.4381 0.0352
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Appendix D. Results

Eγ [MeV] cos (θ) Σbut ∆Σstat
but ∆Σsyst

but
Eγ [MeV] cos (θ) Σbut ∆Σstat

but ∆Σsyst
but

1615 −0.917 −0.2252 0.1323 0.0258 1665 −0.917 0.1177 0.1044 0.0116

−0.750 0.2618 0.0925 0.0258 −0.750 −0.0623 0.0852 0.0093

−0.583 0.2994 0.1162 0.0288 −0.583 0.2319 0.0887 0.0166

−0.417 0.1554 0.1248 0.0184 −0.417 0.1400 0.0911 0.0122

−0.250 0.2459 0.1219 0.0247 −0.250 0.2364 0.0930 0.0168

−0.083 0.1546 0.1412 0.0188 −0.083 0.5175 0.0965 0.0309

0.083 0.2488 0.1493 0.0252 0.083 0.2429 0.0956 0.0172

0.250 0.2370 0.1431 0.0243 0.250 0.3865 0.0938 0.0243

0.417 0.1072 0.1610 0.0174 0.417 0.5243 0.0964 0.0312

0.583 0.1564 0.1909 0.0210 0.583 0.5845 0.1182 0.0342

0.750 0.5910 0.2717 0.0522 0.750 0.6203 0.1704 0.0360

0.917 0.1737 0.3687 0.0309

1715 −0.917 0.2309 0.1291 0.0167 1765 −0.917 −0.1747 0.2250 0.0166

−0.750 0.0688 0.1065 0.0101 −0.750 0.3350 0.2077 0.0222

−0.583 0.0532 0.1122 0.0106 −0.583 0.4120 0.1826 0.0257

−0.417 0.3842 0.0990 0.0242 −0.417 0.1852 0.1674 0.0154

−0.250 0.4385 0.1065 0.0269 −0.250 0.2140 0.1856 0.0168

−0.083 0.7258 0.1053 0.0413 −0.083 0.7011 0.1353 0.0401

0.083 0.5705 0.0900 0.0335 0.083 0.6970 0.1257 0.0399

0.250 0.6345 0.0891 0.0367 0.250 0.6576 0.1161 0.0394

0.417 0.6678 0.0922 0.0384 0.417 0.6901 0.1331 0.0399

0.583 0.6018 0.1122 0.0351 0.583 0.7277 0.1472 0.0414

0.750 0.6152 0.1851 0.0358

1840 −0.917 −0.1664 0.4996 0.0338

−0.750 0.2457 0.4434 0.0328

−0.583 0.7475 0.3663 0.0567

−0.417 0.9120 0.3276 0.0675

−0.250 0.9972 0.3473 0.0732

−0.083 0.3121 0.3096 0.0298

0.083 0.6607 0.2696 0.0503

0.250 0.4333 0.2658 0.0354

0.417 0.7363 0.2653 0.0554

0.583 0.5679 0.3043 0.0443

0.750 0.3500 0.5682 0.0417
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1515 −0.917 0.1077 0.1238 0.0124 1565 −0.917 0.1331 0.1214 0.0161

−0.750 0.2441 0.1430 0.0263 −0.750 0.1128 0.1031 0.0177

−0.583 0.1467 0.1082 0.0155 −0.583 −0.0150 0.1134 0.0143

−0.417 0.0202 0.1023 0.0094 −0.417 −0.1194 0.1343 0.0198

−0.250 0.1357 0.1534 0.0218 −0.250 0.1246 0.1457 0.0225

−0.083 0.1537 0.1680 0.0236 −0.083 −0.0609 0.1471 0.0163

0.083 0.0540 0.1837 0.0207 0.083 0.1059 0.1429 0.0148

0.250 −0.2622 0.1748 0.0268 0.250 −0.3948 0.1873 0.0452

0.417 −0.2523 0.1756 0.0211 0.417 −0.1748 0.1720 0.0196

0.583 0.1595 0.2860 0.0322 0.583 −0.2175 0.2009 0.0205

0.750 −0.4866 0.3121 0.0439 0.750 0.1234 0.3502 0.0419

0.917 −0.3328 0.2714 0.0233

1615 −0.917 0.4095 0.1428 0.0394 1665 −0.917 0.2942 0.1684 0.0371

−0.750 0.5961 0.1499 0.0867 −0.750 0.1740 0.1676 0.0375

−0.583 0.2432 0.1624 0.0345 −0.583 0.2968 0.1479 0.0393

−0.417 −0.0618 0.1959 0.0305 −0.417 0.2999 0.1657 0.0481

−0.250 0.0207 0.1620 0.0191 −0.250 −0.0536 0.1954 0.0317

−0.083 0.5366 0.2878 0.1172 −0.083 −0.0077 0.2902 0.0735

0.083 −0.4098 0.2772 0.0825 0.083 −0.3312 0.1534 0.0406

0.250 −0.2852 0.1975 0.0414 0.250 −0.3408 0.1752 0.0508

0.417 −0.2278 0.2392 0.0414 0.417 −0.5682 0.2485 0.1219

0.583 −0.8506 0.3362 0.1200 0.583 −0.2069 0.1981 0.0315

0.750 −0.1390 0.5622 0.1211 0.750 −0.4904 0.2384 0.0415

0.917 −0.4844 0.6558 0.1069

1715 −0.917 0.4253 0.3031 0.0794 1765 −0.917 −0.1638 0.2325 0.0173

−0.750 0.1795 0.2132 0.0394 −0.750 0.3850 0.3521 0.0777

−0.583 0.0727 0.2307 0.0390 −0.583 −0.3458 0.2767 0.0513

−0.417 −0.4269 0.1950 0.0607 −0.417 −0.0202 0.2872 0.0348

−0.250 −0.0696 0.2335 0.0391 −0.250 −0.0761 0.2298 0.0191

−0.083 −0.2600 0.2622 0.0619 −0.083 −0.4262 0.2829 0.0735

0.083 −0.0049 0.2664 0.0605 0.083 0.1093 0.1423 0.0172

0.250 −0.2457 0.3798 0.1557 0.250 −0.2135 0.2363 0.0522

0.417 0.0216 0.2077 0.0332 0.417 0.0221 0.2034 0.0223

0.583 −0.4606 0.2577 0.0776 0.583 −0.3811 0.3608 0.0933

0.750 −0.4073 0.3332 0.0519
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Appendix D. Results

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1840 −0.917 0.0433 0.2720 0.0215 1950 −0.917 −0.2454 0.9647 0.2448

−0.750 0.1686 0.3445 0.0491 −0.750 0.2430 0.2115 0.2743

−0.583 −0.1680 0.2426 0.0230 −0.583 −1.0122 0.4933 0.0782

−0.417 −0.7350 0.4894 0.1971 −0.417 0.3553 0.5777 0.0921

−0.250 0.3403 0.2788 0.0467 −0.250 −0.5869 0.2863 0.0849

−0.083 −0.4480 0.1920 0.0361 −0.083 −0.3857 0.1489 0.0784

0.083 −0.0795 0.1824 0.0188 0.083 −0.3496 0.3491 0.0494

0.250 0.0109 0.1439 0.0110 0.250 0.2349 0.2861 0.0353

0.417 −0.5755 0.3334 0.1225 0.417 −0.1271 0.2116 0.0203

0.583 0.5729 0.3549 0.1233 0.583 0.0939 0.5323 0.1718

0.750 0.6323 0.4913 0.1314
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D.6. Data tables (Oct2018 data)

Eγ [MeV] cos (θ) P ∆P stat ∆P syst Eγ [MeV] cos (θ) P ∆P stat ∆P syst

1515 −0.917 −0.5256 0.6277 0.0748 1565 −0.917 −0.6517 0.4843 0.0917

−0.750 0.3547 0.7174 0.0721 −0.750 −0.3245 0.4176 0.0595

−0.583 0.1304 0.5619 0.0538 −0.583 0.2124 0.4593 0.0568

−0.417 −0.0150 0.5305 0.0527 −0.417 −0.3673 0.5261 0.0712

−0.250 −1.4231 0.7939 0.1823 −0.250 0.0689 0.5875 0.0644

−0.083 −0.1291 0.8432 0.0919 −0.083 0.1059 0.5623 0.0599

0.083 0.8471 0.9612 0.1344 0.083 0.2998 0.5644 0.0603

0.250 0.7218 0.8771 0.1115 0.250 1.0875 0.7171 0.1098

0.417 −0.1620 0.9063 0.0862 0.417 −0.0912 0.6509 0.0519

0.583 0.3222 1.3695 0.1288 0.583 0.3235 0.7523 0.0749

0.750 0.9400 1.3072 0.1495 0.750 0.7544 1.3136 0.1864

0.917 −0.8715 1.2536 0.1422

1615 −0.917 −0.1239 0.4525 0.0492 1665 −0.917 −0.1970 0.4264 0.0495

−0.750 0.6538 0.4313 0.0948 −0.750 0.2470 0.4369 0.0577

−0.583 0.2541 0.4877 0.0718 −0.583 −0.4789 0.3743 0.0783

−0.417 0.6915 0.6284 0.1380 −0.417 −0.7190 0.4344 0.1149

−0.250 −0.8342 0.5038 0.1649 −0.250 −0.9165 0.5059 0.1451

−0.083 0.0163 0.8086 0.1290 −0.083 −1.3712 0.8225 0.2139

0.083 −0.2915 0.8021 0.1302 0.083 −0.5330 0.3852 0.0869

0.250 −1.1893 0.6291 0.2068 0.250 −0.7040 0.4348 0.1076

0.417 0.9686 0.7424 0.1678 0.417 −0.3672 0.5815 0.0795

0.583 0.0377 0.8733 0.1157 0.583 0.1720 0.4990 0.0574

0.750 1.3462 1.8485 0.3139 0.750 0.2047 0.5821 0.0630

0.917 −1.5490 1.8710 0.3483

1715 −0.917 −0.7897 0.6897 0.1572 1765 −0.917 0.9245 0.6738 0.1198

−0.750 −0.0365 0.5126 0.0759 −0.750 −1.7663 1.1413 0.2372

−0.583 −0.1095 0.5779 0.0867 −0.583 −0.1058 0.7800 0.0889

−0.417 0.9708 0.4649 0.1763 −0.417 −0.3629 0.7470 0.0954

−0.250 0.1512 0.5772 0.0923 −0.250 −0.1390 0.6300 0.0777

−0.083 −0.7923 0.6351 0.1702 −0.083 −0.8000 0.7254 0.1151

0.083 −0.6384 0.6569 0.1529 0.083 0.0527 0.4743 0.0306

0.250 −0.3842 0.8946 0.1526 0.250 −0.2312 0.6303 0.0359

0.417 0.2477 0.5068 0.0847 0.417 0.1302 0.5485 0.0757

0.583 0.2083 0.5656 0.0843 0.583 0.0388 0.8872 0.2931

0.750 0.2119 0.7993 0.1103
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Appendix D. Results

Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst Eγ [MeV] cos (θ) H ∆Hstat ∆Hsyst

1515 −0.917 −0.7525 0.6548 0.0923 1565 −0.917 0.5877 0.4853 0.0854

−0.750 −0.3743 0.7092 0.0723 −0.750 0.7964 0.4365 0.1077

−0.583 −0.6716 0.5325 0.0818 −0.583 −0.0208 0.4509 0.0511

−0.417 −1.0058 0.5505 0.1199 −0.417 0.0765 0.5352 0.0601

−0.250 −0.1864 0.7847 0.0839 −0.250 −0.9919 0.5961 0.1327

−0.083 0.3655 0.9079 0.1049 −0.083 0.2933 0.5290 0.0634

0.083 −0.9142 0.9765 0.1407 0.083 −0.3600 0.5484 0.0621

0.250 −0.4322 0.8932 0.0965 0.250 −0.6986 0.6797 0.0799

0.417 −0.5224 0.9555 0.1015 0.417 0.2180 0.6540 0.0542

0.583 −0.3124 1.4660 0.1369 0.583 0.1823 0.6734 0.0644

0.750 −0.5511 1.1552 0.1187 0.750 −1.9809 1.3202 0.3119

0.917 −0.2056 1.1272 0.1068

1615 −0.917 0.1014 0.4416 0.0478 1665 −0.917 0.1049 0.4257 0.0464

−0.750 0.3800 0.4562 0.0690 −0.750 −0.6660 0.4433 0.0954

−0.583 0.1203 0.5268 0.0704 −0.583 0.0193 0.3741 0.0476

−0.417 0.6442 0.6168 0.1313 −0.417 0.1340 0.4277 0.0584

−0.250 −0.6644 0.4904 0.1367 −0.250 0.9003 0.4936 0.1425

−0.083 0.2609 0.8180 0.1368 −0.083 0.3595 0.7855 0.1079

0.083 0.5252 0.8385 0.1512 0.083 0.0988 0.3900 0.0518

0.250 −0.6922 0.6512 0.1372 0.250 0.4739 0.4317 0.0806

0.417 0.7659 0.6510 0.1375 0.417 −0.6622 0.5856 0.1043

0.583 0.0229 0.8502 0.1128 0.583 −0.1925 0.5044 0.0586

0.750 4.0103 2.3884 0.0050 0.750 0.2719 0.5823 0.0655

0.917 1.6570 1.8296 0.3559

1715 −0.917 0.1052 0.6508 0.0964 1765 −0.917 −0.1315 0.6533 0.0675

−0.750 −0.1942 0.5318 0.0832 −0.750 −0.5974 1.0084 0.1248

−0.583 2.1461 0.7092 0.3761 −0.583 −0.6155 0.8025 0.1145

−0.417 0.5664 0.4477 0.1120 −0.417 −0.2108 0.6615 0.0803

−0.250 −0.1866 0.5870 0.0951 −0.250 0.3669 0.5893 0.0838

−0.083 −0.4930 0.5852 0.1252 −0.083 −0.6661 0.6641 0.1000

0.083 0.4466 0.6459 0.1294 0.083 1.3802 0.4881 0.0977

0.250 0.7808 0.9564 0.1954 0.250 −0.3327 0.6471 0.0385

0.417 −0.0491 0.5029 0.0761 0.417 0.3954 0.5357 0.0897

0.583 0.3398 0.5746 0.0933 0.583 1.8468 1.0713 0.7710

0.750 −0.0714 0.6622 0.0898
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D.7. Data tables (T in merged full data)

D.7 Data tables (T in merged full data)

D.7.1 γp→ π0p

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1470 −0.917 −0.3458 0.0595 0.0374 1515 −0.917 −0.0377 0.0339 0.0081

−0.750 −0.5007 0.0368 0.0497 −0.750 −0.1305 0.0217 0.0149

−0.583 −0.5994 0.0278 0.0585 −0.583 −0.2710 0.0192 0.0298

−0.417 −0.7051 0.0338 0.0913 −0.417 −0.3218 0.0223 0.0401

−0.250 −0.6737 0.0241 0.0703 −0.250 −0.3660 0.0157 0.0388

−0.083 −0.6430 0.0233 0.0759 −0.083 −0.4033 0.0157 0.0453

0.083 −0.6814 0.0239 0.0836 0.083 −0.4102 0.0168 0.0540

0.250 −0.5797 0.0245 0.0676 0.250 −0.3582 0.0175 0.0448

0.417 −0.5308 0.0312 0.0696 0.417 −0.2584 0.0199 0.0322

0.583 −0.5385 0.1085 0.1191 0.583 −0.1020 0.0352 0.0161

1565 −0.917 0.1789 0.0298 0.0167 1615 −0.917 0.2488 0.0300 0.0219

−0.750 0.1305 0.0215 0.0158 −0.750 0.1145 0.0198 0.0137

−0.583 0.0547 0.0190 0.0096 −0.583 0.0591 0.0205 0.0108

−0.417 0.0136 0.0248 0.0077 −0.417 −0.0009 0.0254 0.0073

−0.250 −0.1150 0.0177 0.0155 −0.250 −0.0548 0.0206 0.0103

−0.083 −0.1791 0.0182 0.0245 −0.083 −0.1819 0.0234 0.0280

0.083 −0.2063 0.0196 0.0297 0.083 −0.2291 0.0258 0.0359

0.250 −0.1685 0.0212 0.0262 0.250 −0.2981 0.0298 0.0438

0.417 −0.0890 0.0246 0.0159 0.417 −0.2232 0.0330 0.0335

0.583 0.1216 0.0375 0.0183 0.583 −0.1157 0.0426 0.0288

0.750 0.1326 0.2047 0.0476 0.750 −0.0065 0.0960 0.0137

1665 −0.917 0.3568 0.0293 0.0312 1715 −0.917 0.3998 0.0378 0.0418

−0.750 0.0432 0.0185 0.0087 −0.750 0.0877 0.0253 0.0134

−0.583 −0.0005 0.0203 0.0069 −0.583 −0.0409 0.0276 0.0104

−0.417 −0.0828 0.0283 0.0167 −0.417 0.0048 0.0406 0.0106

−0.250 −0.0696 0.0221 0.0125 −0.250 −0.0295 0.0318 0.0101

−0.083 −0.1316 0.0264 0.0249 −0.083 −0.2418 0.0385 0.0537

0.083 −0.3158 0.0274 0.0511 0.083 −0.2525 0.0391 0.0575

0.250 −0.3970 0.0284 0.0623 0.250 −0.2128 0.0336 0.0475

0.417 −0.2366 0.0270 0.0364 0.417 0.0584 0.0316 0.0147

0.583 0.0074 0.0296 0.0080 0.583 0.2698 0.0367 0.0476

0.750 0.1463 0.0528 0.0204 0.750 0.2749 0.0583 0.0511
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Appendix D. Results

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1765 −0.917 0.2652 0.0523 0.0344 1840 −0.917 0.1912 0.0367 0.0210

−0.750 −0.0042 0.0409 0.0083 −0.750 0.0287 0.0357 0.0081

−0.583 −0.0571 0.0479 0.0129 −0.583 −0.0185 0.0439 0.0093

−0.417 0.0192 0.0652 0.0132 −0.417 0.1525 0.0524 0.0194

−0.250 −0.0280 0.0497 0.0114 −0.250 0.0109 0.0465 0.0090

−0.083 −0.3165 0.0609 0.0703 −0.083 −0.2526 0.0481 0.0397

0.083 −0.4862 0.0583 0.1017 0.083 −0.4830 0.0465 0.0643

0.250 −0.2697 0.0506 0.0544 0.250 −0.5644 0.0576 0.1021

0.417 0.1680 0.0538 0.0367 0.417 0.1302 0.0421 0.0216

0.583 0.5259 0.0701 0.1070 0.583 0.6890 0.0714 0.0755

0.750 0.5755 0.0913 0.1295 0.750 0.2986 0.0554 0.0838

0.917 −0.1578 0.4005 0.0609

1950 −0.917 0.2279 0.0454 0.0225 2145 −0.917 0.1875 0.0886 0.0262

−0.750 −0.0666 0.0444 0.0114 −0.750 −0.2867 0.0335 0.0457

−0.583 −0.0090 0.0598 0.0108 −0.583 −0.2578 0.0639 0.0348

−0.417 0.3518 0.0599 0.0574 −0.417 0.3413 0.0715 0.0503

−0.250 0.3133 0.0565 0.0402 −0.250 0.2600 0.0745 0.0362

−0.083 −0.0197 0.0451 0.0107 −0.083 0.0810 0.0510 0.0150

0.083 −0.3372 0.0482 0.0515 0.083 −0.1442 0.0613 0.0220

0.250 −0.3183 0.0696 0.0515 0.250 −0.1086 0.0814 0.0294

0.417 0.0752 0.1264 0.0245 0.417 0.0952 0.1338 0.0611

0.583 0.2353 0.0926 0.0301 0.583 −0.3668 0.1196 0.0774

0.750 −0.1194 0.0550 0.0308 0.750 −0.4759 0.0499 0.0775

0.917 −0.0442 0.0532 0.0320 0.917 −0.2006 0.0986 0.0411

2435 −0.917 0.1196 0.1363 0.0240

−0.750 −0.0777 0.3671 0.0595

−0.583 −1.1672 0.3815 0.5209

−0.417 −0.4816 0.2533 0.0937

−0.250 0.7339 0.9297 0.8646

−0.083 −0.7121 0.2537 0.0981

0.083 −0.2569 0.2865 0.0744

0.250 0.4702 0.2329 0.0756

0.417 0.1018 0.2791 0.0453

0.583 0.0453 0.1556 0.0350

0.750 0.0090 0.1163 0.0172

0.917 −0.4881 0.2012 0.1492
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D.7. Data tables (T in merged full data)

D.7.2 γn→ π0n

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1470 −0.917 −0.4785 0.0690 0.0386 1515 −0.917 −0.0314 0.0436 0.0075

−0.750 −0.6121 0.0579 0.0598 −0.750 −0.2501 0.0427 0.0266

−0.583 −0.5840 0.0506 0.0586 −0.583 −0.3698 0.0392 0.0394

−0.417 −0.6691 0.0591 0.0849 −0.417 −0.4826 0.0467 0.0614

−0.250 −0.5976 0.0460 0.0750 −0.250 −0.4185 0.0369 0.0492

−0.083 −0.6025 0.0441 0.0708 −0.083 −0.4566 0.0339 0.0554

0.083 −0.6317 0.0506 0.0918 0.083 −0.4184 0.0355 0.0495

0.250 −0.5952 0.0605 0.0830 0.250 −0.3497 0.0369 0.0440

0.417 −0.5013 0.0668 0.0766 0.417 −0.1437 0.0456 0.0221

0.583 −0.4115 0.1020 0.0611 0.583 −0.0666 0.0591 0.0126

0.750 0.5766 0.2045 0.0616 0.750 0.0959 0.1090 0.0213

1565 −0.917 0.1276 0.0534 0.0134 1615 −0.917 0.1846 0.0602 0.0177

−0.750 0.0732 0.0511 0.0122 −0.750 −0.0708 0.0683 0.0133

−0.583 −0.0416 0.0453 0.0093 −0.583 0.0699 0.0584 0.0128

−0.417 −0.0142 0.0520 0.0103 −0.417 0.1337 0.0608 0.0217

−0.250 −0.0941 0.0379 0.0136 −0.250 0.2212 0.0499 0.0303

−0.083 −0.1514 0.0397 0.0230 −0.083 0.1681 0.0473 0.0251

0.083 −0.0968 0.0411 0.0172 0.083 0.1430 0.0535 0.0251

0.250 0.0037 0.0422 0.0086 0.250 0.1990 0.0559 0.0277

0.417 0.2172 0.0509 0.0284 0.417 0.3023 0.0718 0.0508

0.583 0.2123 0.0705 0.0304 0.583 0.3543 0.0669 0.0335

0.750 0.3534 0.1219 0.0643 0.750 0.2573 0.1011 0.0293

0.917 −0.1046 0.3263 0.0353 0.917 0.5541 0.2243 0.0330
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Appendix D. Results

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1665 −0.917 0.1095 0.0595 0.0132 1715 −0.917 0.1811 0.0668 0.0224

−0.750 −0.1607 0.0799 0.0334 −0.750 −0.2086 0.0800 0.0383

−0.583 −0.1202 0.0648 0.0199 −0.583 −0.0007 0.0866 0.0168

−0.417 0.1485 0.0732 0.0245 −0.417 0.1706 0.1070 0.0395

−0.250 0.3278 0.0601 0.0442 −0.250 0.5703 0.1026 0.1304

−0.083 0.3816 0.0635 0.0652 −0.083 0.5731 0.1259 0.1430

0.083 0.3549 0.0763 0.0616 0.083 0.0850 0.1150 0.0419

0.250 0.3871 0.0768 0.0727 0.250 0.2466 0.0912 0.0440

0.417 0.3563 0.0649 0.0497 0.417 0.5326 0.0865 0.0977

0.583 0.4232 0.0646 0.0509 0.583 0.3730 0.0758 0.0723

0.750 0.5059 0.0769 0.0577 0.750 0.4822 0.1040 0.1082

0.917 −0.0463 0.1667 0.0236 0.917 0.6524 0.3022 0.1110

1765 −0.917 0.3067 0.0748 0.0281 1840 −0.917 0.1737 0.0550 0.0165

−0.750 −0.2266 0.0736 0.0263 −0.750 −0.0312 0.0565 0.0099

−0.583 0.0421 0.1003 0.0179 −0.583 −0.0109 0.0761 0.0109

−0.417 0.2594 0.1157 0.0448 −0.417 0.5137 0.1117 0.0710

−0.250 0.3176 0.1605 0.0876 −0.250 0.5294 0.1292 0.0970

−0.083 0.4569 0.1436 0.0910 −0.083 0.2071 0.1073 0.0317

0.083 0.1276 0.1441 0.0419 0.083 −0.0445 0.1014 0.0178

0.250 0.2651 0.1008 0.0405 0.250 −0.0036 0.1352 0.0268

0.417 0.5064 0.1075 0.0824 0.417 0.6987 0.1266 0.1038

0.583 0.6972 0.1439 0.1417 0.583 0.7122 0.1457 0.1584

0.750 0.6725 0.1898 0.1681 0.750 0.4040 0.1086 0.0558

0.917 0.6390 0.2917 0.3268

1950 −0.917 0.2561 0.0682 0.0249 2145 −0.917 −0.1818 0.1477 0.0221

−0.750 −0.1574 0.0665 0.0222 −0.750 −0.1449 0.1125 0.0461

−0.583 −0.1067 0.0979 0.0227 −0.583 −0.1259 0.1826 0.0356

−0.417 0.6462 0.1133 0.0946 −0.417 0.7411 0.1817 0.0802

−0.250 0.6702 0.1401 0.1021 −0.250 0.3602 0.1217 0.0349

−0.083 0.1402 0.0896 0.0201 −0.083 0.2054 0.1311 0.0310

0.083 −0.2599 0.1136 0.0617 0.083 −0.1199 0.1290 0.0253

0.250 0.0747 0.1445 0.0269 0.250 0.0141 0.1647 0.0213

0.417 0.3412 0.2287 0.0802 0.417 0.6502 0.2547 0.0791

0.583 0.6413 0.1907 0.1717 0.583 0.0710 0.2145 0.0519

0.750 0.3007 0.1068 0.0579 0.750 −0.0356 0.1066 0.0229

0.917 0.4682 0.2715 0.1383 0.917 −0.0074 0.1942 0.0475
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D.7. Data tables (T in merged full data)

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

2435 −0.917 −0.1280 0.2267 0.0284

−0.750 −0.3953 0.6199 0.1534

−0.083 0.0218 0.2661 0.0184

0.250 0.5790 0.3976 0.0690

0.750 0.3968 0.0955 0.0820

0.917 0.3036 0.1349 0.0380

D.7.3 γp→ ηp

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1515 −0.917 −0.0241 0.0438 0.0099 1565 −0.917 0.0047 0.0423 0.0123

−0.750 0.0436 0.0529 0.0115 −0.750 0.2083 0.0567 0.0291

−0.583 0.1029 0.0508 0.0123 −0.583 0.2153 0.0457 0.0261

−0.417 0.1667 0.0505 0.0215 −0.417 0.1479 0.0409 0.0196

−0.250 0.1016 0.0454 0.0124 −0.250 0.1572 0.0428 0.0212

−0.083 0.1137 0.0508 0.0119 −0.083 0.1615 0.0416 0.0202

0.083 0.1264 0.0582 0.0335 0.083 0.0925 0.0437 0.0130

0.250 0.1012 0.0886 0.0429 0.250 0.0943 0.0587 0.0266

0.417 −0.0028 0.1067 0.0353 0.417 0.1204 0.0897 0.0533

0.583 0.0834 0.2211 0.0226 0.583 0.4641 0.1915 0.0314

0.750 −0.1464 0.2219 0.0526 0.917 0.2311 0.3401 0.0875

0.917 −0.2011 0.1158 0.0279

1615 −0.917 0.1890 0.0564 0.0277 1665 −0.917 0.2389 0.0875 0.0364

−0.750 0.2965 0.0621 0.0448 −0.750 0.5204 0.1024 0.0773

−0.583 0.2537 0.0554 0.0365 −0.583 0.4137 0.0759 0.0599

−0.417 0.1562 0.0535 0.0262 −0.417 0.4806 0.0955 0.0849

−0.250 0.3111 0.0543 0.0397 −0.250 0.4732 0.0839 0.0665

−0.083 0.2418 0.0581 0.0371 −0.083 0.7138 0.1727 0.2433

0.083 0.3316 0.0652 0.0432 0.083 0.3631 0.0783 0.0578

0.250 0.3384 0.0666 0.0450 0.250 0.5115 0.0965 0.0858

0.417 0.2511 0.0761 0.0475 0.417 0.2433 0.0941 0.0462

0.583 −0.0361 0.1529 0.0214 0.583 0.4109 0.1243 0.0874

0.917 0.8059 0.7061 0.1752 0.750 0.1348 0.2973 0.1562

0.917 0.3361 1.6015 0.5347
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Appendix D. Results

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1715 −0.917 0.2309 0.1777 0.1164 1765 −0.917 0.4813 0.2090 0.0493

−0.750 0.5371 0.1202 0.0575 −0.750 0.3667 0.1928 0.0856

−0.583 0.4864 0.1197 0.0857 −0.583 0.6127 0.1660 0.1165

−0.417 0.5547 0.1067 0.1053 −0.417 0.6988 0.1395 0.1052

−0.250 0.5350 0.0971 0.0825 −0.250 0.4932 0.1161 0.0625

−0.083 0.6815 0.1186 0.1240 −0.083 0.5945 0.1017 0.0852

0.083 0.4048 0.0737 0.0543 0.083 0.5646 0.1038 0.0850

0.250 0.4742 0.0812 0.0765 0.250 0.5434 0.0982 0.0761

0.417 0.4555 0.0814 0.0699 0.417 0.3313 0.1062 0.0543

0.583 0.3578 0.0882 0.0814 0.583 0.4917 0.1047 0.0804

0.750 0.2130 0.3435 0.0815 0.750 0.4202 0.1693 0.0600

1840 −0.917 0.6783 0.3030 0.1007 1950 −0.917 −0.5568 0.3797 0.1152

−0.750 0.4396 0.1858 0.0492 −0.750 −0.1854 0.2952 0.0288

−0.583 0.5700 0.1846 0.1162 −0.583 0.2219 0.1722 0.0428

−0.417 0.5189 0.1267 0.0681 −0.417 −0.0080 0.1377 0.0126

−0.250 0.5163 0.1934 0.0997 −0.250 0.2680 0.2455 0.0425

−0.083 0.4440 0.1029 0.0519 −0.083 0.3169 0.1224 0.0306

0.083 0.2871 0.1016 0.0509 0.083 0.2140 0.1342 0.0286

0.250 0.2664 0.0894 0.0405 0.250 0.0991 0.1496 0.0279

0.417 0.3170 0.0947 0.0443 0.417 0.1429 0.1483 0.0265

0.583 0.2941 0.0937 0.0421 0.583 0.1656 0.1368 0.0222

0.750 0.1822 0.1520 0.0322 0.750 0.1972 0.1445 0.0297
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D.7. Data tables (T in merged full data)

D.7.4 γn→ ηn

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1515 −0.917 0.0318 0.0904 0.0092 1565 −0.917 0.1545 0.0881 0.0167

−0.750 0.1408 0.0963 0.0176 −0.750 0.1154 0.0695 0.0168

−0.583 0.1832 0.0776 0.0174 −0.583 0.0614 0.0833 0.0135

−0.417 0.1044 0.0778 0.0109 −0.417 0.0313 0.0973 0.0132

−0.250 −0.0183 0.0933 0.0126 −0.250 −0.0297 0.1020 0.0145

−0.083 0.0214 0.1074 0.0137 −0.083 −0.1406 0.1022 0.0182

0.083 −0.0825 0.1273 0.0175 0.083 −0.0401 0.1168 0.0117

0.250 −0.1698 0.1264 0.0200 0.250 −0.3140 0.1354 0.0369

0.417 −0.0440 0.1274 0.0116 0.417 −0.2188 0.1218 0.0210

0.583 −0.3073 0.1859 0.0376 0.583 −0.0492 0.1570 0.0133

0.750 −0.1687 0.1926 0.0212 0.750 −0.2452 0.2144 0.0388

0.917 −0.2845 0.1986 0.0201

1615 −0.917 0.2595 0.0993 0.0275 1665 −0.917 0.2360 0.1113 0.0305

−0.750 0.2750 0.0886 0.0427 −0.750 0.1916 0.1079 0.0367

−0.583 0.2396 0.1258 0.0333 −0.583 0.2521 0.1135 0.0340

−0.417 0.0891 0.1304 0.0248 −0.417 0.1699 0.1113 0.0299

−0.250 0.1632 0.1100 0.0234 −0.250 −0.0922 0.1392 0.0272

−0.083 0.0263 0.1333 0.0274 −0.083 0.0411 0.1447 0.0405

0.083 −0.3307 0.1858 0.0660 0.083 −0.3756 0.1084 0.0452

0.250 −0.3591 0.1539 0.0489 0.250 −0.1901 0.1220 0.0311

0.417 −0.0874 0.1715 0.0257 0.417 −0.4148 0.1448 0.0901

0.583 −0.2252 0.1905 0.0384 0.583 −0.2219 0.1457 0.0307

0.750 −0.0917 0.1893 0.0473 0.750 −0.1484 0.1832 0.0191

0.917 −0.0496 0.2669 0.0384
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Appendix D. Results

Eγ [MeV] cos (θ) T ∆T stat ∆T syst Eγ [MeV] cos (θ) T ∆T stat ∆T syst

1715 −0.917 0.4060 0.1967 0.0730 1765 −0.917 −0.0297 0.1865 0.0131

−0.750 0.2409 0.1640 0.0431 −0.750 0.2372 0.1929 0.0481

−0.583 0.2047 0.1477 0.0426 −0.583 −0.2975 0.2329 0.0446

−0.417 −0.1496 0.1433 0.0273 −0.417 0.0289 0.2051 0.0264

−0.250 0.0343 0.1738 0.0298 −0.250 0.1164 0.1886 0.0180

−0.083 −0.1235 0.1648 0.0362 −0.083 −0.4211 0.2279 0.0711

0.083 −0.0531 0.1455 0.0373 0.083 0.1293 0.1682 0.0194

0.250 −0.0236 0.1492 0.0549 0.250 −0.3511 0.1623 0.0678

0.417 −0.0485 0.1269 0.0233 0.417 −0.0521 0.1503 0.0187

0.583 −0.3260 0.1644 0.0560 0.583 −0.1877 0.2128 0.0521

0.750 −0.2971 0.2069 0.0379

1840 −0.917 −0.1465 0.1772 0.0190 1950 −0.917 0.0769 0.3029 0.0803

−0.750 −0.1380 0.1802 0.0314 −0.750 0.3131 0.1991 0.3280

−0.583 −0.1254 0.1734 0.0179 −0.583 −0.1047 0.3529 0.0261

−0.417 −0.2329 0.2163 0.0720 −0.417 0.1288 0.2447 0.0404

−0.250 0.0955 0.2206 0.0266 −0.250 −0.6575 0.4485 0.0977

−0.083 −0.5000 0.1637 0.0396 −0.083 0.5324 0.3916 0.1122

0.083 0.0554 0.1487 0.0160 0.083 −0.3312 0.2498 0.0434

0.250 −0.0123 0.1259 0.0103 0.250 −0.3176 0.2239 0.0386

0.417 −0.3587 0.2137 0.0785 0.417 −0.1901 0.1775 0.0217

0.583 0.6311 0.2274 0.1318 0.583 0.2189 0.1132 0.0906

0.750 0.3938 0.3956 0.0908
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