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Abstract

The structure of matter, i.e. the binding of nucleons to nuclei and the formation of
quarks to nucleons or other hadrons, is governed by the strong interaction. The under-
lying Gauge theory, Quantum Chromodynamics (QCD), is well established and has a
characteristic property: the coupling constant is decreasing as a function of the mo-
mentum transfer (energy). In high-energy reactions, quarks and gluons behave as free
particles and the coupling constant is small. This regime of QCD, where quarks and
gluons interact only weakly, is called asymptotic freedom and pertubative calculations
can be used to predict interactions. However, at small energies, the quarks interact
strongly and virtual gluons can produce gluon-gluon pairs and confine quarks in col-
orless hadrons. Due to the large coupling constant, pertubative calculations of QCD
are unreliable at low energies and cannot explain the confinement. In this low-energy
range, only phenomenological models such as quark models or numerical calculations
(lattice QCD) can be used to solve QCD. To verify QCD models at low energies, the
excitation spectrum of the nucleon is of particular interest. Comparison of the model
predictions and the experimentally observed states have shown a large discrepancy
in number and ordering of the levels. Many more states are predicted than have been
experimentally observed, which is known as the problem of missing resonances. This
mismatch may either originate from the effective degrees of freedom of the models or
from experimental bias.

In the beginning of hadron spectroscopy, most results have been obtained from
pion-nucleon scattering experiments. However, since the intermediate nucleon reso-
nance depends on the production mechanism, only resonances that couple to πN have
been observed. In the last decades, these results have been supplemented with data on
unpolarised cross sections obtained from meson photoproduction at various acceler-
ation facilities. These results could clarify the situation to some extent. Nevertheless,
the problem of missing resonances persists, which is mainly caused by the fact that
many resonances are broad and overlapping. Thus, current experiments focus on the
measurement of single and double polarisation observables, which may improve the
situation since observables are sensitive to interference terms and thus can enhance
weak contributions from resonances.

In this work, η photoproduction from quasi-free protons and neutrons has been
studied. Photoproduction of η mesons is of particular interest since former results of
different collaborations have shown an unusual narrow structure in the cross section
on the neutron, which is not visible on the proton. Various theoretical models exist that
try to explain this effect, but no conclusive solution has been found yet. Thus, to get
a final interpretation of this effect, unpolarised cross sections, the double polarisation
observable E and the helicity dependent cross sections σ1/2 and σ3/2 have been extracted
in this work.
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Unpolarised total and differential cross sections have been determined for protons
and neutrons bound in light nuclei, i.e. deuterium and 3He. Data have been measured
with the CBELSA/TAPS experiment at the Electron Stretcher Accelerator (ELSA) in
Bonn (deuterium, December 2008) and with the A2 experiment at the Mainzer Mi-
crotron (MAMI) in Mainz (3He, November 2008). Both setups used energy-tagged
photon beams to produce η mesons from cryogenic liquid targets. The target was sur-
rounded by an almost 4π covering detector setup. At CBELSA/TAPS the combined
setup of Crystal Barrel (CBB) and MiniTAPS was used, at A2 the main detectors were
Crystal Ball (CB), TAPS.

Furthermore, experiments aiming at the extraction of the double polarisation ob-
servable E, have been run at both acceleration facilities. A circularly polarised photon
beam and a longitudinally polarised deuterated butanol (dButanol) target have been
used.

The results obtained in this work give input to new partial wave analysis and help
to straighten out the situation of η photoproduction from the neutron.
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Chapter 1

Introduction

In this chapter, a short introduction to the underlying theory of this work is given. Sec-
tion 1.1 gives an overview of experimental and theoretical knowledge of the structure
of the nucleon and the corresponding excitation spectrum. Section 1.2 introduces the
formalism used to describe η photoproduction including kinematical considerations
and amplitude representations. In Sec. 1.3, several aspects of polarisation observables
are discussed. Finally, Sec. 1.4 summarises the currently available data.

1.1 The Structure of the Nucleon

Nucleons (protons and neutrons) are the basic elements of atomic nuclei. The way the
nucleon is composed of quarks and gluons directly affects the properties of the nuclei.
Hence, understanding the internal structure of the nucleon is one of the most crucial
and challenging tasks of modern nuclear physics.

Already in 1933, R. Frisch and O. Stern showed [1] that their measurements of the
magnetic moment of the nucleon are not compatible with the results found for point-
like spin-1/2-particles. Like the electron, the proton was expected to have a magnetic
moment of µN = eh̄/2mpc, where e is the electron charge, h̄ is the reduced Planck
constant, mp is the proton mass, and c is the speed of light. Hence, in this formula, µN

corresponds to a rotating charge with an angular momentum of h̄/2. Even more, the
magnetic moment of the neutron was supposed to be zero. The current CODATA [2]
values are µp = 2.792µN and µn = −1.913µN and thus are in clear contradiction to a
structure-less nucleon.

Electron scattering experiments in the mid 1950s by Hofstadter et al. [3] confirmed
the extended structure of the nucleon by measuring the charge radius of the proton√

r2
p = (0.74± 0.24) fm.

Some years before, the research group of E. Fermi published results on pion-proton
scattering [4] and found an excessive increase in the cross section at a pion energy of
195 MeV, the first excited state of the nucleon (∆(1232)). Ongoing experiments showed
that this rise is only the first of several excited states of the nucleon, known as the
nucleon resonances.

1



CHAPTER 1. INTRODUCTION

1.1.1 Nucleon Resonances

At first glance, the excitation spectrum of an atom and a nucleon may look very simi-
lar, but there are crucial differences. A first very obvious difference is that the density
of states of the excitation spectrum of the nucleon is much higher than that seen for the
atoms. Furthermore, the energy differences between the various states of the nucleon
spectrum are similar to the nucleon mass and therefore orders of magnitude larger
than for the spectra of atoms. The resonances have a decay width of 100-200 MeV and
decay via the strong interaction by the emission of mesons (compared to the emission
of ∼eV photons for the excited states of atoms). Resonances have different quantum
numbers and thus emit different mesons. This is illustrated in Fig. 1.1, where the total
photoabsorption cross section and its decomposition into the different final states is
shown. The cross section for each meson (double meson) final state has its own char-
acteristic shape. This shape is a result of single nucleon resonances, their interference
and the contribution of non-resonant background terms (Fig. 1.7 shows the contribut-
ing Feynman diagrams in the case of η photoproduction). As already mentioned, the
nucleon resonances are in general very broad, meaning they have a large width, and
thus overlap with other nearby resonances. Therefore, it can be quite challenging to
disentangle different resonance contributions. However, this is crucial for the com-
prehension of the internal structure of the nucleon. The situation is highlighted in Fig.
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Figure 1.1: Total photoabsorption cross section and the decomposition into the different
meson final states for the reaction on the free proton. Figure taken from [5].

2



1.1. THE STRUCTURE OF THE NUCLEON

1.2, where the individual resonance contributions for two certain final states (pπ0 and
pη) are shown. The following notation is used for nucleon resonances:

L2I2J(W) , (1.1)

where L is the orbital angular momentum of the nucleon-meson pair from the decay of
the resonance, I is the isospin, J is the total angular momentum of the resonance, and
W is the mass of the resonance in MeV/c2. L is usually written in the spectroscopic no-
tation where L = 0, 1, 2, 3 and corresponds to the atomic orbital levels S, P, D, F. This
notation is somehow outdated, as the newest Review of Particle Physics by the Particle
Data Group (PDG) [6] lists the resonances according to their isospin and total angular
momentum:

I(W)JP , (1.2)

where I is either N for I = 1
2 resonances or ∆ for I = 3

2 resonances, JP is the angular
momentum and parity of the state, and W is the mass of the resonance.

As can be seen from Fig. 1.2, in single pion photoproduction on the proton, the N
resonance S11(1535) (PDG N(1535)1/2−) is almost invisible because of the dominat-
ing ∆ resonance P33(1232) (PDG ∆(1232)3/2+) and the N∗ resonances D13(1520) (PDG
N(1520)3/2−) and F15(1680) (PDG N(1680)5/2+). On the contrary, the S11(1535) is
the dominating resonance in η photoproduction. One reason for this situation is that
in η photoproduction, only N (I = 1

2 ) resonances can contribute since the η meson has
isospin zero and therefore serves as an isospin filter. This is illustrated in Fig. 1.2 on
the right-hand side, where the excited states of the nucleon and their decay modes are
illustrated.4 Will be inserted by the editor
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Fig. 2. Left hand side: contributions of different nucleon resonances to γp → pπ0 and
γp → pη (schematic). Right hand side: low energy excitation scheme of the nucleon. Isospin
I = 1/2 N⋆ resonances left and isospin I = 3/2 ∆-resonances right. Typical decays are
indicated.

decays of excited states is very incomplete. As indicated in the nucleon ‘level-scheme’
in Fig. 2 already states at moderate excitation energies can have substantial decay
branching ratios to intermediate states and for higher excitation energies such de-
cay modes will become more probable. Therefore multi-meson production reactions
have also moved into the focus. Double pion production has recently been studied
up to incident photon energies of 1.8 GeV [18–20]. Also in this case polarization ob-
servables are urgently needed to constrain the model analyses. First measurements
of the beam-helicity asymmetry I⊙ have revealed severe problems in the reaction
models [21,22]. More recently, also the ηπ-channel has been studied, which has the
additional advantage of isospin selectivity (η-mesons are only emitted in N⋆ → N (⋆)

and ∆⋆ → ∆(⋆) transitions). First results point to a dominant contribution of one
resonance at threshold [23–27], and possibly a parity doublet around W ≈1.9 GeV
[28].

In summary, an intensive experimental program is currently under way in partic-
ular at the CLAS facility at Jlab, the Crystal Barrel/TAPS experiment at ELSA, and
the Crystal Ball/TAPS experiment at MAMI to measure differential cross sections,
single and double polarization observables with polarized beams and polarized targets
for many different single and double meson production reactions off the proton. The
last missing degree of freedom in the experiments is the isospin dependence of the
cross sections.

The electromagnetic interaction does not conserve isospin. The electromagnetic
transition operator Â can be split in an isoscalar part Ŝ and an isovector part V̂ , giving
rise to three independent matrix elements [29] in the notation ⟨If , If3|Â|Ii, Ii3⟩:

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 |1

2
, ±1

2
⟩ .

(1)
Photoproduction of isovector mesons like pions involves all three matrix elements,
while only AIS and AIV contribute in the case of isoscalar mesons like the η. Nev-
ertheless, in both cases at least one reaction on a neutron target must be measured
for a unique isospin decomposition of the multipole amplitudes (see e.g. [30] for de-

Figure 1.2: Left: resonance contribution to single pion and η photoproduction. Right:
low lying states of the nucleon and their decay modes via the emission of mesons. The
η meson serves as an isospin filter (red lines) and hence only populates resonances with
I = 1/2. Figure taken from [7].
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CHAPTER 1. INTRODUCTION

1.1.2 Model Descriptions

The precise measurement of the excitation spectrum of the nucleon and the compari-
son to model predictions allows to gain fundamental information about the underly-
ing strong interaction. However, due to the large coupling constant at low energies
(see Fig. 1.3), pertubative methods are not straightforward and quark model and lat-
tice QCD calculations have to be used to the solve Quantum Chromodynamics (QCD).
These models shall be briefly explained in this section.

S. Bethke / Progress in Particle and Nuclear Physics 58 (2007) 351–386 379

Fig. 17. Summary of measurements of ↵s(Q) as a function of the respective energy scale Q, from Table 1. Open symbols
indicate (resummed) NLO, and filled symbols NNLO QCD calculations used in the respective analysis. The curves are
the QCD predictions for the combined world average value of ↵s(MZ0 ), in 4-loop approximation and using 3-loop
threshold matching at the heavy quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV.

quark threshold matching, for ↵s(MZ0) = 0.1189 (full line), and, for demonstration only, the
4-loop QCD curve omitting quark threshold matching.

The data very significantly prove the particular QCD prediction of asymptotic freedom. Apart
from precisely reproducing the characteristic QCD-shape with an inverse logarithmic slope, the
data point at the very lowest energies, i.e. the right-most point in Fig. 18, indicates that from
the available precision it can be concluded that quark threshold matching is necessary for QCD
consistently to describe the data.

In fact, data precision is now so advanced that a rather simple QCD fit, e.g. in leading-order
QCD with no threshold matching, with a fit probability of less than 1%, fails to describe data.8

Evidently, the probabilities for a hypothetical constant and energy independent ↵s,9 or an Abelian
vector gluon theory that predicts an increase of the coupling with increasing energy scale,
cf. Fig. 8, have negligible probabilities to describe data. The same is true for other functional
forms, such as ↵s / 1/Q or ↵s / 1/Q2 — these functions may be adjusted so that they can
describe a few data points either at low or at high values of Q, but altogether fail to describe data
in the full range of energy scales from 1.78 to 200 GeV.

Therefore, it is concluded that the data, with the current precision which has substantially
increased over the past few years, prove the specific QCD functional form of the running coupling
↵s, and therefore of asymptotic freedom.

8 Such a “simple” fit was previously used [32] to “fit” the �0 coefficient of the QCD beta-function, cf. Eq. (3), or –
alternatively – the number of colour degrees of freedom, CA = Nc = 3.

9 In fact, there exists no theory that predicts a constant coupling.

Figure 1.3: Results on the coupling constant of the strong interaction, αs as a function
of the energy scale Q, obtained from different experiments. Next-to-leading order QCD
calculations are shown as open symbols. Next-next-to-leading order calculations are given
as closed symbols. The yellow band is the QCD prediction for the combined world average
value of αs on a common energy scale Q ≡ MZ0 , where MZ0 is the mass of the Z0 boson.
Figure taken from [8].

Quark Models

The simple quark model was originally proposed by Gell-Mann [9, 10] and Zweig
[11] in the 1960s. Their model suggested that hadrons can be arranged in a multiplet
structure, as seen in Appendix A, and are composed of constituents, the quarks, that
belong to the representation of SU(3), a Lie group of three dimensional unitary ma-
trices with determinant one. Gell-Mann wrote: ”A simpler and more elegant scheme can
be constructed if we allow non-integral values for the charges. We can dispense entirely with
the basic baryon b if we assign to the triplet t the following properties: spin 1/2, z = −1/3,
and baryon number 1/3. We then refer to the members u2/3, d−1/3 and s−1/3 of the triplet
as ”quarks” q and the members of the anti-triplet as anti-quarks q̄. Baryons can now be con-
structed from quarks by using the combinations (qqq), (qqqqq̄), etc., while mesons are made
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1.1. THE STRUCTURE OF THE NUCLEON

out of (qq̄),(qqq̄q̄), etc. It is assuming that the lowest baryon configuration (qqq) gives just
the representations 1, 8, and 10 that have been observed, while the lowest meson configuration
(qq̄) similarly gives just 1 and 8.”[10]

Hence, the quark model of Gell-Mann only accounted for the three lightest quarks,
whereas the Standard Model of particle physics contains six quarks (flavours) that be-
long to three generations, as seen in Table 1.1.

generation quark charge mass

I
u 2/3 ∼ 2.3 MeV
d −1/3 ∼ 4.8 MeV

II
c 2/3 ∼ 1.2 GeV
s −1/3 ∼ 95 MeV

II
t 2/3 ∼ 173 GeV
b −1/3 ∼ 4.6 GeV

Table 1.1: The six quarks are grouped into three generations. Numbers taken from [6].

With only three quarks, the model of Gell-Mann and Zweig was able to classify
all known particles at that time and even predict the quantum numbers of the miss-
ing member of the baryon-3/2 decuplet, the Ω−, which was experimentally observed
in 1964. Furthermore, the model explained the mass splitting between mesons and
baryons, magnetic moments and even predicted scattering cross section ratios. How-
ever, their model could not answer a fundamental question: what holds the quarks
together in hadrons? A very puzzling fact was that the symmetric wave function of
the ∆++-baryon violated the Pauli principle. The latter problem was solved when
O.W. Greenberg [12] introduced the quark property of colour charge (one year later
M.Y. Han and Y. Nambu introduced colour as a gauge symmetry [13]) [14]. These
questions and the fact that quarks had never been observed were the reason that the
quark model was seen as highly doubtful for several years.

In 1968, R. Feynman [15] concluded from results on high-energy hadron collisions
that protons are composed of point like spin-1/2 partons, but never specified what
these partons were. Bjorken and Paschos [16] further developed this model in means
of deep inelastic electron-proton scattering (DIS) and suggested the Bjorken scaling,
which means that in the limit of infinite momentum transfer Q2, the structure func-
tions should only depend on the dimensionless scaling variable x = Q2/(Mν), where
ν is the energy transferred to the nucleon by the scattering electron and M is the mass
of the proton. Bjorken scaling implies that at large Q2, the electron is scattered off free
point-like constituents. The experimental observation of the Bjorken scaling in DIS
and the construction of QCD [17], the gauge theory of interacting quarks and gluons,
together with the idea of asymptotic freedom in QCD by D. Gross, F. Wilczek and D.
Politzer [18, 19], led to the justification of the constituent quark model and the formu-
lation of the Standard Model, which contains the quantum field theories for the strong
and the electroweak interactions.

The original quark model by Gell-Mann and Zweig, which was purely a symmetry
based classification, was able to explain the masses of the ground state baryons with
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CHAPTER 1. INTRODUCTION

simple formulas, but could not do so for excited states of the baryons. For this pur-
pose, non-relativistic harmonic oscillator models were developed by Greenberg [12],
Dalitz [20], Faiman and Hendry [21]. De Rujula et al. [22] then refined this model
and introduced a spin-dependent hyperfine potential due to the one-gluon exchange
between two quarks to account for the mass splitting between the baryon octet and
decuplet. However, to reproduce the observed N-∆ ground state splitting, this model
implied an unexpected large coupling constant, αs, and spin-orbit splittings that were
not previously seen [23]. Isgur and Karl [24] accounted for the latter issue by ne-
glecting spin-orbit interaction with the argument that it would cancel out with the
confining potential. Their model was quite successful in reproducing the nucleon and
∆ members of the octet and the decuplet states, supporting the idea that the nucleon
and the ∆ only differ by the arrangement of the quark spins.

In the subsequent years, many different quark models have been developed to
get a better understanding of the excitation spectrum. The spectrum generated by
the models is affected by the number of degrees of freedom and the residual quark-
quark interaction. The degrees of freedom determine the number of excited states,
whereas the ordering of states and their decay properties are related to the residual
quark-quark interaction [6].

26 U. Löring et al.: The light baryon spectrum in a relativistic quark model with instanton-induced quark forces

parameters a, b, mn and gnn, λ fixed from the ∆-spectrum and the ∆− N splitting, all the excited resonances of the
N∗-spectrum are now true predictions. In the subsequent subsection 7.3 we will then illustrate in some more detail,
how instanton-induced effects due to ’t Hooft’s quark-quark interaction are in fact responsible for the phenomenology
of the N∗-spectrum.

7.2 Discussion of the complete N-spectrum

Figures 9 and 10 show the resulting positions of the positive- and negative-parity nucleon resonances with total spins
up to J = 13

2 obtained in model A and B, respectively. These are compared with the experimentally observed positions
of all presently known resonances of each status taken from the Particle Data Group [37]. Again, the resonances in
each column are classified by the total spin J and the parity π, where left in each column the results for at most ten
excitations in model A or B are shown. In comparison the experimental positions [37] are displayed on the right in
each column with the uncertainties of the resonance positions indicated by the shaded boxes and the rating of each
resonance denoted by the corresponding number of stars and a different shading of the error box. In addition we also
display the determined resonance positions of the three new states that have been recently discovered by the SAPHIR
collaboration [54,56,52,53]. These states are indicated by the symbol ’S’.
In the following, we turn to a shell-by-shell discussion of the complete nucleon spectrum. According to their assignment
to a particular shell, we additionally summarized the explicit positions of the excited model states in tables 11, 12,
14, 15, 16 and 17.
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Fig. 9. The calculated positive and negative parity N-resonance spectrum (isospin T = 1
2

and strangeness S∗ = 0) in model
A (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group [37] (right part of
each column). The resonances are classified by the total spin J and parity π. The experimental resonance position is indicated
by a bar, the corresponding uncertainty by the shaded box, which is darker the better a resonance is established; the status of
each resonance is additionally indicated by stars. The states labeled by ’S’ belong to new SAPHIR results [54,56,52,53], see
text.

Figure 1.4: Positive and negative parity nucleon resonances predicted by the quark model
by Löring et al. The model results (blue lines) are compared to experimentally observed
states (yellow, orange and red boxes). The box size is showing the uncertainty of the mass
measurement. Especially at higher energies, large discrepancies between experimentally
observed and predicted states are visible. Figure taken from [25].
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In the classic constituent quark model, the degrees of freedom are three constituent
quarks. Constituent quarks are valence quarks consisting of current quarks, which are
surrounded by gluons and quark-antiquark pairs. All the complex aspects of their in-
teraction are subsumed into the effective constituent quark masses. For the two light
quarks, u and d, this effective mass is of the order of 340 MeV (compared to the current
quark masses of 2-5 MeV, as seen in Table 1.1). To get more predicted excited states,
the number of degrees of freedom can be increased. This is done in so-called flux tube
models, which were pioneered by Isgur and Paton [26], and Iachello et al. [27]. The
string picture (quarks are connected by gluonic strings, so-called flux tubes) for the
confinement mechanism is motivated from the fact that certain baryon states lie on a
M2 ∼ J trajectory, so called Regge trajectories, where M is the baryon mass, and J is
the corresponding spin. A more recent relativistic quark model approach, which uses
flux tubes was developed by Löring et al. [25]. In their quark model, confinement is
a linearly rising three-body string potential. This model uses instanton interactions
to describe the potential between quarks. Fig. 1.4 shows the remarkable results of
this model on the nucleon resonances up to total spin J = 13/2. At low energies, the
number of predicted states (blue lines) are in agreement with the experimentally ob-
served states (coloured boxes). However, the predicted position of the resonances is
not always consistent with the experimental results. At higher energies, huge discrep-
ancies in numbering and ordering of states occurs. The issue is commonly known
as the problem of missing resonances. To account for the mismatch, quark models that
include less degrees of freedom have been developed. One example is the diquark
model [28], which describes the nucleon as a closely bound diquark and quark and,
hence, reduces the number of degrees of freedom and also the number of states. Di-
quark models reproduce the low lying states quite well and even predict form factors
that are in agreement with experimental data. However, lattice QCD calculations have
found evidence that diquarks do not form [29].

Lattice QCD

Besides quark models, numerical methods, such as lattice QCD calculations, can be
used to predict the low energy excitation spectrum of the nucleon. Lattice QCD is a
gauge theory, which is formulated in discrete spacetime on a grid with lattice spacing
a. Quarks are represented as fields that are defined on lattice sites, whereas gluon
fields are defined on the links connecting the sites. Lattice QCD approaches con-
tinuous QCD in the limit of vanishing lattice spacing. Results from lattice QCD are
obtained by repeated calculations with different grid spacings and hence, are compu-
tational expensive. Recent computations for the nucleon excitation spectrum up to
J = 7/2 by Edwards et al. [30] are shown in Fig. 1.5. The pattern of the predicted
low-lying states is similar to the ones obtained from the quark models. The N = 1
oscillator band (negative parity) consists of two states for J = 1/2 and J = 3/2 each,
followed by one single state in J = 5/2. No state is predicted for J = 7/2. The states of
N = 2 (positive parity) oscillator band follow the pattern 4-5-3-1, the same pattern is
predicted by the quark model shown in Fig. 1.4.
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Similar to quark models, lattice QCD predicts numerous states at higher energies,
which have not been experimentally observed. Furthermore, since the calculations
are in an early stage (the pion mass used in this calculation was mπ = 396 MeV,
whereas the nominal mass of the pion is mπ ' 140 MeV), the predicted position of
the resonances are far away from experimental results. In summary, the calculations
by quark models and lattice QCD still show large discrepancies if one compares them
to experimental results. However, the question arises whether this is coming from
inadequate degrees of freedom in the models or from experimental bias. This work
should give additional input to this discussion.

realization of the symmetry above (e.g., [26,27]). For the
purposes of these comparisons, it is helpful to introduce a
spectroscopic notation: X2Sþ1L!J

P, where X is the
Nucleon N or the Delta !, S is the Dirac spin, L ¼
S; P;D; . . . denotes the combined angular momentum of
the derivatives, ! ¼ S, M, or A is the permutational sym-
metry of the derivative, and JP is the total angular momen-
tum and parity. This notation also is used in Table IV,
which we discuss now.

In the negative-parity N# spectrum, there is a pattern of
five low-lying levels, consisting of two N1

2
$ levels, two

N3
2
$ levels, and one N5

2
$ level. The triplet of higher levels

in this group of five is nearly degenerate with a pair of !1
2
$

and !3
2
$ levels. This pattern of Nucleon and Delta levels is

consistent with an L ¼ 1$ P-wave spatial structure with
mixed symmetry, PM . As shown in Table IV, the same
numbers of states are obtained in the SUð6Þ 'Oð3Þ classi-
fication for the negative-parity Nucleon and Delta states

constructed from the ‘‘nonrelativistic’’ Pauli spinors as we
find in the lattice spectra. The lowest two N#$ states are
dominated by operators constructed in the notation of
Eq. (13) as NM ' ðS ¼ 1

2
þÞM ' ðL ¼ 1$ÞM ! JP ¼ 1

2
$

and 3
2
$, while the three higher N#$ levels are dominated

by operators constructed according to NM ' ðS ¼ 3
2
þÞS '

ðL ¼ 1$ÞM with JP ¼ 1
2
$, 3

2
$ and 5

2
$. Similarly, the low-

lying Delta levels are consistent with a !1
2
$ and !3

2
$

assignment. There are no low-lying negative-parity S ¼ 3
2

Delta states since a totally symmetric state (up to antisym-
metry in color) cannot be formed. Consequently, there is no
low-lying !5

2
$, which agrees with the lattice spectrum. In

the nonrelativistic quark model [26], a hyperfine contact
term is introduced to split the doublet and quartet states up
and down, respectively, compared to unperturbed levels
and the tensor part of the interaction provides some addi-
tional splitting. The result is that the doublet Delta states
are nearly degenerate with the quartet Nucleon states as is
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FIG. 11 (color online). Spin-identified spectrum of Nucleons and Deltas from the lattices at m! ¼ 524 MeV, in units of the
calculated " mass.
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FIG. 12 (color online). Spin-identified spectrum of Nucleons and Deltas from the lattices at m! ¼ 396 MeV, in units of the
calculated " mass.

EDWARDS et al. PHYSICAL REVIEW D 84, 074508 (2011)

074508-12

Figure 1.5: N∗ and ∆ resonances predicted by lattice QCD calculations by Edwards et al.
for mπ = 396 MeV. Figure taken from [30].

1.2 Formalism of η Meson Photoproduction

One possible cause for the problem of missing resonances may originate from the fact
that many of the resonances listed (at least until 2010) in the Review of Particle Physics
[6] have been found in πN scattering experiments. Hence, resonances that couple
only weakly to this channel may have not been observed. Thus, different production
mechanisms, such as reactions induced by real photons (photoproduction), are a good
way to find new nucleon resonances.

This work focuses on the photoproduction of η mesons, which is one of many
possible channels. The Feynman diagram of η photoproduction via the intermediate
excitation of a nucleon resonance is shown in Fig. 1.6. In the left vertex, the photon
interacts electromagnetically with the nucleon to produce a resonance N∗. This reso-
nance decays via the strong interaction (right vertex) into the nucleon ground state by
the emission of a pseudoscalar η meson.
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Figure 1: Photoproduction of the ⌘-meson via the excitation of a nucleon res-
onance. The left vertex is the electromagnetic vertex, the right vertex is the
hadronic one.

1

Figure 1.6: Photoproduction of the η meson via the excitation of a nucleon resonance with
electromagnetic (left) and hadronic (right) vertex as given in Ref. [31].

1.2.1 Kinematics

For η meson photoproduction, the following reaction equation applies [32]:

γ(k) + N(pi)→ η(q) + N(p f ) , (1.3)

where k = (k0,~k) and q = (ω,~q) are the four-vectors of the photon and the η meson
in the center of mass (cm) frame, respectively, pi = (Ei,−~k) is the four-vector of the
initial state nucleon, and p f = (E f ,−~q) is the four-vector for the final state nucleon.

For such a two particle scattering process, three Lorentz-invariant quantities can
be defined, known as the Mandelstam variables s, u and t:

s = (k + pi)
2 =(q + p f )

2 ,

u = (k− p f )
2 =(q− pi)

2 ,

t = (q− k)2 =(pi − p f )
2 .

(1.4)

The sum of the Mandelstam variables is equal to the sum of the squared masses of the
participant particles:

s + u + t = 2M2
N + M2

η + k2 . (1.5)

Physical reactions are characterised as s-, t- or u-channels. The depiction of these
channels as Feynman diagrams is done in a way such that the incoming particles enter
from the left side, whereas the scattered particles exit on the right-hand side. The
interaction is mediated through a virtual particle (between two vertices) that carries
the momentum transfer equal to the corresponding Mandelstam variable.

For η photoproduction, the contributing channels are shown in Fig. 1.7. In the s-
channel, a resonant term and a non-resonant Born term contribute. The non-resonant
Born term exits also in the u-channel, as well as a slowly varying non-resonant back-
ground term with an intermediate resonance. Furthermore, a vector meson can be
exchanged in the t-channel at high photon energies. In η photoproduction, the sum of
the background terms is small. According to the MAID model [33], this is caused by
the fact that the Born terms and t-channel contributions compensate each other.
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η ηγ γ

N N
N* N

N N

η ηγ γ

N N
N* N

N N

η

ρ, ω

γ

N N

Figure 1.7: Feynman diagrams for η meson photoproduction: Resonant contribution
from s-channel, non-resonant background in u-channel, vector meson exchange term in
t-channel and non-resonant Born terms in s- and u-channel (from left to right). Figure
taken from [31].

1.2.2 Electromagnetic Multipoles

The photon with spin~s (sγ = 1) and angular momentum ~̃l relative to the initial state

nucleon has total angular momentum ~Lγ = ~̃l +~sγ. The initial state nucleon has spin
~JN(J = 1

2 ) and parity PN = +1 and it couples electromagnetically to the photon. An
intermediate resonance N∗ with spin~JN∗ and parity PN∗ is excited. The selection rules
define the spin and the parity of this nucleon resonance:

|Lγ − JN | 6 JN∗ 6 |Lγ + JN |

|Lγ −
1
2
| 6 JN∗ 6 |Lγ +

1
2
|

(1.6)

and
PN∗ = PN · Pγ = Pγ . (1.7)

As mentioned, such a resonance decays to the ground state via the strong interaction
by the emission of light mesons, in the current case the pseudoscalar η meson with
Jη = 0, Pη = −1, and relative orbital angular momentum l = Lη . Analogous to the
initial state one can use the selection rules to get spin and parity of the resonance:

|Lη − JN | 6 JN∗ 6 |Lη + JN |

|Lη −
1
2
| 6 JN∗ 6 |Lη +

1
2
|

(1.8)

and
PN∗ = PN · Pη · (−1)Lη = (−1)Lη+1 . (1.9)

Combining Eqs. 1.6 and 1.8 yields:

|Lγ ±
1
2
| 6 JN∗ 6 |Lγ ±

1
2
| , (1.10)

where both signs are independent of each other. Consequently, Eqs. 1.7 and 1.9 can be
combined to find the corresponding parity:

Pγ = PN∗ = (−1)Lη+1 (1.11)

10



1.2. FORMALISM OF η MESON PHOTOPRODUCTION

To excite resonances of a certain spin and parity, electromagnetic multipole transitions
of the photon in the initial state are necessary. Due to parity and angular momentum
conservation, magnetic multipoles ML, i.e. Pγ = (−1)Lγ+1, are only allowed with:

ML: L = Lη . (1.12)

On the contrary, electric multipoles EL, i.e. Pγ = (−1)Lγ are possible for:

EL: L = Lη ± 1 . (1.13)

For multipoles of pseudoscalar photoproduction, the notation El± and Ml± is used,
where E and M stands for electric and magnetic multipoles, respectively, l = Lη is
the relative orbital angular momentum of the final state meson-nucleon system and ±
indicates whether the nucleon spin has to be added to or subtracted from l to obtain
the total angular momentum JN∗ in the intermediate state. As a consequence, reso-
nances with JN∗ > 1/2 can be excited by one electric and one magnetic multipole and
are given in Table 1.2. States with JN∗ = 1/2 can only be excited by one multipole, E0+

for negative parity and M1− for positive parity.

Table 9: Lowest order multipole ampl. for the photoproduction of pseudo-scalar mesons (x=cos(Θ⋆)).

photon initial state interm. final state multi-
M-pole (LP

γ , JP
N) state JP

N⋆ (JP
N , LP

η ) pole (k⋆/q⋆)dσ/dΩ

E1 (1−,1
2

+
) 1

2

−
(1

2

+
,0−) Eo+ |Eo+|2

3
2

−
(1

2

+
,2−) E2−

1
2
|E2−|2(5 − 3x2)

M1 (1+,1
2

+
) 1

2

+
(1

2

+
,1+) M1− |M1−|2

3
2

+
(1

2

+
,1+) M1+

1
2
|M1+|2(5 − 3x2)

E2 (2+,1
2

+
) 3

2

+
(1

2

+
,1+) E1+

9
2
|E1+|2(1 + x2)

5
2

+
(1

2

+
,3+) E3−

9
2
|E3−|2(1 + 6x2 − 5x4)

M2 (2−,1
2

+
) 3

2

−
(1

2

+
,2−) M2−

9
2
|M2−|2(1 + x2)

5
2

−
(1

2

+
,2−) M2+

9
2
|M2+|2(1 + 6x2 − 5x4)

The helicity elements are related to the multipole amplitudes via:

Al+ =
1

2
[(l + 2)El+ + lMl+] A(l+1)− =

1

2
[−lE(l+1)− + (l + 2)M(l+1)−] (80)

Bl+ = El+ − Ml+ B(l+1)− = E(l+1)− + M(l+1)− . (81)

An advantage of this parameterization is the close connection between the helicity elements and the
electromagnetic resonance couplings:

A1/2 =
√

2πα/k⋆⟨N⋆, Jz = +
1

2
|Jem|N, Sz = −1

2
⟩ (82)

A3/2 =
√

2πα/k⋆⟨N⋆, Jz = +
3

2
|Jem|N, Sz = +

1

2
⟩

which for a Breit-Wigner form of the resonances is given by [36]:

A1/2 = ∓(1/CNm)

√

(2J + 1)π
q⋆

k⋆

MR

mN

Γ2
R

Γm
Im[Al±(W = MR)] (83)

A3/2 = ±(1/CNm)

√
(2J + 1)π

q⋆

k⋆

MR

mN

Γ2
R

Γm

√
(2J − 1)(2J + 3)/16 Im[Bl±(W = MR)]

where mN is the nucleon mass, MR, ΓR are resonance position and width, respectively, Γm is the partial
width for the used decay channel, and J the momentum of the resonance. For pion photoproduction

78

Table 1.2: Lowest order multipole amplitudes for pseudoscalar meson photoproduction.
In the last column, the differential cross sections are shown, where k∗ and q∗ are the pho-
ton and the meson four-momenta in center of mass frame, respectively. A pair of multi-
poles always have the same angular distributions, dσ/dΩ(Ml+1,−) ∼ dσ/dΩ(El,+) and
dσ/dΩ(Ml−1,+) ∼ dσ/dΩ(El,−), which is known as the Minami ambiguity. Figure
taken from [31].
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1.2.3 Amplitude Representation

According to scattering theory, the process described in Eq. 1.3 can be expressed in
terms of the scattering matrix S, which denotes the probability P to move from the
initial |i〉 to the final state | f 〉:

P(i→ f ) = |S f i|2 . (1.14)

The S-matrix includes all the aspects of the scattering, i.e. the reaction phase space, the
four-momentum conservation, and the interaction. The elements S f i can be expressed
in terms of the invariant matrix element iM f i [32]:

S f i =
1

(2π)2 δ4(p f + q− pi − k)

√
M2

N
2ωkEiE f

iM f i . (1.15)

The invariant matrix element iM f i of Eq. 1.15 is a product of the current operator of
the hadronic interaction Oµ and the photon polarisation operator εµ:

iM f i = U(p f )εµOµU(pi) , (1.16)

where U (pi) and U
(

p f
)

are the Dirac spinors of the initial and final state nucleon,
respectively. For photoproduction the invariant matrix element can be expressed in
terms of four independent amplitudes:

iM f i = U f (p f )
4

∑
j=1

Aj
(
s, t, u, k2)MjUi(pi) , (1.17)

where the invariant amplitudes Aj contain the dynamics of the transition and the ma-
trices Mj are given by:

M1 = −1
2

γ5γµγνFµν

M2 = +2γ5Pµ

(
qν −

1
2

kν

)
Fµν

M3 = −γ5γµqνFµν

M4 = −2γ5γµPνFµν − 2MN M1

(1.18)

where Pµ = 1
2

(
pi + p f

)µ, γ5 are the Dirac matrices, and Fµν is the electromagnetic
field tensor:

Fµν = εµkν − ενkµ . (1.19)

Finally, the differential cross section can be deduced using the following equation [34]:

dσ

dΩ
=

1
2

q
k ∑

spins
|M f i|2 =

1
2

q
k

Tr(M† M) . (1.20)

12



1.2. FORMALISM OF η MESON PHOTOPRODUCTION

CGLN Amplitudes

The matrix elements in Eq. 1.17 can be written in a two-component form by expressing
the γ matrices and the Dirac spinors in terms of the two component spinors and Pauli
matrices [32]:

Ui, f
(

pi, f , si, f
)
=

√
Ei, f + MN

2MN

(
1

~σ ~pi, f
Ei, f +MN

)
χi, f , (1.21)

where i, f = ± 1
2 and

χ+ 1
2
=

(
1
0

)
and χ− 1

2
=

(
0
1

)
. (1.22)

Thus, it follows that

M f i =
4πW
MN

χ†
fFχi , (1.23)

where W =
√

s is the center of mass (cm) energy. A widely used form of F is given
by the Chew-Goldberger-Nambu-Low (CGNL) parametrisation for photoproduction
[35]:

F = iF1 ·~σ ·~ε + F2(~σ · q̂)(~σ · (k̂×~ε)) + iF3(~σ · k̂)(q̂ ·~ε) + iF4(~σ · q̂)(q̂ ·~ε) , (1.24)

where F is a two-dimensional matrix with the unity vectors k̂ =~k/|~k| and q̂ = ~q/|~q|,
~ε is the polarisation vector of a real photon with helicity λγ = ±1, and ~σ are the
nucleon’s spin matrices. The four complex CGLN amplitudes, Fi, are the structure
functions and depend on the cm energy W and θ is the polar angle of the meson in the
cm system.

The CGLN amplitudes can be used to parametrise the differential cross section for
an unpolarised target and beam [31]:

k
q

dσ

dΩ
= [|F1|2 + |F2|2 +

1
2
|F3|2 +

1
2
|F4|2 + Re (F1F∗3 )]

+ [Re (F3F∗4 )− 2Re (F1F∗2 )] cos θ

− [
1
2
|F3|2 +

1
2
|F4|2 + Re (F1F∗4 ) + Re (F2F∗3 )] cos2 θ

− [Re (F3F∗4 )] cos3 θ .

(1.25)

Furthermore, the CGLN amplitudes can be expanded in terms of derivatives of the
Legendre polynomials for angular dependence P′l (cos θ) and P′′l (cos θ) and the multi-
pole amplitudes Ml±, El± for energy dependence:

F1 (W, θ) =
∞

∑
l=0

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

F2 (W, θ) =
∞

∑
l=0

[(l + 1)Ml+ + lMl−] P′l (cos θ)

(1.26)

13
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F3 (W, θ) =
∞

∑
l=0

[El+ −Ml+] P′′l+1 (cos θ) + [El− + Ml−] P′′l−1 (cos θ)

F4 (W, θ) =
∞

∑
l=0

[Ml+ − El+ −Ml− − El−] P′′l−1 (cos θ) .

Hence, using the El± and Ml± from the multipole expansion, one gets direct access to
the spin and parity information of the resonance. However, to determine the multi-
poles one has to measure the four complex amplitudes Fi and thus seven real numbers
for all energies and angles (apart from an arbitrary phase).

Helicity Amplitudes

Another form of the matrix elements F is the parametrisation in terms of the initial
and final state helicities. The helicity λ is defined as projection of the spin~s onto the
direction of the momentum ~p:

λ =
~s · ~p
|~p| (1.27)

which implies a helicity λγ = ±1 for photons, νi, f = ±1/2 for initial and final state
nucleons and λη = 0 for pseudoscalar mesons. For the reaction given in Eq. 1.3, this
yields 2× 2× 2 = 8 matrix elements, Hν f ,µ=νi−λγ

= 〈ν f |T|λγνi〉 where µ = νi − λγ is
convention. Considering parity conservation, only four complex amplitudes remain
[31]:

H1 = H+1/2,+3/2 = +H−1/2,−3/2 H2 = H+1/2,+1/2 = −H−1/2,−1/2 (1.28)

H3 = H−1/2,+3/2 = −H+1/2,−3/2 H4 = H+1/2,−1/2 = +H−1/2,+1/2 , (1.29)

where H2 is the non-spinflip amplitude, H1 and H4 are the single spin flip amplitudes,
and H3 is the double-spinflip amplitude.

The helicity amplitudes can be expanded in terms of the partial waves [34]:

H1(θ, φ) =
1√
2

eiφ sin θ cos
θ

2

∞

∑
l=0

[
Bl+ − B(l+1)−

] [
P′′l (cos θ)− P′′l+1 (cos θ)

]

H2(θ, φ) =
√

2 cos
θ

2

∞

∑
l=0

[
Al+ − A(l+1)−

] [
P′l (cos θ)− P′l+1 (cos θ)

]

H3(θ, φ) =
1√
2

e2iφ sin θ sin
θ

2

∞

∑
l=0

[
Bl+ − B(l+1)−

] [
P′′l (cos θ) + P′′l+1 (cos θ)

]

H4(θ, φ) =
√

2eiφ sin
θ

2

∞

∑
l=0

[
Al+ + A(l+1)−

] [
P′l (cos θ)− P′l+1 (cos θ)

]
.

(1.30)

The helicity elements Al± describe the transition from the γN initial state with helicity
1/2 to the final state with total angular momentum J = l ± 1/2 and meson relative
orbital angular momentum l. Bl± is the same for the helicity 3/2 initial state.

In contrast to the coefficients of the CGLN amplitudes, which are the multipoles
themselves, the helicity elements Al± and Bl± contain different multipoles and thus

14
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components of different resonances are seen in the following equations [31]:

Al+ =
1
2
[(l + 2)El+ + lMl+] Bl+ = El+ −Ml+

A(l+1)− =
1
2
[−lE(l+1)− + (l + 2)M(l+1)−] B(l+1)− = E(l+1)− + M(l+1)− .

(1.31)

Helicity amplitudes are important, since they yield a direct connection to the elec-
tromagnetic couplings in the transition from γN to the resonance N∗, as seen in the
following equations [31]:

A1/2 =
√

2πα/k〈N∗, Jz = +
1
2
|Jem|N, Sz = −

1
2
〉 (1.32)

A3/2 =
√

2πα/k〈N∗, Jz = +
3
2
|Jem|N, Sz = +

1
2
〉 .

Assuming a Breit-Wigner shape for the resonances, the following equations apply [31]:

A1/2 = ∓(1/CNm)

√
(2J + 1)π

q
k

MR

mN

Γ2
R

Γm
Im[Al±(W = MR)] (1.33)

A3/2 = ±(1/CNm)

√
(2J + 1)π

q
k

MR

mN

Γ2
R

Γm

√
(2J − 1)(2J + 3)/16 Im[Bl±(W = MR)] ,

where J is the spin of the resonance, MR and ΓR are resonance position and width,
respectively, Γm is the partial width for the current decay channel, and CNm is the
isospin Clebsch-Gordan coefficient for the decay of the resonance and is equal to −1
for η photoproduction. Eq. 1.33 implies that a nucleon resonance with spin J = 1/2 has
only a A1/2 electromagnetic coupling, whereas a J = 3/2 resonance has both a A1/2 and
a A3/2 coupling.

A very simple parametrisation for the unpolarised cross section can be found with
the following equation [34]:

dσ

dΩ
=

1
2

q
k

4

∑
i=1
|Hi|2 . (1.34)

The cross section can be split into the two helicity components 1/2 (anti-parallel photon
and nucleon spin) and 3/2 (parallel photon and nucleon spin), as seen in Fig. 1.8:

dσ1/2

dΩ
∝
(
|H2|2 + |H4|2

)
(1.35)

and
dσ3/2

dΩ
∝
(
|H1|2 + |H3|2

)
. (1.36)

Thus, resonances with J = 1/2 are only visible in the σ1/2 cross section, whereas J = 3/2

resonances contribute to both σ1/2 and σ3/2.
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Isospin Decomposition

A very important aspect has not yet been discussed, namely the isospin decomposition
of the invariant amplitudes Aj in Eq. 1.17. As already mentioned in Section 1.1.1, only
N∗ (I = 1/2) resonances are allowed as intermediate states in η photoproduction
since the isospin (total isospin I and third component I3) is conserved in the strong
interaction (hadronic vertex in Fig. 1.6), as seen in the following equation:

〈I f , I3 f |OS |Ii, I3i〉 = 0 if I f 6= Ii or I3 f 6= I3i . (1.37)

Furthermore, the strong interaction is independent of the I3 component (equal for
proton and neutron). Thus, the following two matrix elements are equal:

〈I, I3|OS |I, I3〉 = 〈I, I′3|OS |I, I′3〉 (1.38)

On the contrary, in electromagnetic interaction, only the third component of the isospin
I3 is conserved and not the total isospin I. Thus, the interaction can depend on I3 :

Oem = S + V , (1.39)

where S is the isoscalar (∆I = 0) component of the electromagnetic current and is inde-
pendent of I3 and V the isovector part ∆I = 0,±1 [31]. Hence, for the photoproduction
of isovector (I = 1) mesons (π, ρ) off nucleons, this leads to three independent matrix
elements in the notation < I f , I3 f |Â|Ii, I3i >, where |Ii, I3i > stands for the initial state
γN system and < I f , I3 f | for the final state πN system [31]:

AIS
j = 〈1

2
,±1

2
|Ŝ|1

2
,±1

2
〉

∓AVS
j = 〈1

2
,±1

2
|V̂|1

2
,±1

2
〉

AV3
j = 〈3

2
,±1

2
|V̂|1

2
,±1

2
〉 ,

(1.40)
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which yields the following amplitudes for pion photoproduction:

Aj
(
γp→ π+n

)
= −

√
1
3

AV3 +

√
2
3

(
AIV − AIS

)

Aj
(
γp→ π0 p

)
= +

√
2
3

AV3 +

√
1
3

(
AIV − AIS

)

Aj
(
γn→ π−p

)
= +

√
1
3

AV3 −
√

2
3

(
AIV + AIS

)

Aj
(
γn→ π0n

)
= +

√
2
3

AV3 +

√
1
3

(
AIV + AIS

)
.

(1.41)

For isoscalar (I = 0) mesons as the η meson, V3 (∆I = 1) cannot contribute and the
amplitudes therefore are [31]:

Aj (γp→ ηp) = AIS
j + AIV

j and Aj (γn→ ηn) = AIS
j − AIV

j . (1.42)

A direct consequence of the isospin amplitudes is that the coupling for the N reso-
nances are different for protons and neutrons, but equal for ∆ resonances. Taking
into account the isospin and the helicity coupling, one can deduce the electromagnetic
couplings for a resonance with isospin I and spin J, as seen in Table 1.3.

I J
1/2 3/2

1/2 (N∗) A1/2 proton A1/2, A3/2 proton
A1/2 neutron A1/2, A3/2 neutron

3/2 (∆) A1/2 A1/2, A3/2

Table 1.3: Electromagnetic couplings for N∗ and ∆ resonances with spin J = 1/2 and
J = 3/2.

Figure 1. Cross section for to-
tal photoabsorption on the pro-
ton (left hand side) and the
neutron (right hand side) [5].
Points: measured data, curves:
fit of Breit-Wigner shapes of
nucleon resonances (P33(1232),
P11(1440), D13(1520), S11(1535),
F15(1680) (only for proton), and
F37(1950)) and a smoothly vary-
ing background.

a neutron target. However, so far only few meson production reactions off the neutron have been
measured, and most of them with much inferior quality than the corresponding reactions off the
free proton. This is of course due to the complications related to the measurements off quasi-free
neutrons bound in light nuclei. The detection of recoil neutrons, and even more the control of
their detection efficiency, is non-trivial and the interpretation of the results is complicated by
nuclear effects like Final State Interaction (FSI).

However, such programs have now been launched at CLAS, ELSA, and MAMI. These facilities
are complementary because CLAS at Jlab is optimized for final states with charged particles,
like e.g. from the γn → pπ− reaction, while the almost 4π-covering electromagnetic calorimeters
at ELSA and at MAMI can measure mixed charge and also complicated ‘all-neutral’ final states
like nπ0π0. We will discuss in this contribution recent results from ELSA and MAMI and pay
special attention to the control of the systematic uncertainties in quasi-free production processes.

1.2. Meson photoproduction off heavier nuclei
Photoproduction of mesons from nuclei over a large range of mass numbers can be exploited
for the investigation of meson-nucleus interactions, hadron-in-medium properties but also for
less obvious topics like for example the study of nuclear mass form factors and nuclear matter
transition form factors [6, 7, 8].

Elastic and inelastic reactions using secondary meson beams, in particular charged pions and
kaons, have revealed many details of the nucleon - meson potentials. However, secondary meson
beams are only available for long-lived, charged mesons. Much less is known for short-lived
mesons like the η, η′, and ω. Their interactions with nuclei can be studied only in indirect ways.
The general idea is to produce them by some initial reaction in a nucleus and then study their
interaction with the same nucleus. The absorption properties of mesons in nuclear matter and
the related in-medium life times (respectively widths) have been studied at ELSA and MAMI
during the last few years for a couple of pseudoscalar mesons (π0 [9], η [10, 11], η′ [12]) for the
ω-meson [13, 14, 15, 16] meson, and by the LEPS collaboration at SPring-8 also for Φ-mesons
[17], using the scaling of the cross sections with the atomic mass number A. The scaling is
usually parameterized by

dσ

dT
(T ) ∝ Aα(T ) , (1)

where T is the kinetic energy of the mesons. A value of α close to unity corresponds to a cross
section scaling with the volume of the nucleus, i.e. with vanishing absorption, while a value
of ≈2/3 indicates surface proportionality, corresponding to strong absorption. These scaling
coefficients can then be converted to absorption cross sections using for example Glauber-type
approximation models. A basically equivalent concept are the so-called transparency ratios,
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Figure 1.9: The electromagnetic excitation of the nucleon is isospin dependent, hence,
different for proton (left) and neutron (right). Figure taken from [36].
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1.3 Observables

As seen in Eq. 1.34, the cross section can be written as a sum of squares of the helicity
amplitudes, with the latter further expanded in terms of multipoles. Therefore, the
multipoles also appear as squares. For that reason, the cross section will be mainly
affected by dominating multipoles and multipoles with small contributions will be
suppressed. Hence, other observables that include interference terms would be more
favourable. Besides the unpolarised cross section, additional observables can be mea-
sured when the photon, target, or recoil nucleon is polarised.

A real photon can be either circularly or linearly polarised. Circularly polarised
photons consists of two plane waves that have the same amplitude, but have a 90◦

difference in phase. Thus, the electric field vector is rotating around the direction of
travel. For linearly polarised photons, this electric field vector is confined in a plane
and hence, is composed of only one plane wave. The target (such as proton or neutron)
can be polarised in three different directions (x, y, z) as well as the recoil (such as
proton or neutron) in x′, y′, z′, which can be seen in Fig. 1.10.

1. S. Barker et al. /Pseudoscalar photoproduetion 
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Fig. 1. Definition of axes. lf  k is the incoming pho ton  m o m e n t u m a n d  q the outgoing mesonmo-  
m e n t u m ( b o t h  in the c.m. sy s t e m ) th en  the axes are defined by 

z=k/Ik[, y =k×q/Ik×ql, x =y×z ,  
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Table 1 
Observables 

Usual Helicity Transversity Experiment  Type 
symbol representat ion representat ion required a) 
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X da/dt 

Tdo/dt 
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INI2+ ISll2+1S212+1DI 2 

2Re(S~S2 - ND*) 
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Cxdu/dt -2Re(S2N* + SID*)  2I ra(b ib4* - b2b3*)  {c; - ;  x ' )  
Czdo/dt IS212-1Sll2-~12+1DI 2 -2Re(blb4 * + b2b3 *) ( c ; - ; z ' )  
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Tzdo/dt 2Re(S]N*-S2D*) 2Im(blb2*-b3b4*) ( - ; x ; z ' )  
Lxda/dt 2Re(S2N* - S1D*) 2 Im(b lb2*  + b3b4*)  ~ - ;  z; x ' )  
Lzda/dt ISI[2.~IS212-1NI2-IDI 2 2Re(blb2 * + bab4* ) ( - ;  z; z ' )  

BR 

TR 

a) Notat ion is (P3'; PT; PR ) where: 
P3' = polarisation of  beam, L(O) = beam linearly polarised at angle 0 to scattering plane, 
C = circularly polarised beam; 
PT = direction of target polarisation; 
PR = componen t  of  recoil polarisation measured. 
In the case of the single polarisation measurements  we also give the equivalent double 

polarisation measurement.  

Figure 1.10: Coordinate system used for the definition of the polarisation observables:
z = k/|k|, y = k × q/|k × q|, x = y × z, z′ = q/|q|, y′ = y, x′ = y × z′ with the
photon momentum k and the meson momentum q (in cm system). Figure taken from [37].

Thus, in total, 2 × 3 × 3 = 18 double polarisation observables are theoretically
possible. However, this number is reduced to only 12 observables since some com-
binations do not yield additional information. Together, with the S-type observables,
one can measure 16 polarisation observables in total. S-type observables are the unpo-
larised cross section σ, the beam asymmetry Σ, the target asymmetry T, and the recoil
polarisation P. The double polarisation observables can be divided into three groups
of four observables and are given in Table 1.4 [37]:

Beam-Target (BT ) Beam-Recoil (BR) Target-Recoil (T R)
G, H, E, F Ox, Oz, Cx, Cz Tx, Tz, Lx, Lz

Table 1.4: The double polarisation observables can be divided into three groups of four
observables.
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1.3. OBSERVABLES

The BT observables require a polarised beam and target, the BR observables a
polarised beam and recoil nucleon, and the T R observables a polarised target and
polarised recoil nucleon. An overview of all observables and the required polarisation
is given in Table 1.5.

photon target recoil target + recoil
x y z - - - x z x z
- - - x′ y′ z′ x′ x′ z′ z′

- σ - T - - P - Tx′ -Lx′ Tz′ Lz′

linearly Σ H -P -G Ox′ -T Oz′ - - - -
circularly - F - -E -Cx′ - -Cz′ - - - -

Table 1.5: Overview of the 16 polarisation observables.

The most general form of the cross section includes all polarisation observables
and can be written as [38]:

dσ ∝
(

dσ0 + Σ̂[−Pγ
L cos(2φ)] + T̂[PT

y ] + P̂[PR
y′ ]

+Ê[−Pγ
c PT

z ] + Ĝ[Pγ
L PT

z sin(2φ)] + F̂[Pγ
c PT

x ] + Ĥ[Pγ
L PT

x sin(2φ)]

+Ĉx′ [P
γ
c PR

x′ ] + Ĉz′ [P
γ
c PR

z′ ] + Ôx′ [P
γ
L PR

x′ sin(2φ)] + Ôz′ [P
γ
L PR

z′ sin(2φ)]

+ L̂x′ [PT
z PR

x′ ] + L̂z′ [PT
z PR

z′ ] + T̂x′ [PT
x PR

x′ ] + T̂z′ [PT
x PR

z′ ]
)

, (1.43)

where PT and PR are the degree and direction of the target and recoil polarisation,
respectively, defined in the coordinate frame of Fig. 1.10, Pγ

c is the degree and direction
of circular photon polarisation, Pγ

L is the degree of linear photon polarisation, φ is the
angle of the transverse polarisation with respect to the reaction plane, and σ0 is the
integrated cross section over all initial state polarisations and then summed over all
final state polarisations [38]. In this notation the hat indicates that not the asymmetries
themselves, but the product of them with σ0, the profile function Â = Aσ0, have been
used.

As can be seen in Appendix B.1, each asymmetry also has contributions from
higher order terms, e.g. including recoil polarisations that do not appear here since
those degrees of freedom were not measured in this work. Thus, it is generally pos-
sible to measure all single polarisation observables in a double polarisation setting
and all double polarisation observables in a triple polarisation setting. However, this
yields no additional information and therefore is not further discussed here.

For this work, only the unpolarised cross section dσunpol and the double polarisa-
tion observable E are of interest. The double polarisation observable E is accessed via
a longitudinally polarised target and a circularly polarised beam. Hence, the BT part
of Eq. 1.43 can be reduced to [37]:

dσ = dσunpol · [1− Pγ
c PT

z E] . (1.44)

The double polarisation observable E is a helicity dependent asymmetry and can be
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CHAPTER 1. INTRODUCTION

described as:
E =

σ1/2 − σ3/2

σ1/2 + σ3/2

, (1.45)

where σ3/2 is the helicity dependent cross section for the parallel configuration of pho-
ton and nucleon spin and σ1/2 the cross section for anti-parallel photon and nucleon
spin. Using Eq. 1.35 and Eq. 1.36, one can find the representation of E in terms of the
helicity amplitudes [37]:

Ê =
1
2
(
−|H1|2 + |H2|2 − |H3|2 + |H4|2

)
. (1.46)

The parametrisation of E using the CGLN representation is [38]:

Ê = <e
{

F∗1 F1 + F∗2 F2 − 2 cos θF∗1 F2 + sin2 θ(F∗2 F3 + F∗1 F4)
}

ρ , (1.47)

where ρ = q/k is the phase space factor.

1.3.1 The Complete Experiment

As mentioned in the Section 1.2.3, to determine the four complex amplitudes one has
to measure seven real values as a function of two kinematical variables (W and θ),
neglecting the overall phase. The definition of the number of required observables to
find the four complex amplitudes is not straightforward since ambiguities have to be
avoided.

The discussion about how one can determine the amplitudes from a complete set
of experiments started already in the 1970s. In their paper on Complete Experiments in
Pseudoscalar Photoproduction, Barker, Donnachie and Starrow [37] stated that one can
unambiguously determine all amplitudes by measuring five double polarisation ob-
servables and all four S-type observables, on a condition that less than four double
polarisation observables are of the same group BT , BR, T R, known as the BDS-rule.
However, Keaton and Workman [39] showed that the BDS rule is not sufficient to
reject all ambiguities, but did not provide updated conditions for a complete exper-
iment. The paper by Chiang and Tabakin [40] states that in general, measuring the
four S-type observables yields the magnitude of the amplitudes. When in addition
three double polarisation observables are measured, the relative phases between the
amplitudes can be determined. However, ambiguities remain since the observables
are non-linearly dependent of each other. Thus, Chiang and Tabakin suggested that
eight appropriately selected observables (instead of nine according to the BDS rule)
are necessary where the eight measurements include the four S-type observables and
four carefully chosen double polarisation observables. The selection rules are very
complicated and an overview of the possible complete sets of observables is given in
Appendix B.2. Furthermore, since the electromagnetic excitation is isospin dependent,
the eight observables have to be measured as a function of the energy for both proton
and neutron targets.
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1.3. OBSERVABLES

1.3.2 Extraction of Resonance Parameters

Having a complete set of observables (eight according to Chiang and Tabakin [40]), a
partial wave analysis (PWA) can be performed, i.e. the observable can be decomposed
into the partial waves, where the multipoles El± and Ml± contain contributions from
resonant and background terms (see Fig. 1.7). In a second step, the resonant contribu-
tions can be extracted by parametrising the resonant and background terms. Usually,
the resonance terms are modelled by relativistic Breit-Wigner curves [6]:

A =
ΓRWR

W2
R −W2 − iWR · ΓR

, (1.48)

where WR is the resonance position, ΓR is its width, and W is the cm energy. Alterna-
tively, one can use the non-relativistic version:

A =
ΓR/2

W2
R −W − i · ΓR/2

. (1.49)

The resonance parameters are then found by fitting the resonance parametrisations to
the partial waves.

In contrast to the proper PWA, Isobar models parametrise the resonant and back-
ground terms in the multipoles already in the beginning by Breit-Wigner distributions
and Lagrangians, respectively. These parametrisations are then directly fitted to the
data. The less complete an experiment is, the more assumptions have to be put into
the parametrisation.

The most common PWA for η photoproduction, SAID [41], and the two Isobar
models MAID [42], and Bonn-Gatchina (BnGa) [43] shall be described now.

SAID

SAID (Scattering Analysis Interactive Dial-in) was developed by the CNS Data Analysis
Centre at the George Washington University in Washington DC, USA. It is a database
for πN scattering, and electro- and photoproduction data, and provides multipoles
from PWA. For η photoproduction, the information available from SAID is very lim-
ited. Differential cross sections and data for the polarisation observable E are only
available for the proton target. Their results on η photoproduction for the proton are
based on a coupled-channel fit to pion-nucleon and η nucleon data, more information
can be found in Ref. [44].

MAID

The Mainz Isobar model (MAID) [42], developed at the Johannes Gutenberg Univer-
sität in Mainz, Germany, uses differential photoproduction cross sections from MAMI,
GRAAL and Jefferson Lab (JLab) data. The non-resonant background Born and vector
meson exchange terms are constructed using effective Lagrangians. Resonances are
parametrised as energy dependent Breit-Wigner shapes. N∗ resonance contributions
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from D13(1520), S11(1650), D15(1675), F15(1680), D13(1700), P11(1710), and P13(1720)
are considered. Besides the standard η-MAID model (t-channel exchanges are de-
scribed by ρ and ω poles) [33], a Reggeized η MAID model exists [45, 46], in which the
vector meson exchanges are modelled by Regge trajectories. This model leads to bet-
ter results at higher energies than the standard η MAID. The MAID model provides
data for differential cross sections as well as for the double polarisation observable E
on proton and neutron targets.

Bonn-Gatchina

The Bonn-Gatchina model (BnGa) [43], developed at the Rheinische Friedrich-Wil-
helms-Universität Bonn, Germany, and the Petersburg Nuclear Physics Institute in
Gatchina, Russia, is a coupled channel analysis. The model is fitted simultaneously to
all available data of baryon spectroscopy, including πN scattering and photoproduc-
tion experiment of various final states (single and multi-meson final states). Unpo-
larised cross sections and polarisation observables as a function of energy and angle
are considered in their analysis. The BnGa PWA uses a K-matrix approach at low
energies and relativistic multi-channel Breit-Wigner amplitudes at high energies to
parametrise the resonances. Non-resonant reggeized t- and u- channel amplitudes
have been added to the resonant amplitudes [47]. The BnGa models for the differen-
tial cross sections and the double polarisation observable E are used to compare to
the current experimental results. For this purpose, the most recent published BnGa
model, as given in Ref. [48], was used.

1.4 Current Experimental Data

Thanks to an extensive investigation of the excitation spectrum of the nucleon in the
past years via photoproduction experiments, the number of the resonances has in-
creased significantly. The current status of the N? (I = 1/2) resonances is shown in
Table 1.6 (the I = 3/2 ∆-resonances are not shown here since they cannot contribute
to η photoproduction). The PDG star-rating indicates how well a certain resonance is
established. One star stands for poor evidence of the resonance and four stars stands
for a well-established resonance. Many of the listed resonances are three or four star
resonances due to new photoproduction data on differential cross sections and polar-
isation observables. However, one resonance is more noteworthy, the new tentative
resonance N(1685) (red marked line in Table 1.6), which is the main motivation for
this work. The listing of this speculative state is based on experimental results by
Kuznetsov et al. [49, 50], Jaegle et al. [51], and Werthmüller et. al. [52]. A part of
the results of this work was published in the latter publication. All these studies have
reported a narrow structure at a cm energy of approximately 1.68 GeV in the cross
section of the neutron, which is not visible in the cross section of the proton.

22
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– 5–

Table 1. The status of the N resonances. Only those
with an overall status of ∗∗∗ or ∗∗∗∗ are included in the
main Baryon Summary Table.

Status as seen in —

Particle JP
Status

overall πN γN Nη Nσ Nω ΛK ΣK Nρ ∆π

N 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(1685) ?? ∗
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(2150) 3/2− ∗∗ ∗∗ ∗∗ ∗∗ ∗∗
N(2190) 7/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗ ∗∗ ∗
N(2220) 9/2+ ∗∗∗∗ ∗∗∗∗
N(2250) 9/2− ∗∗∗∗ ∗∗∗∗
N(2600) 11/2− ∗∗∗ ∗∗∗
N(2700) 13/2+ ∗∗ ∗∗

∗∗∗∗ Existence is certain, and properties are at least fairly well explored.
∗∗∗ Existence is very likely but further confirmation of quantum

numbers and branching fractions is required.

∗∗ Evidence of existence is only fair.
∗ Evidence of existence is poor.

August 21, 2014 13:18

Table 1.6: Overview of the status of the N? (I = 1/2) resonances. The tentative N(1685)
resonance is marked red, which this work is based on. Table taken from [6].

1.4.1 Narrow Structure on the Neutron

A narrow structure was first observed by the GRAAL Collaboration in η photopro-
duction on the quasi-free neutron bound in deuterium [49]. The η → 2γ decay was
detected in coincidence with recoil nucleons. The setup consisted of a bismuth ger-
manate (BGO) ball (25◦ ≤ θ ≤ 155◦) and a time of-flight (TOF) hodoscope wall
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(θ ≤ 23◦). Charged particles were rejected with plastic scintillators and two cylindri-
cal multi-wire proportional chambers (MWPC). A clean identification was achieved
by an invariant mass analysis and subsequent kinematical cuts. Cross sections have
been determined as a function of the initial state energy and thus are smeared out by
Fermi motion. The results are shown in Fig. 1.11 (a). The position of the structure in
the neutron cross sections was determined to be 1.68 GeV (no error was given). The
corresponding width was comparable to the experimental resolution and was esti-
mated to be Γ ≤ 30 MeV. Also by the GRAAL Collaboration, a similar behaviour was
later observed in quasi-free Compton scattering on the neutron [50]. The extracted

28 V. Kuznetsov et al. / Physics Letters B 647 (2007) 23–29

Fig. 6. Polynomial-plus-narrow-state fit of γn → ηn cross sections. Black circles are γn → ηn data. Open circles correspond to γp → ηp cross section normalized
on the cross section on the neutron in the maximum of the S11(1535) resonance. Dashed areas show simulated contribution of the narrow state. Solid lines are the
result of the fit. Dashed lines show the fit by 3-order polynomial only.

It is well known that η photoproduction on the proton is
dominated by photoexcitation of the S11(1535) resonance up
to W ∼ 1.68 GeV. At higher energies, the increasing role
of higher-lying resonances is expected [16,19]. η photopro-
duction on the neutron is dominated by the S11(1535) up to
W ∼ 1.62 GeV [10,11]. The shape of cross sections on the
neutron and on the proton in the region S11(1535) resonance
below W ∼ 1.62 GeV is similar (Fig. 6). One may assume
that the enhancement in the cross section on the neutron at
W ∼ 1.62–1.72 GeV is caused by an additional relatively nar-
row resonance. In Fig. 6 the simulated contribution of a narrow
state (M ∼ 1.68 GeV, Γ = 10 MeV) is shown. This state ap-
pears as a wider bump in the quasi-free cross section due to
Fermi motion of the target neutron. The neutron cross section
in the range of W ∼ 1.55–1.85 GeV is well fit by the sum of
a third-order polynomial and a narrow state, with an overall
χ2 about 11/14, 8/14 and 11/14 for the backward, central and
forward angles respectively. The fit by only a third-order poly-
nomial increases χ2 to about 31/15, 21/15, and 23/15.

Thus, the apparent width of the structure in the γn →
ηn cross section is not far from one expected due to smear-
ing by Fermi motion. The same structure was observed in
the M(ηn) invariant mass spectra (Fig. 3). The width of the
peaks in the M(ηn) spectra is also close to experimental
resolution. Therefore this structure may signal the existence
of a relatively narrow (Γ ! 30 MeV) state. If so, its prop-
erties, the possibly narrow width and the strong photocou-
pling to the neutron, are certainly unusual. There are six well-
known nucleon resonances in this mass region [1]: S11(1650),
D15(1675), F15(1680), D13(1700), P11(1710), and P13(1720).
Among them D15(1675) was predicted to have stronger pho-

tocouplings to the neutron [2,3]. One cannot exclude that the
observed structure might be a manifestation of one of them
or might originate from the interference between several res-
onances. On the other hand, such a state coincides with the
expectation of the chiral soliton model [7,8] and a modified
PWA [9] for the non-strange pentaquark.2

The possible role of some resonances has been recently ex-
amined in Refs. [23–25] on the base of our [26] and CB-TAPS
[27] preliminary reports. In the standard η-MAID model the
D15(1675) resonance produces a bump near W ∼ 1.68 GeV
in the total η-photoproduction cross section on the neutron.
The unusually large branching ratio of D15(1675) to ηN is
needed to reproduce experimental data. The inclusion of a nar-
row P11(1675) resonance with parameters suggested in [7] into
η-MAID generates a narrow peak in the cross section on the
free neutron while the cross section on the free proton re-
mains almost unaffected. The peak is transformed into a wider
bump similar to experimental observation if Fermi motion is
taken into account [23]. The similar result has been obtained
in Ref. [24]. Authors of [25] have demonstrated that the peak
at W ∼ 1.67 GeV in the η-photoproduction cross section on
the neutron can be explained in terms of the S11(1650) and
P11(1710) resonance excitation.

The decisive identification of the observed structure requires
a complete partial-wave analysis based on a fit to experimen-
tal data. New beam asymmetry data from GRAAL and cross

2 Here we note that the recent negative reports on the search for the Θ(1540)

pentaquark [22] put doubts on the existence of the exotic antidecuplet and the
non-strange pentaquark.

(a)

A. FANTINI et al. PHYSICAL REVIEW C 78, 015203 (2008)

FIG. 10. Comparison between the beam asymmetry ! in η photoproduction on quasi-free protons (open squares) and quasi-free neutrons
(full triangles) in the 11 bins in which the energy range has been divided, plotted as a function of θ c.m.

η . See text for details.

FIG. 11. Comparison between the beam asymmetry ! in η photoproduction on quasi-free protons (open squares) and quasi-free neutrons
(full triangles) in the seven bins in which the angle range has been divided, plotted as a function of the γ energy.

015203-10

(b)

Figure 1.11: (a) Narrow structure observed in η photoproduction on the neutron. Cross
section for different angular bins for the quasi-free proton (open circles) and neutron (filled
circles) target obtained by the GRAAL collaboration. The distribution was fitted with a
polynomial of third order and a Breit-Wigner line shape. [49] (b) GRAAL beam asym-
metry Σ for η photoproduction on the proton (open circles) and neutron (filled circles).
Proton and neutron data start to deviate at Eγ ∼ 1.05 GeV for backward angles. Figure
taken from [53].
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position and width of the structure W = (1686± 7stat ± 5sys) MeV and Γ ' (28± 12)
MeV are in agreement with the results from η photoproduction. However, this anal-
ysis is more challenging, since the reaction is dominated by π0 background. GRAAL
has also published first results on the beam asymmetry Σ for η photoproduction on
the neutron [53]. The beam asymmetry Σ is interesting, since it contains interference
terms of multipoles and thus can enhance weak resonances. The results are shown in
Fig. 1.11 (b). The asymmetries for proton and neutron look similar up to energies of
Eγ = 1.05 GeV. At backward angles, the distributions on the neutron show a rapid rise
at a cm energy of W = 1.715 GeV. Model calculations could not correctly describe this
behaviour.

Further evidence for a narrow structure in η photoproduction was found at LNS
in Sendai [54]. Their detector setup consisted of four blocks of 74 caesium iodide (CsI)
crystals each, two blocks in the forward direction (15◦ ≤ φ ≤ 72◦ and 17◦ ≤ φ ≤ 77◦)
and two blocks in the backward direction (95◦ ≤ φ ≤ 125◦ and −12◦ ≤ φ ≤ 12◦).
Charged particles have been identified with 5 mm thick plastic scintillators mounted
in front of the crystals. The η meson was reconstructed from two decay photons via
an invariant mass analysis. In contrast to GRAAL, an inclusive measurement was
performed and the neutron cross section was determined by subtracting the Fermi-
folded η MAID predictions [33] for the proton from the inclusive measurement (σn =

σincl − σp). The parameters of the narrow structure on the neutron have been extracted
by fitting a Breit-Wigner function to the data. A position of W = (1666± 5) MeV and
a width of Γ ≤ 40 MeV were found. Hence, these results are in agreement with the
previous observations by the GRAAL Collaboration.

In 2011, the CBELSA/TAPS collaboration published η photoproduction cross sec-
The CBELSA/TAPS Collaboration (I. Jaegle et al.): Quasi-free photoproduction of η-mesons . . . Page 21 of 25
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Fig. 23. Total cross-sections as a function of final-state in-
variant mass W without cut on spectator momentum. (Red)
dots: quasi-free neutron, (blue) squares: quasi-free proton,
(green) stars: free proton data. Curves: fitted (up to W =
1600 MeV) S11(1535) line shapes. (Black) solid: free proton,
(blue) dashed: quasi-free proton, (red) dotted: quasi-free neu-
tron. Dash-dotted curves: model results from [53]. Insert: ratio
of quasi-free neutron–proton data.

mass and width of the resonance extracted from the quasi-
free proton and neutron data are in excellent agreement.
The agreement with the free proton data is good, but
not within statistical uncertainties. This had to be ex-
pected due to the finite W resolution of the quasi-free
data, which tends to increase the width and to shift the
resonance position slightly upward. These parameters are
also in good agreement with the values given by the par-
ticle data group [36] and the Bonn-Gatchina analysis [55]
of the present data. Note that for the BoGa analysis not
Breit-Wigner masses but pole positions are given, which
agree with the PDG parameters. The almost perfect agree-
ment of the shape of the S11-peaks for the proton and
neutron data in this range is also further evidence that
this shape is alone dominated by the S11(1535). Effects
e.g. from the destructive interference of the two S11 res-
onances, which are important at higher incident photon
energies, should be different for proton and neutron since
the ratios of the electromagnetic couplings of these two
resonances are quite different for protons and neutrons.

The electromagnetic helicity couplings AN
1/2 found

from the fits agree for free and quasi-free proton data.
The proton couplings are slightly higher than the PDG
value and the BoGa result. This could be a systematic
effect, since all non-S11(1535) contributions are neglected
in the fit. The only large discrepancy arises for the neu-
tron helicity coupling between the present and BoGa re-
sults, on the one hand and the PDG value, on the other

Table 3. Result of Breit-Wigner fits. Nη branching ratio of S11

is assumed as bη=0.5. Upper part of table: Comparison of fits
of S11(1535) resonance for free proton, quasi-free proton, and
quasi-free neutron data to PDG estimates [36] and BoGa model
fit [55]. Bottom part: fit of neutron data with S11. resonance
and two further Breit-Wigner curves. All uncertainties of fit
parameters are statistical only.

S11(1535) W (a) [MeV] Γ (a) [MeV] A
(b)

1/2

[10−3 GeV−1/2]

PDG 1535 ± 10 150 ± 25 Ap
1/2: 90 ± 30

(1510 ± 10) (170 ± 80) An
1/2: 46 ± 27

BoGa(c) – – Ap
1/2: 90 ± 25

(1505 ± 20) (145 ± 25) An
1/2: 80 ± 20

γp → pη 1536 ± 1 170 ± 2 106 ± 1

γd → (n)pη 1544 ± 2 181 ± 13 109 ± 3

γd → (p)nη 1546 ± 3 176 ± 20 90 ± 4

γd → (p)nη

S11(1535) 1535 ± 4 166 ± 23 88 ± 6

“broad BW” 1701 ± 15 180 ± 35 –

“narrow BW” 1663 ± 3 25 ± 12 –

(a)
Breit-Wigner mass, in brackets pole position.

(b)
Only magnitudes, no signs.

(c)
Only pole positions given, no Breit-Wigner mass.

hand, which is much lower. Here, one should note that
as already discussed in [12] there is a systematic discrep-
ancy between the helicity couplings of the S11(1535) ex-
tracted from pion photoproduction versus those from η-
photoproduction. The latter ones are significantly larger.
The S11(1535) dominates η-production but contributes
only weakly to pion production which is dominated in this
energy range by the D13(1520). Therefore, η-production is
the better suited channel for the study of the S11(1535)
properties. In the meantime the PDG proton coupling be-
came dominated by the larger values from η-production,
but the neutron coupling is still dominated by the small
values from pion production. The resulting PDG neu-
tron/proton ratio of the helicity couplings would corre-
spond to a cross-section ratio for η-production in the S11

maximum of 0.26, which is unrealistic. The BoGa analysis
finds a ratio of 0.79 and the simple BW fits a ratio of 0.68.

5.3.2 The region of the narrow peak in the γn → nη
reaction

In order to estimate the width of the narrow structure
observed in the neutron data, the excitation function has
been fitted up to W ≈ 1.8GeV with a purely phenomeno-
logical fit function. It is composed of the Breit-Wigner
curve with energy-dependent width for the S11(1535) res-
onance and two further simple Breit-Wigner curves with
constant width (x ≡ 1). The curves are compared to the
data in fig. 24 and the fit parameters are listed in the

Figure 1.12: Total cross section for η photoproduction on the neutron as a function
of the final state energy W for the quasi-free proton (blue) and neutron (red) by the
CBELSA/TAPS collaboration. The cross section ratio of neutron and proton shows a steep
rise around 1.68 GeV. Figure taken from [51].
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tions [51] that exhibit an analogous behaviour as seen by the other experiments. This
time, the η → 3π0 → 6γ channel was analysed. The decay photons have been de-
tected in coincidence with recoil protons and neutrons.

The settings were similar to the ones used for this work as the detector setup pro-
vided an angular coverage of almost 4π steradian. The cm energy was reconstructed
from the final state by determining the energy of the recoil nucleon via a kinematical
reconstruction or via a TOF measurement. The latter restricted the cross sections to
cos θ > −0.1, but allowed to see the narrow structure without the effects of Fermi
motion. A combined fit of two Breit-Wigner functions yielded W = 1683 MeV and
Γ = (60± 20) as parameters for the narrow state. The results for the total cross section
are shown in Fig. 1.12. In addition, angular distribution have been extracted, but are
not shown here.

Parallel to the analysis done for this work, η photoproduction experiments for pro-
tons and neutrons bound in deuterium have been performed by the A2 Collaboration
at MAMI [55, 56]. The same setup as for this work and an analogous analysis have
been used to extract high statistics data of differential and total cross sections as a
function of the final state energy. The cross sections for different cos θ∗η (polar angle of
η meson in cm frame) bins are shown in Fig. 1.13. The narrow structure is visible on a
wide angular range, but disappears at very forward and backward angles.

In summary, all experimental results on this narrow structure in η photoproduc-
tion on the neutron are in reasonable agreement. The structure has unusual properties
for a nucleon resonance, for example, the width is only about 30 MeV, which is very
small compared to the S11(1535) resonance (Γ ∼ 125 MeV [6]).
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FIG. 20. (Color online) Differential cross sections as a function of Wkin for different bins of cos(θ∗
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results are shown in Fig. 19 and the extracted param-
eters for position WR, width ΓR, and electromagnetic
coupling An

1/2 (multiplied by the square root of the un-

known Nη branching ratio bη) assuming an J = 1/2 state
are summarized in Table II. Kin. I, Kin. II and TOF I,
TOF II represent datasets obtained with different anal-
ysis cuts, where in the sets II more strict cuts on the η
missing mass (±0.5σ), the η-n coplanarity (±0.5σ) and
the reconstructed Fermi momentum (pF < 80 MeV) were
applied (see Sec. III B).

The data depending on Wkin were additionally ana-
lyzed with a fit taking into account the resolution of the
W reconstruction, which was estimated via simulation
(see Sec. III E). While the extracted parameters for po-
sition and coupling did not vary much so that they could
be simply averaged, the extracted width was considerably
reduced from around 50 MeV to 30 MeV. This indicates
that a significant fraction of the observed width is re-
lated to the experimental resolution and that the intrin-
sic width is narrower. The width extracted this way can
hence be seen as an approximation of the true width while

the width obtained with the standard fit corresponds to
an upper limit only.

With the exception of the parameters extracted from
the Kin. II analysis of the η → 3π0 channel, which suf-
fer from a large reduction in statistics, all parameters
corresponding to the kinematic W reconstruction are in
good agreement within statistical uncertainties. A slight
improvement in resolution can be seen for the Kin. II
analysis of the η → 2γ channel leading to smaller pa-
rameters for the width. No such effect can be seen in
the η → 3π0 data where the reliability of the fit seems
to be reduced by lower statistics. A best estimate was
calculated only taking into account the type I analyses,
as they have better statistics than the type II analyses,
and the values are shown in Table II.

The data from the TOF reconstruction cover only 1/4
of the solid angle resulting in much lower statistics. Nev-
ertheless, they serve as an independent check for the
presence and the properties of the structure. Somewhat
lower values for the position and width were obtained.
The coupling was estimated assuming an isotropic angu-

Figure 1.13: High statistics η photoproduction cross sections on the neutron by the A2
Collaboration. The results are shown for different angular ranges and a Breit-Wigner fit
is indicated. The narrow structure is nicely visible, but vanishes at very forward and
backward angles. Figure taken from [55].
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Theoretical Explanations

Various theoretical explanations exist that claim to be able to describe the observed
narrow structure on the neutron, which is not visible on the proton. They can be
divided into three groups: effects by known resonances, coupled channel effects, and
the existence of a new narrow resonance. An overview of the most interesting model
descriptions shall now be given.

1. Effects by known resonances:

- η-MAID (Chiang et al. [33]): the MAID model (explained in Sec. 1.3.2)
describes the narrow structure in the cross section on the neutron by a
large contribution of the D15(1675) resonance. This state is Moorhouse sup-
pressed [57] on the proton, and thus only visible on the neutron. The Moor-
house selection rule states that ”...transition amplitudes for γp to all resonances
of representation [70,4 8], such as D15(1675), must be zero due to the vanishing
transition matrix element for the charge operator.”[58]. On the neutron, such
resonances can contribute. However, this prediction yields an unexpected
large value for the branching ratio to ηN for this state ΓηN/Γtot ∼ 17%,
while the PDG value is almost zero.

- Giessen Model (Shklyar et al. [59]): the Giessen model is a coupled chan-
nel effective Lagrangian approach and uses πN and γN data, including
the preliminary CBELSA/TAPS results on η photoproduction on the neu-
tron [51]. Their model explains the bump structure on the neutron by the
contributions of the S11(1650) and P11(1710) resonances. The resulting dif-
ferential cross sections show a rise at backward angles. Furthermore, they
showed that the shape of the cross section in the region of the narrow struc-
ture is extremely sensitive to variations in the electromagnetic coupling
A1/2.

- Chiral quark model (Zhong et al. [60]): the chiral quark model uses an effec-
tive chiral Lagrangian to describe the quark-pseudoscalar-meson coupling.
The two major features of this model are that it requires only one param-
eter to couple all resonances to the pseudoscalar mesons and it treats all
resonances equally. Their analysis includes six resonances, the S11(1535),
S11(1650), D13(1520), D13(1700), D15(1675) and P13(1720). The chiral quark
model yields a good description of the differential cross sections, total cross
sections, and the beam asymmetry. The bump structure on the neutron
is explained by a constructive interference between the S11(1535) and the
S11(1650) resonances. On the contrary, a destructive interference between
the latter two produces a dip on the proton at W ∼ 1.68 GeV. In addi-
tion, they found that the u-channel contribution is not negligible and the
D13(1520) resonance is very important, since it is responsible for the devia-
tions from an s-wave in the differential cross sections.

- BnGA (Anisovich et al. [48, 61]): the basic properties of the BnGa model
are mentioned in Section 1.3.2. Similar to the Giessen model, their newest
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fit shows that the bump structure on the neutron can be explained by an
interference between the S11(1535) and the S11(1650) resonances. How-
ever, it introduces a sign change of the electromagnetic A1/2 helicity cou-
pling of the S11(1650) resonance with respect to the current PDG value
(An

1/2
= (−0.050± 0.020) GeV−1/2 [6]) and previous fits. Their fitted value

is An
1/2

= (0.019 ± 0.006) GeV−1/2. Introducing a new narrow spin-1/2

N(1685) resonance drastically decreased the quality of the fit.

2. Coupled channel effects:

- s-wave model (Döring et al. [62]): The s-wave model was developed for the
simultaneous description of pion-photoproduction and πN scattering. ηN,
KΛ and KΣ final states have been included as coupled channels. This model
describes the narrow structure as a result of intermediate strangeness states.
The absence of this structure on the proton is explained by the presence
of πN, KΣ, and K+Λ intermediate states. The latter are only existent in
the reaction on the proton and their contribution cancels with the first two
(π+n and K+Σ0). For more details of this model, see Ref. [62].

3. New narrow resonance:

- Chiral quark soliton model (χQSM) (Diakonov et al. [63–66]): The chi-
ral symmetry breaking in QCD implies that quarks interact with the light
Goldstone-mesons, the pions, and thus produce chiral fields. In χQSM,
baryons are seen as solitons of this chiral fields. ”Different baryons are re-
alized by different (quantized) rotational excitations of the same classical soliton.
... A baryon in the χQSM is a bound state (by the chiral mean-field) of three
constituent quarks put on the valence level together with the whole constituent
quark Dirac-sea. The presence of the chiral-field distorts the Dirac-sea producing
additional qq̄ pairs...” [67] χQSM not only predicts the known baryon octet
and decuplet, but also suggests the higher lying exotic baryon antidecuplet
(see Fig. A.4). It is exotic, because it contains members with strangeness
S = +1. The latter can only be explained by assuming bound states of
five quarks, i.e. pentaquarks. The non-strange member N of the baryon
antidecuplet was first related to the Jp = 1/2+ N(1710) [63] and later by
other calculations to the N(1680) or N(1730) or by a mixed state of the two
[64]. Furthermore, it was shown that the photoexcitation of the non-exotic
members of the baryon antidecuplet is strongly suppressed for protons [65].
Even more, the members of the antidecuplet are thought to be very narrow
states. Hence, the structure in η photoproduction on the neutron exhibits
all the properties predicted for the baryon antidecuplet N by the χQSM.

- Reggeized η-MAID (Fix et al. [46]): This model was already shortly de-
scribed in Sec. 1.3.2. The model Reggeized η-MAID was fit to the prelimi-
nary CBELSA/ TAPS results on η photoproduction on the neutron [51]. In
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addition to the standard MAID model, it contains a new narrow P11(1670)
to explain the narrow structure on the neutron.

1.4.2 Double Polarisation Observable E

Experimental results for the double polarisation observable E for η photoproduction
from the neutron are not yet available. Results for the free proton have been recently
published [68]. The data stems from a measurement with the CEBAF Large Accep-
tance Spectrometer (CLAS) in Hall B at JLab. Charged particles were tracked with
drift chamber systems and matched to hits in a scintillator-based time-of-flight sys-
tem and a start counter array. A frozen butanol (C4H9OH) target with an average
polarisation of (84± 1)% was used. The electron polarisation was measured with a
Møller polarimeter and was (82± 5)%.

Since CLAS is specialised for the detection of charged particles the γp → ηp re-
action was identified by the detection of the recoil proton and a subsequent missing
mass reconstruction of the neutral η meson. The decay of the η into π+π−π0 was
identified by detecting at least one of the two charged pions. The background was
reduced by fits in the missing mass spectra.

The double polarisation observable E was extracted for energies from threshold
up to W = 2.1 GeV for a wide angular range. The resulting asymmetry is shown in
Fig. 1.14. At low energies, the determined asymmetry is unity within the given uncer-
tainties. This is expected from the dominance of the S11(1535) resonance. At higher
energies, additional resonance contributions introduce a W-dependent modulation of
E. The results are compared to fits obtained by the SAID [69], the ANL-Osaka [69],
and the Jülich [70] groups. The inclusion of the new CLAS data into the Jülich model
induces quite significant changes, as seen in Fig. 1.14. The fit shows that the structure
around W ∼ 1.7 GeV and cos θcm = 0.2 can be explained by the interference of an
E+

0 and a M+
1 multipole from the N(1650)1/2− and N(1720)3/2+ resonances. Together

with a slowly varying E−2 multipole, the experimental data can be described without
requiring a narrow resonance at W = 1.68 GeV.
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5

before and after the inclusion of the helicity asymmetry
data. Comparisons to the predictions made without the
data reported here dramatically demonstrate the impact
these measurements (and those to become available from
similar experiments elsewhere) can have on the details of
the phenomenological fits, as well as the ongoing mat-
uration of the state of our knowledge of the resonance
spectrum.

Fig. 3 shows the results for the observable E in the
region near W = 1.7 GeV using finer W bins (of 20 MeV
width) to investigate the previously suggested possibil-
ity of a narrow state at about that energy, as described
above. Coarser, 0.4-wide binning in cos ✓cm was used to
compensate for the narrow energy binning. A fit and
resonance analysis of the original and the re-binned data
by the Jülich group found that the structure observed
at ⇠ 1.7 GeV for the cos ✓cm bin centered at 0.2 is due
to interference between the E+

0 and M+
1 multipoles that

rapidly vary at this energy due to the N(1650)1/2� and
N(1720)3/2+ resonances. Together with the slowly vary-
ing E�

2 multipole, these three multipoles alone describe
the E asymmetry quite well without the need for an ad-
ditional narrow resonance near 1.68 GeV. A similar anal-
ysis of the multipole content for the cos ✓cm bin centered
at �0.6 shows that the interference of the E+

0 and M+
2

multipoles (the latter containing the N(1675)5/2�) is re-
sponsible for the dip, with E+

1 , E�
2 and M�

2 necessary to
better approximate the full fit.Combined with the hints
seen in Refs. [7, 8], the data presented here further mo-
tivate additional experimental investigations looking at
other spin observables.

In summary, we have presented the first measurements
of the helicity asymmetry E in photoproduction of ⌘
mesons from the proton. Initial investigation of these
results with a well known theoretical approach show pro-
nounced changes in the description of this variable when
these new data are included, and demonstrate how these
measurements will help constrain all analyses of the ex-
citation spectrum of the proton. With respect to the
existence of a N(1650 � 90) 1

2+ suggested previously [2–
6], the data obtained here do not demand the presence
of such a state, but further measurements of other polar-
ization observables would be helpful in gaining additional
insight on that question.
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Chapter 2

Experimental Setup

As previously mentioned, the subject of this work was to determine unpolarised cross
sections and the double polarisation observable E for η photoproduction on quasi-free
protons and neutrons. To collect the data for this analysis, experiments were carried
out at two different acceleration facilities in Germany, the Electron Stretcher Accelera-
tor (ELSA) in Bonn and the Mainzer Microton (MAMI) in Mainz. The corresponding
experiments are called CBELSA/TAPS (Bonn) and A2 (Mainz). Both are fixed target
experiments and use electron beams to produce real photons for the purpose of pho-
toproduction experiments. Data were taken using a circularly polarised photon beam
in combination with an unpolarised or longitudinally polarised target. The two differ-
ent acceleration facilities, as well as the experimental setups are explained in the next
sections in detail.

2.1 Acceleration Facilities

2.1.1 MAMI

MAMI is operated at the Institut für Kernphysik at the Johannes Gutenberg Univer-
sität Mainz, and provides a high-duty continuous wave (cw) electron beam with beam
currents up to 100 µA (unpolarised electrons). Electron energies of up to 1.6 GeV can
be reached by a series of different sub-accelerator systems. An overview of the accel-
eration facility is given in Fig. 2.1.

Production of the Electron Beam

MAMI has two different electron guns to produce either polarised or unpolarised elec-
trons. The unpolarised electrons are generated with a thermionic electron gun, EKAN,
by releasing electrons from the surface of a hot cathode. Longitudinally polarised elec-
trons are generated by the optical pumping of a gallium arsenide phosphor (GaAsP)
semiconductor with a pulsed titanium sapphire laser. The optical pumping requires
circularly polarised light. Thus, the linearly polarised laser light is converted to cir-
cularly polarised light by the use of of a quarter-wave plate. A quarter-wave plate
is a birefringent material (different index of refraction for different light orientations),
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CHAPTER 2. EXPERIMENTAL SETUP

Figure 2.1: Floorplan of MAMI. Shown are the different sub-acceleration systems, linac,
RTM1 to RTM3 and the HDSM. The different experimental halls X1, A1, A4 and A2
are indicated. The latter is used to perform the photoproduction experiments used for this
work. The A1 collaboration is specialised in electron scattering experiments, A4 in parity
violating experiments, and X1 focusses on the development of brilliant novel radiation
sources. Figure taken from [71].

which shifts the phase by 90◦ with respect to the light transmitted perpendicular to
it. When the quarter-wave plate has an angle of 45◦ with respect to the optical axis,
the amplitude of transmitted perpendicular and parallel light is equal, resulting in cir-
cular polarisation. A Pockels cell is used as birefringent material, which allows the
beam helicity to be switched by flipping the voltage polarity. The beam helicity is
flipped with a frequency of 1 Hz. For the current data, an electron polarisation degree
of approximately 80 percent was achieved. [72–74]

Acceleration of the Electron Beam

The acceleration of electrons with MAMI is a five-step process. The injector linear
accelerator (linac) accelerates the electrons from the gun up to 3.97 MeV and then
injects them into the first of three Racetrack Microtrons (RTM1 to RTM3, bottom left
of Fig. 2.1), where they reach an energy of 14.86 MeV. A RTM is a microtron, which is
compromised of two D-shaped magnets and one linac. The uniform field in the dipole
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2.1. ACCELERATION FACILITIES

magnets deflect the electrons by 180◦. The linacs of the RTMs have radio-frequency
(rf) cavities of 2.45 GHz to accelerate the electrons. The MAMI-B acceleration part is
completed by the RTM3 with an energy of 855 MeV. In 2006, MAMI was upgraded
with the harmonic double sided microtron (HDSM, top middle of Fig. 2.1), reaching
its final energy of 1.6 GeV in the MAMI-C stage. The HDSM has two linacs and in
total four 90◦ bending magnets. Compared to the RTM setup, the magnet size in the
HDSM setup can be drastically reduced due to the smaller bending angle and the two
linacs.

Whereas the acceleration of unpolarised electrons is straightforward, the accel-
eration of longitudinally polarised electrons reveals some challenges. In the MAMI
acceleration subsystems, the magnetic fields used to guide the beam are perpendicu-
lar and the accelerating electric fields are parallel to the direction of the motion of the
electrons. According to the Thomas-BMT equation [75], spin precession occurs with a
frequency [76]:

ωs = (1 + aγ)/ωc , (2.1)

where a = (g − 2)/2 is the anomalous magnetic moment of the electron, γ = (1 +

T)/m with the kinetic energy T and mass m of the electron, and ωc is the cyclotron
frequency. Hence, to ensure that the polarisation of the electrons is purely longitudinal
on the bremsstrahlung target in the A2 hall, a spin rotator (Wien filter) was installed in
the injection beam line. All other possible depolarising effects are negligible at MAMI.
[74, 76]

2.1.2 ELSA

The ELSA electron accelerator is located at the Physics Institute of the Rheinische
Friedrich-Wilhelms-Universität in Bonn. ELSA uses three acceleration stages to reach
a final beam energy of 3.5 GeV: the injector linear accelerators (linac1 and linac2), the
booster synchrotron, and the stretcher ring, as seen Fig. 2.2.

Production of the Electron Beam

Similar to MAMI, ELSA has a polarised and an unpolarised electron source. As at
MAMI, the longitudinally polarised electrons are produced by striking a GaAs photo-
cathode with circularly polarised laser light. The production of polarised electron for
ELSA is explained in detail in Ref. [78].

Acceleration of the Electron Beam

Having generated the electrons with one of the two electron guns, the electrons are
accelerated with a linac up to 26 MeV and then injected into the booster synchrotron
where they reach an energy of 1.6 GeV. The last step is the stretcher ring, which can be
used in three different ways to generate energies of up to a maximum of 3.5 GeV:

- Pure stretcher mode: the pre-accelerated electrons from the booster ring are in-
jected into the stretcher ring with a repetition rate of 50 Hz. By slow extraction,
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Figure 2.2: The electron accelerator ELSA with the two injector linacs, booster syn-
chrotron, and stretcher ring. The energies reached with the different subsystems are indi-
cated as in the figure. Figure taken from [77].

the pulsed beam is converted into a continuous beam. The maximum energy is
1.6 GeV.

- Post-accelerator mode: in this mode, the stretcher ring is used with higher fields
for the ramping magnets to increase the electron energy up to 3.5 GeV. For the
present work, the post-accelerator mode has been used to extract energies of 2.4
GeV (since the linear polarised electrons are only available up to this energy, as
explained below).

- Storage mode: this mode is mainly used for synchrotron radiation experiments.
Large currents are accumulated in the ring and accelerated to the desired en-
ergy. The bending magnets of the ring cause the electrons to emit synchrotron
radiation.

As for MAMI, the spin of the longitudinally polarised electrons precesses around the
magnetic field vectors of the dipole magnets. However, to reduce depolarisation in
circular accelerators, the electron spin has to be rotated into the perpendicular posi-
tion with respect to the flight path (transversal polarisation) by deflecting the beam
about 90◦. In addition, the focussing solenoid lenses of the linac cause Larmor preces-
sions, which are corrected with the help of double solenoids in the injection beamline.
Right after extraction, the spin is again turned into the longitudinal direction by a su-
perconducting magnet. In contrast to MAMI, additional depolarising effects due to
the imperfect magnetic fields in the circular accelerator, can not be neglected [78, 79]:

- imperfection resonances: the depolarisation is caused by imperfect positing and
fields of the magnets.
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2.2. GENERATION OF PHOTON BEAMS

- intrinsic resonances: depolarisation caused by the vertical betatron oscillation of
the electrons around the desired path.

These resonances can be satisfactorily compensated with correction magnets and by
changing the operating point, up to 2.4 GeV electron energy, and can be seen in Fig.
2.3.

62 Kapitel 6: Beschleunigung polarisierter Elektronen
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Abbildung 6.6: Abhängigkeit der transversalen Polarisation des aus ELSA extrahierten Elektronen-
strahls vom Spindrehwinkel in der Strahlführung zwischen Quelle und Linearbeschleuniger

abgeschätzten Depolarisation im Synchrotron verträglich mit der Polarisation, die mittels Mottstreuung
vor der Strahlinjektion in den Linearbeschleuniger gemessen wurde (s. Abb. 4.14).

6.5.2 Erreichte Polarisationsgrade

Abbildung 6.7 zeigt die unter Anwendung der in Kapitel 6.4 beschriebenen Verfahren erzielten maxima-
len Polarisationsgrade bei verschiedenen Extraktionsenergien [118]. Die Messungen in den Jahren 1997
und 1999 [190,191,256,258] wurden unter Verwendung der 120-keV-Quelle durchgeführt; für die Mes-
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Abbildung 6.7: Erreichte Polarisation des aus ELSA extrahierten Elektronenstrahls als Funktion der Ex-
traktionsenergie. Die gestrichelten Pfeile markieren die Lage der Imperfektionsresonanzen, die durchge-
zogenen Pfeile die der intrinsischen Resonanzen in ELSA.

Figure 2.3: Achieved longitudinal electron polarisation values in dependence of the ex-
tracted electron energy since 1997. The imperfection resonances are indicated by black
dashed arrows and the intrinsic resonances by red arrows. The improvement from 1997 to
1999 is mainly caused by compensation of the intrinsic resonance at ∼1.9 GeV by pulsed
quadrupole magnets. For the measurement in 2000, a new 50 keV electron source has been
used and the correction of the equilibrium position has been improved. Figure taken from
[78].

2.2 Generation of Photon Beams

For the purpose of photoproduction experiments, the electrons, delivered by the ac-
celeration facilities ELSA and MAMI, have to be converted to real photons. This is
done with the help of a thin radiator foil by producing bremsstrahlung photons. The
scattered electrons are afterwards energy tagged in dedicated detectors (known as the
tagger). The bremsstrahlung process itself and the necessary detector components
shall now be explained in the following section.

2.2.1 Bremsstrahlung Process

Bremsstrahlung occurs when electrons (or other charged particles) slow down in mat-
ter due to the Coulomb interaction of the electrons with the nucleus. The breaking
causes the electrons to emit a photon of the energy Eγ. A typical Feynman diagram
for the bremsstrahlung process is shown in Fig. 2.4. Requiring four-momentum con-
servation, one can derive the following equation:

(
E0

~p0

)
=

(
T
~q

)
+

(
E
~p

)
+

(
Eγ

~k

)
, (2.2)
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Figure 2.4: (a) Possible Feynman diagram for the bremsstrahlung process. (b) Polarisa-
tion transfer from the longitudinally polarised electron with energy Ee to the circularly
polarised photon with energy Eγ described by Eq. 2.6.

where (E0, ~p0) is the four-momentum of the incoming electron, (Eγ,~k) is the four-
momentum of the bremsstrahlung photon, (E,~p) is the momentum of the scattered
electron, and (T,~q) is the recoil to the nucleus. Due to the large mass of the nucleus,
the recoil energy T can be neglected, but not the recoil momentum.

2.2.2 Circularly Polarised Photons

For incoherent bremsstrahlung with relativistic electrons, the Bethe-Heitler cross sec-
tion can be derived [80]:

dσB−H = 4Z2αa2
0

dEγ

Eγ

E
E0

[
E0

E
+

E
E0
− 2

3

] [
ln
(

2EE0

Eγ

)
− 1

2

]
(2.3)

where α is the fine structure constant, Z is the atomic number, and a0 is the Bohr
radius. Hence, the distribution of the photons is mainly depending on the inverse
photon energy 1/Eγ. The distribution is forward peaking and independent of the
energy transfer. The following mean photon opening angle can be deduced:

√
〈θ2

γ〉 '
me

E0
, (2.4)

where me is the mass of the electron. However, the scattering angle of the electrons is
depending on the energy transferred to the photon:

√
〈θ2

e 〉 '
Eγ

E

√
〈θ2

γ〉 . (2.5)

For the electron energies used at MAMI and ELSA, the scattering angle of electrons
and photons is of the order of mrad and is negligible in comparison with the angles of
electron-electron scattering [81]. Electron-electron scattering is used for the purpose
of the Møller measurement, as described in Sec. 3.2.2.
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(a) (b)

Figure 2.5: (a) The CBELSA/TAPS goniometer consisting of several radiators: copper
radiators of different thickness, a diamond radiator to produce linear polarised photons,
and of a Møller foil with a pickup coil. Additionally, the goniometer contains tools for
beam diagnostics. Figure taken from [82]. (b) The CBELSA/TAPS Møller polarimeter
with four lead glass detectors. The case of symmetric Møller scattering, where the two
electron energies E1 and E2 are equal E1 = E2 = E0+me

2 is indicated by solid arrows
(dashed arrows: asymmetric scattering). Figure taken from [83].

The incoherent bremsstrahlung process can be used to either produce unpolarised
or circularly polarised photons. Whereas the scattering of unpolarised electrons on an
amorphous radiator results in unpolarised photons, circularly polarised photons are
produced by scattering of longitudinally polarised electrons on an amorphous radia-
tor. The helicity transfer from the electron to the photon in this process is described by
the following formula [84]:

Pγ

Pe
=

3 + (1− x)
3 + 3(1− x)2 − 2(1− x)

· x , (2.6)

where x = Eγ/E0 is the energy transfer from the electron to the photon and Pe and Pγ

are the electron and photon polarisation degrees, respectively. According to Eq. 2.6,
the polarisation of the photon is proportional to the electron polarisation. Hence, a
high electron polarisation is needed to get a high photon polarisation. Furthermore,
the helicity transfer is increasing with increasing photon energy, as seen in Fig. 2.4 (b).

The CBELSA/TAPS and A2 experiment are equipped with several amorphous ra-
diators, which are mounted in a goniometer, as seen in Fig. 2.5 (a). To generate un-
polarised electrons, thin (10-200 µm) copper foils are used. However, when running
with circularly polarised photons, the Møller radiator is the best choice, since it allows
to simultaneously measure the electron polarisation via Møller scattering. The Møller
radiator is made of Vacoflux50, an alloy with 49% iron, 49% cobalt, and 2% vanadium.
The CBELSA/TAPS Møller radiator has a thickness of 20 µm (3.61 · 10−3X0) [85], and
the Møller radiator of the A2 experiment has a thickness of 10 µm [86]. The radiator
is surrounded by a coil to polarise the Møller foil. To detect the Møller scattered elec-
trons, the CBELSA/TAPS experiment has a Møller polarimeter, as seen in Fig. 2.5 (b).
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It consists of four lead glass detectors with the dimension of 64× 64× 300 mm3. By
building a coincidence signal between the lower and upper bar, the Møller asymmetry
is measured, as explained in Sec. 3.2. In contrast to the CBELSA/TAPS experiment,
the A2 experiment has no actual Møller polarimeter. However, the counters of the tag-
ger in A2, explained in Sec. 2.2.3, can be used in combination with the Møller foil and
a FPGA based trigger using VME Universal Processing Modules (VUPROM) to deter-
mine the polarisation of the electron beam. More detailed information can be found in
the diploma thesis of P. Otte [86]. Since depolarisation effects during acceleration can
be neglected at MAMI, the Møller measurement is not that important in Mainz, and
the electron polarisation can be determined using the Mott measurement close to the
electron source.

Besides the possibility to produce circularly polarised photons, both experiments
A2 and CBELSA/TAPS, provide the possibility to produce linearly polarised photons
via coherent bremsstrahlung. For this purpose, unpolarised electrons are scattered off
a diamond radiator. The process of coherent bremsstrahlung is explained in detail in
Ref. [87].

2.2.3 Photon Tagging

For photonuclear experiments, it is important to know the exact energy of the emitted
bremsstrahlung photons. As discussed, the electron transfers a part of its initial en-
ergy, E0, to the photon. Neglecting the recoil to the nucleus, the energy of the photon
is given by energy conservation:

Eγ = E0 − E, (2.7)

No. 12 Andreas Thomas: Recent result from the A2 real photon facility at MAMI 1121

2.2 Glasgow tagger

The A2 photon beam is derived from the produc-

tion of Bremsstrahlung photons during the passage

of the MAMI electron beam through a thin radiator.

The resulting photons can be circularly polarised,

with the application of a polarised electron beam, or

linearly polarised, in the case of a crystalline radia-

tor. The degree of polarisation achieved is dependent

on the energy of the incident photon beam (E0) and

the energy range of interest, but currently peaks at

∼75% for linear polarisation (Fig. 3) and ∼85% for

circular polarisation (Fig. 4). The maximum degree

of linear polarisation should be further improved by

5 to 10% by the end of 2009 when the collimation

and beam monitoring systems will be optimised for

MAMI-C during the installation of the Frozen Spin

Target. The Glasgow Photon Tagger (Fig. 2) provides

energy tagging of the photons by detecting the post-

radiating electrons and can determine the photon en-

ergy with a resolution of 2 to 4 MeV depending on

the incident beam energy, with a single-counter time

resolution σt = 0.117 ns[12]. Each counter can operate

reliably to a rate of ∼1 MHz, giving a photon flux of

2.5×105 photons per MeV. Photons can be tagged in

the momentum range from 4.7 to 93.0% of E0.

Fig. 2. The Glasgow photon tagging spectrometer.

To augment the standard focal plane detector sys-

tem and make use of the Tagger’s intrinsic energy

resolution of 0.4 MeV (FWHM), there exists a scintil-

lating fibre detector (“Tagger Microscope”) that can

improve the energy resolution by a factor of about 6

for a ∼100 MeV wide region of the focal plane (de-

pendent on its position)[13].

Fig. 3. Linear polarisation available with the

current collimation system for a variety of

crystal orientations. The thin black lines are

data obtained during recent MAMI-C runs.

Fig. 4. Helicity transfer from the electron to

the photon beam as function of the energy

transfer. The MAMI beam polarisation is

Pe ≈85%.

3 Detectors and recent results

3.1 GDH-apparatus and DAPHNE detector

A solid state “frozen spin” polarized target[14]

from the Bonn polarised target group was used.

Fig. 5. The DAPHNE detector.

The cylindrical detector DAPHNE (Détecteur a

grande Acceptance pour la Physique photoNucléaire

Experimentale)[15] was especially designed for han-

dling multi particle final states by provision of a large

solid angle (94% of 4π) particle identification and has

a moderate efficiency for neutral particles. DAPHNE

was developed by a collaboration of Saclay and Pavia

for the investigation of photoreactions on light nu-

clei. As shown in Fig. 5, DAPHNE surrounds the

(a) (b)

Figure 2.6: (a) Sketch of the Glasgow-Mainz photon tagger. The electrons produce
bremsstrahlung photons in the radiator and exit the tagger on the right (green), while
the scattered electrons are deflected (red) in the dipole magnet (blue). Figure taken from
[88]. (b) The CBELSA/TAPS photon tagger with the dipole magnet (red) and the scin-
tillating bars (gray). The scintillating fibres (left) are situated between the bars and the
dipole magnet. Figure taken from [82].

38



2.2. GENERATION OF PHOTON BEAMS

where E0 is the extraction energy of the electron beam and E the energy of the scattered
electron, which is measured in the photon tagger. The tagger of both experiments,
shown in Fig. 2.6, mainly consists of a dipole magnet which deflects the electrons de-
pending on their energy. High energy electrons (a low bremsstrahlung photon energy)
are deflected less than low energy electrons (a high bremsstrahlung photon energy).
The deflected electrons are registered in the tagger ladder made of scintillation detec-
tors, which are read out via photomultiplier tubes (PMTs).

The Glasgow-Mainz photon tagger (A2 experiment) [89], as seen in Fig. 2.6 (a),
consists of a 1.9 T magnetic field, which is produced by a 40 ton heavy dipole magnet.
Electrons that did not interact with the radiator are deflected by 79◦ and guided to the
beam dump where the beam current is measured with a Faraday cup. The scattered
electrons are registered in the tagger ladder installed in the focal plane. This ladder
consist of 353 scintillation bars varying from 9 to 32 mm in thickness. The scintilla-
tion bars are overlapping such that a coincidence analysis between two adjacent bars
builds in total 352 logic tagger channels. The tagger covers an energy range of 5− 93%
of the electron beam energy with a resolution of 2 to 5 MeV (see Fig. 2.7). Due to very
high rates in the tagger at low photon energies (1/Eγ dependence), the highest tagger
channels (281-352) were switched off for the experiment of this work, such that only
photon energies in the range between 400-1450 MeV have been tagged. Additional
information on the Glasgow-Mainz photon tagger can be found in Ref. [89].

The composition of the CBELSA/TAPS tagger (see Ref. [85] for details), shown in
Fig. 2.6 (b), is slightly more complex. The high-energy part (0.166E0 − 0.871E0) of the
CBELSA/TAPS tagger is equipped with 480 scintillating fibres with 2 mm diameter.
Sixteen fibres build one of the 30 modules, having an energy resolution of 0.1%E0 for
the lower electron energies and 0.4%E0 for the higher energies. Additionally, 96 scin-
tillating bars cover an energy range from 0.021E0 to 0.825E0. The bars have a thickness
of 1.4− 5 cm and a relative energy resolution of 0.1− 6%Eγ (see Fig. 2.7). Due to space
conditions, they are mounted in three difference geometrical sets, in such a way that

 [MeV]γE
0 500 1000 1500

 [M
eV

]
γ

 E∆

0

1

2

3

4

5

6

(a)

2.4. Møller-Detektor

angeordnet sind (siehe Abbildung 10). Da die Ortsauflösung der Bars im Bereich hoher
Elektronenenergien nicht ausreichend ist, ist dort noch einen Detektor aus 480 szintil-
lierenden Fasern installiert.

Die Energieauflösung ist durch den Abstand der Szintillatoren gegeben und ist für
E0 = 2400 MeV in Abbildung 9 dargestellt. Die Bars registrieren Elektronen mit einer
Energie zwischen 3 % und 83 % der Primärstrahlenergie. Die Fasern decken einen Bereich
von 17 % bis 88 % ab.
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Abbildung 9: Energieauflösung des Tagging-Systems für Bars und Fasern in Abhängig-
keit der Photonenergie für eine Elektronenstrahlenergie von E0 =
2400 MeV.

Die Bars sind, wegen der engen Platzverhältnisse hinter dem Dipolmagneten, in
drei Gruppen mit unterschiedlichen geometrischen Anordnungen angebracht (Abbil-
dung 10(b)). Die Anordnung der Bars wurde so ausgelegt, dass Bremstrahlelektronen
immer zwei Bars tre↵en müssen. Damit kann Untergrund unterdrückt werden.

Durch die Messung der Zeit zwischen dem Triggersignal und dem Signal des Elektrons,
kann das Elektron, und damit das erzeugte Photonen, auch einer Reaktion zugeordnet
werden. Damit ist das Photon energiemarkiert. Diese Zuordnung ist nur dann eindeu-
tig, wenn in dem erlaubten Zeitfenster nur ein Elektron im Tagging-System detektiert
wurde.

2.4. Møller-Detektor

Für Experimente mit zirkular polarisierten Photonen stellt ELSA einen longitudinal
polarisierten Elektronenstrahl zur Verfügung. Dieser erzeugt dann am Bremsstrahltar-
get zirkular polarisierte Photonen. Der Polarisationsgrad der Photonen kann aus dem
der Elektronen und der Elektronenergie berechnet werden [Ebe06].

Es ist daher für den Betrieb mit polarisierten Photonen wichtig, die Polarisation der
Elektronen zu messen. Dazu dient der Møller-Detektor.

Unter Møllerstreuung versteht man die Streuung von polarisierten Elektronen an
polarisierten Elektronen. Der Wirkungsquerschnitt für diesen Prozess ist von der Pola-

11

(b)

Figure 2.7: (a) Energy resolution for the Glasgow-Mainz photon tagger. (b) Energy reso-
lution achieved by the CBELSA/TAPS tagger bars (red) and fibres (blue) for an extraction
energy of 2.4 GeV. Figure (b) taken from [90].
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an electron always hits two bars. By building the difference of the trigger time and the
tagger time of the electron, a certain photon can be matched with the corresponding
event. The photon tagger of the CBELSA/TAPS experiment is explained in more de-
tail in Ref. [83]. After the tagger, the photon beam is collimated by lead collimators.
For the current polarised target experiments, a 2 mm (A2) and 4 mm (CBELSA/TAPS)
collimator were used, leading to a beam diameters of 0.9 and 0.8 mm, respectively.

2.3 Targets

The main goal of this work was to determine cross sections and the polarisation ob-
servable E for η photoproduction on the neutron. However, due to the non-existence
of a free neutron target, quasi-free nucleons bound in light nuclear targets were used.
The most straightforward choice is to use deuterium, which contains one proton and
one neutron per nucleus. Other light nuclei are less frequently used for such mea-
surements. Nevertheless, two other nuclei have certain advantages. Tritium 3H, com-
posed of one proton and two neutrons, has the most favourable neutron/proton ratio,
however, the handling of this material is not very practicable due to its radioactivity.
Another possible candidate is 3He, containing two protons and one neutron. Due to
an advantageous spin structure, 3He is often used for polarisation experiments. The
main component in the wave function is given by the state where the two protons are
coupled with anti-parallel spin such that the net spin of the nucleus is identical with
the spin of the neutron. For the present work, experiments on liquid deuterium and
3He targets have been used to extract the unpolarised cross section on quasi-free neu-
trons and protons. To extract the double polarisation observable E, a frozen spin target
with deuterated butanol (dButanol) was used. Furthermore, a carbon foam target was
used to determine the unpolarised background.

2.3.1 Liquid Deuterium Target

The A2 liquid deuterium (LD2) target container [91], shown in Fig. 2.8 (a), is made
of 125 µm thick Kapton, is (3.02± 0.03) cm long, and has a diameter of 4 cm. The
unpolarised cross sections, determined by D. Werthmüller [56], which have been used
for the normalisation of the helicity asymmetry, have been extracted using this target
and a slightly longer LD2 target with a length of (4.72 ± 0.05) cm. To liquefy the
deuterium, the target was cooled down to approximately 20 K and was wrapped in
isolating foil (8 µm Mylar plus 2 µm aluminium) [91].

The container of the CBELSA/TAPS LD2 target had a diameter of 3 cm and a length
of (5.258 ± 0.1) cm (at a target cell pressure of 1350 mbar). Like the A2 target, the
CBELSA/TAPS target container is made of Kapton (80 µm front/back and 125 µm on
the sides). A heat exchanger was used to cool the target, which was connected to the
target cell via two tubule, as seen in Fig. 2.8 (b) [90].

Both the A2 and the CBELSA/TAPS target containers can also be filled with hydro-
gen. Experiments with such targets have been used to extract the nucleon detection
efficiency correction, as explained in Sec. 8.8.1.
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(a) (b)

Figure 2.8: (a) The target container of the A2 LD2 target. Figure taken from [92]. (b) The
CBELSA/TAPS LD2 target cell. Figure taken from [90].

2.3.2 3He Target

As previously mentioned, unpolarised cross sections have also been extracted for
quasi-free protons and neutrons bound in 3He. The target cell [93] was cylindrically
shaped, (5.08± 0.02) cm long and had a diameter of (3.04± 0.02) cm. Since Kapton is
not helium-tight, the cell was made of 175 µm Mylar.

To increase the density of 3He, the target was cooled to approximately 2.4 K with
the help of a 3He/4He dilution refrigerator, as seen in Fig. 2.9. The density at this
temperature was determined to be (74.48± 1 kg/m3. [94, 95].

Figure 2.9: Technical drawing of the 3He target cell as used in the A2 experiment. Figure
taken from [93].

2.3.3 Frozen Spin Target

In order to determine the double polarisation observable E, a target containing lon-
gitudinally polarised nucleons (protons and neutrons) is required. The theory on po-
larised targets will now be shortly outlined and further information can be found in
Ref. [96].

When an ensemble of particles with spin s is exposed to a magnetic field ~B, the
energy levels split into 2s + 1 sub-levels according to the Zeeman effect. The energy
spacing of the levels is given by [97]:

∆E = −gµmmBz, (2.8)
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where m = −s,−s + 1, ...,+s, g is the Landé factor, and µm is the magneton. Hence,
for protons and neutrons with spin 1/2 this leads to only two levels, whereas for
deuterons three levels occur (Zeeman levels). In thermal equilibrium, the levels are
occupied according to the Boltzmann distribution:

N(E + ∆E)
N(E)

= e(
−∆E

kT ), (2.9)

where N is the occupation number, ∆E is the level spacing, k is the Boltzmann con-
stant, and T is the lattice temperature. The polarisation degree PT of the target with
spin-s particles is defined by:

PT =
1
s

s
∑

m=−s
m · e gµmB

kT

s
∑

m=−s
e

gµmB
kT

, (2.10)

where the g-factor and the magnetic moment µ are given in Table 2.1.

g-factor µ

electrons -2.0023 µB
protons 5.5857 µN
neutrons -3.8261 µN
deuterons 0.8574 µN

Table 2.1: g-factor and magnetic moment of different particles with the Bohr magneton
µB = 5.7883× 10−11 MeV T−1 and the nuclear magneton µN = 3.1524× 10−14 MeV
T−1. Values taken from [2].

From Eq. 2.10 and the values of Table 2.1, one can directly follow that deuterium
alone can only be polarised to a reasonable degree at very low temperatures and high
magnetic fields (B ' 20 T, T ' 10 mK [97]). Thus, a different target material than
deuterium has to be used. Requirements for such a material are a high maximum
polarisation degree, a long relaxation time, and a short build-up time. A material
which exhibits this features is deuterated butanol (dButanol) with the chemical for-
mula C4D9OD. It is an ideal material since the residual carbon and oxygen nuclei are
spinless and cause no polarised background (former experiments used ND3 targets,
which had the disadvantage that the nitrogen atoms were polarised as well).

The deuterons inside dButanol were polarised with the Dynamic Nuclear Polari-
sation (DNP) technique. DNP in dButanol can be described by the spin temperature
theory, see Ref. [97]. During the DNP process, a microwave field is used to induce spin
flips between the different Zeeman bands, which leads to a high electron polarisation
of paramagnetic radicals. Due to their small mass and high magnetic momentum, it
is much easier to polarise electrons than nucleons, as seen in Table 2.1. Already at
a temperature of 1 K and a magnetic field of 2 Tesla, electrons have a polarisation
degree of more than 90% [98]. The transfer of the electron polarisation to the nucle-
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(a) (b)

(c) (d)

Figure 2.10: (a) Trityl radical Finland. The free electron is indicated as a point (center).
Figure taken from [97]. (b) The dButanol material was frozen in small beads. (c) Longitu-
dinal holding coil (solenoid) and (d) target container of the A2 Frozen Spin target. Figures
(b) and (c) taken from [92].

ons happens via thermal mixing, a simultaneous transition of two electrons (flip-flop)
with coincident nucleon-Zeeman transition. Depending on the frequency of the mi-
crowave field, the nucleons can be polarised in a parallel or anti-parallel direction to
the magnetic field. The realisation of DNP during the experiment was done in the
following way: before data taking, a superconducting magnet with a magnetic field
of ∼ 2.5 T was placed around the dButanol target to polarise the electrons in the para-
magnetic radicals. Simultaneously, microwave frequencies were used to transfer the
polarisation from the electrons to the nucleons. A certain microwave frequency range
was hereby driven through to find the correct position to induce transition between
the Zeeman levels. Having reached the maximum polarisation degree, the polarising
magnet was removed from the target and replaced by a small longitudinal holding
coil, as seen in Fig. 2.10 (c), with a magnetic field of BH ' 0.6 T for both experiments.
Then, the target was put into the frozen spin mode. For this purpose, the A2 [99–101]
and CBELSA/TAPS targets [98] have been equipped with a 3He/4He dilution refrig-
erator, as seen in Fig. 2.11, to cool down the dButanol material to a temperature of
T ' 25 mK (A2) or T ' 60 mK (CBELSA/TAPS). Under these conditions the polari-
sation undergoes a slow exponential decay. After several hours or days the target had
to be repolarised in order to ensure a high as possible nucleon polarisation.

For the current experiments, the dButanol was doped with triphenylmethyl (short
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trityl) Finland radicals, shown in Fig. 2.10 (a). The target material, shown in Fig. 2.10
(b), was shock frozen to spherical beads of 1.8 mm in diameter and brought into
the target container. When cooled down, the Teflon target container (see Fig. 2.10
(c)) had a length of 2 cm (A2) and 1.88 cm (CBELSA/TAPS). The fraction of the vol-
ume covered with dButanol (filling factor) was determined to be 60% (A2) and 59%
(CBELSA/TAPS) [102, 103].

The polarisation of the target was measured with a Nuclear Magnetic Resonance
(NMR) technique, and is further described in Sec. 3.4.

(a) (b)

Figure 2.11: Technical drawings of the frozen spin targets used at the A2 (a) and
CBELSA/TAPS experiment (b), respectively. The main part of the target is compromised
of the 3He/ 4He dilution refrigerator, the dButanol material is situated in the tip of the
target. Figures taken from [102] and [104].

2.3.4 Carbon Target

To understand the unpolarised background contributions inside dButanol, additional
measurements with a carbon foam target, shown in Fig. 2.12, are necessary. The den-
sity of the carbon target has been chosen in such a way that the number of carbon
nuclei matches the number of carbon nuclei inside the dButanol material. The A2
carbon foam target had a density of 0.57 g/cm3 and the one of the CBELSA/TAPS
experiment 0.50 g/cm3. To create similar experimental conditions as for the dButanol
target, the carbon foam target was placed inside the cryostat. For the CBELSA/TAPS
experiment, the carbon target was cooled down with the same 3He/4He mixture as
was used for the dButanol target. However, this was not possible in the A2 experi-
ment as serious target damages were feared and the carbon target was therefore not
cooled.
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Figure 2.12: The carbon foam target as it was used for the measurement of the unpolarised
carbon background in the A2 experiment. Figure taken from [92].

2.4 Detectors Setup

The detector setups of both experiments are very similar. The experiments consist of
several electromagnetic calorimeters that are optimised for the detection of photons.
Furthermore, charge sensitive detectors are installed to identify charged particles. The
setups will now be explained in more detail.

2.4.1 A2 Detector Setup

The setup of the A2 experiment consist of the Crystal Ball (CB) calorimeter [105],
the Particle Identification Detector (PID) [106], and the TAPS detector [107, 108]. An
overview of the A2 experiment is depicted in Fig. 2.13.

Figure 2.13: A2 setup consisting of the Crystal Ball (CB) and the TAPS detectors. The
Particle Identification Detector (PID) and the veto detectors in front of TAPS are used to
identify charged particles. The target is located in the center of the CB. Figure taken from
[109].
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Crystal Ball

The Crystal Ball (CB) [105] is the main icosahedron-shaped calorimeter covering 93%
of 4π steradians. It is composed of two hemispheres with inner and outer radii of
25 and 66 cm, respectively. Each of the 672 thallium doped sodium iodide (NaI(Tl))
crystals are 41 cm (15.7X0) long truncated pyramids, as seen in Fig. 2.14, and are read
out with PMTs. Because of the beam line, the CB detector has a hole for polar angles
smaller than 20◦ and larger than 160◦.

Since NaI(Tl) crystals are hygroscopic, both hemispheres are under vacuum. Fur-
thermore, the vacuum has stabilising effects. The most important properties of NaI(Tl)
crystals are summarised in Table 2.2.

density 3.67 g/cm3

X0 2.59 cm
rm 4.13 cm
dE/dx 4.8 MeV/cm
primary decay time 245 ns
emission max. wavelength 410 nm

Table 2.2: Properties of NaI(Tl) crystals used in the CB detector. The radiation length
X0 is defined as the characteristic distance at which the energy of an electron is reduced to
1/e via bremsstrahlung. The Molière radius rm accounts for lateral spread. rm is defined
as the distance in which 90% of the energy is deposited. Values taken from [6].

The high light output of NaI(Tl) permits a good relative energy resolution σE
E [110]:

σE

E
=

2%
E0.36[GeV]

, (2.11)

where E is the deposited energy in GeV. The polar angular resolution for photons is
σθ = 2 − 3◦ and the resolution in the azimuthal angle φ is given by σφ = σθ/ sin θ

[110].

Particle Identification Detector

The Particle Identification Detector (PID) [106], as seen in Fig. 2.14 (c), is a cylindri-
cal detector, which is situated inside the CB and surrounds the target with an inner
diameter of 116.5 mm. It is composed of 24 EJ-204 plastic scintillation counters with
a length of 500 mm and a thickness of 4 mm, which gives a φ-angle resolution of 15◦

and a θ-angle coverage of 15◦ − 159◦.
Due to the small thickness of the scintillation bars, the PID is ideally suited to veto

charged particles, since neutral particles do not deposit energy. In addition, one can
separate charged pions from protons and electrons by plotting the amount of energy
deposited in the PID against the energy deposited in CB, as seen in Fig 7.20.

In addition to the PID, a multi-wire proportional chamber (MWPC) is installed.
However, it was not used for the current experiment [106].
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(a)

Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

(b) (c)

Figure 2.14: (a) Picture of the CB detector. Figure taken from [111]. (b) One of the
pyramid-shaped NaI(Tl) crystals of the CB. Figure taken from [112]. (c) PID detector
made of plastic scintillation bars. Figure taken from [113].

TAPS

The forward region (5◦ ≤ θ ≤ 20◦) of the A2 setup is covered by the TAPS detec-
tor [107, 108]. Before 2008, the TAPS detector consisted of 384 BaF2 modules. The
BaF2 crystals are hexagonally shaped and 25 cm long. Each crystal is connected to a
Hamamatsu R2059-01 PMT. A 5 mm thick plastic scintillator, serving as charged par-
ticle veto, is mounted in front of every crystal, as illustrated in Fig. 2.15. In 2008, the
most inner ring was replaced by PbWO4 crystals and in 2009 the same was done for
the second ring. The PbWO4 crystals are trapezoidal shaped, such that always one
BaF2 crystal was replaced by four PbWO4 crystals. The crystals have a length of 20
cm (12X0) and are connected to Photonis XP 1911 PMTs. The fast decay time, high
density, small radiation length and small Molière radius of PbWO4 (see Table 2.3) lead
to a higher rate resistivity and better angular resolution. Hence, the current setup of
TAPS consists of 366 BaF2 crystals and 72 PbWO4 crystals. For the trigger decision (see
Sec. 2.5), the TAPS detector is divided into six logical subunits, as seen by the different
coloured areas in Fig. 2.16 (a).

Figure 2.15: A single BaF2 module consisting of BaF2 crystal, a 5 mm thick plastic veto,
and a PMT. Figure adapted from [114].
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time (typically 2µs) as well as during its fast component (~ 
20ns), both performed with a high and a low gain, are 
mandatory. The considered amplitude range of the anode 
signal of the photomultiplier used (Hamamatsu R2059-01) is 
determined by the fast component and should not exceed –5V 
at 50Ω input impedance to guarantee a fully linear response.  
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Fig. 1. The typical signal shape of BaF2 for photons and charged particles 
observed at the anode output of the phototube. The integration gates for signal 
processing are indicated schematically. 
 

A pulse-shape analysis exploiting the correlation of the fast 
scintillation component with the total light yield allows to 
distinguish photons and hadrons, as illustrated in Figs. 1 and 2. 
Therefore, the detector signal has to be split to feed all four 
independent integration circuits in parallel.  

To perform time-of-flight and coincidence measurements 
with high resolution, the timing signal has to be deduced based 
on constant-fraction technique with minimum walk. In 
particular, the integration gate for the fast component has to be 
positioned without jitter for pulse-shape analysis. The output 
of the Constant Fraction Discriminator (CFD) identifies the 
response of the detector and therefore should be considered as 
the main start signal for the Charge-to-Amplitude Converter 
(QAC) of the energy integration as well as for the Time-to-
Amplitude Converter (TAC) for the time measurement. Using 
the externally generated event trigger as a common stop of the 
TDC will avoid long active or passive delays (~400 to 600ns) 
of the timing signals of each individual detector.  

At least two additional Leading Edge Discriminator (LED) 
circuits are necessary for a flexible event and trigger selection. 
In general, all logic timing information has to be externally 
available as input into scalers or the already existing TAPS 
Multiplicity Coincidence Unit (MCU) [3]. The MCU allows to 
derive trigger conditions such as coincidences between BaF2 
detectors on the CFD or LED level or between photon and 
veto-detectors for charged particle identification. The module 
has been designed and manufactured by KVI, Groningen, as a 

VMEbus based (6HE) unit. The different combinations and 
levels of coincidences and corresponding multiplicities are 
programmable and can be selected and determined by five 
high speed FPGAs (ispLSI 3320, ispLSI 2096, Lattice).  
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Fig. 2. Scatter plot of the fast light component versus the total light output of 
a TAPS BaF2 detector. The correlation pattern illustrates the discrimination 
between photons and hadrons. The experimental data refer to photons and 
particles up to approximately 200 MeV energy. 
 

All additional functions such as slow control for 
discriminator settings, a multiplexer etc. have to be 
implemented on the board, which will be piggy-back plugged 
onto the multi-layered motherboard containing a high-speed 
12-bit Amplitude-to-Digital Converter (ADC) and the VME 
Interface. This device is already commercially available in the 
customized version CAEN V874A [4].  Both should combine 
to one single VME slot. 
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Fig. 3.  General block diagram of the read-out board for one detector 
channel. 
 

(b)

Figure 2.16: (a) TAPS crystal layout from target view with its six logical subunits
(coloured triangles). Figure taken from [56]. (b) The two scintillation components of
BaF2 are integrated over two different gates for the purpose of PSA. Figure taken from
[115].

One characteristics of the BaF2 crystal is the fact that it has a fast (τ = 0.9 ns) and a
slow (τ = 650 ns) scintillation component. This property can be used in a Pulse Shape
Analysis (PSA, explained in Sec. 7.4.1) to discriminate photons from nucleons when
the signal is integrated over two different time scales, as seen in Fig. 2.16 (b).

The fast scintillation component in combination with the PMT readout provides
a good time resolution of TAPS (∆τ = 170 ps for a single detector [56]), whereas the
slow component is responsible for the good energy resolution. Gabler et al. [108]

BaF2 PbWO4
density 4.89 g/cm3 8.3 g/cm3

X0 2.03 cm 0.89 cm
rm 3.1 cm 2.00 cm
dE/dx 6.5 MeV/cm 10.1 MeV/cm
fast decay time 0.9 ns 10 ns
emission max. wavelength 220 nm 420 nm
slow decay time 650 ns 30 ns
emission max. wavelength 300 nm 425 nm

Table 2.3: Properties of BaF2 and PbWO4 crystals used in the TAPS detector. Values
taken from [6].
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determined the energy resolution σE for a collimated photon beam of energy E :

σE

E
=

0.79%√
E[GeV]

+ 1.8% . (2.12)

Flux Monitoring

Behind the TAPS detector, an ionisation chamber, referred to as P2, was mounted to
detect the photons that did not interact with the target material (most photons did not
interact due to the low hadronic cross section in the target). The ratio of the count rates
in the P2 and the tagger can be used to continuously monitor the quality of the beam.
The ratio of these count rates is proportional to the tagging efficiency (number of en-
ergy tagged photons reaching the target divided by the number of registered electrons
in the tagger). Furthermore, a lead glass detector was moved into the beam line dur-
ing low intensity tagging efficiency runs. This lead glass detector has an efficiency of
approximately 100 % at low intensities. The determination of the tagging efficiency is
further explained in Sec. 8.6.

2.4.2 CBELSA/TAPS Detector Setup

Fig. 2.17 shows an overview of the CBELSA/TAPS experiment with its various detec-
tors. In this section, all detectors components are shortly explained. More detailed
information can be found in the cited references.

tagger scintillators

tagger magnet

Goniometer

Crystal Barrel  
with 

inner detector & target

target cooling system

MiniTAPS

Cherenkov 
detector

GIM & FluMo

electron beam dump

photon  
beam dump

deflection 
magnet

Figure 2.17: Overview of the CBELSA/TAPS experiment with all detector components.
Figure adapted from [82].
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Crystal Barrel

The Crystal Barrel (CBB) detector [116], shown in Fig. 2.18, is the main electromagnetic
calorimeter. It consists of 1230 thallium doped caesium-iodide crystals (CsI(Tl) prop-
erties are given in Table 2.4) arranged in a barrel-like shape around the target region.
It has an angular coverage of θ = 30− 156◦ in polar angle and the full azimuthal range
φ = 0− 360◦. Twenty out of the 21 azimuthal symmetric rings are made of 60 crystals
each, having an angular coverage of ∆θ = ∆φ = 6◦. The 21st ring covers ∆θ = 6◦ and
∆φ = 12◦ [117] . The crystals have a length of 30 cm, corresponding to 16.1X0 [116].
By determining the center of gravity of the shower, an angular resolution of 1.5◦ is
achieved. The relative energy resolution σE/E is given by [116] :

σE

E
=

2.5%
4
√

E[GeV]
. (2.13)

The deposited energy E is proportional to the signal read out by photodiodes of the
CBB crystals. Preamplifiers are used to amplify the signal of the photodiodes. The
output signal of the preamplifiers is shaped and forwarded to the Fast Cluster Encoder
(FACE) [118]. Since the signals of the preamplifiers are very long, the time information
of the CBB can not be used. FACE is cellular logics based and is used as a part of the
online trigger, as explained in Sec. 2.5.

Figure 2.18: The CBB detector together with the FP (right-hand side) and the inner
detector (left-hand side). Figure taken from [119].

Forward Plug

Similar to the CBB detector, the Forward Plug (FP) [120] also consists of CsI(Tl) crys-
tals. Sixty modules are arranged in three rings to cover the front part of the CBB up
to an angle of θ = 11.18◦. In contrast to the CBB, the detectors are read out over light-
guides and PMTs, which makes it possible to use them in the first-level trigger due to
the faster signals. The FP has a time resolution of approximately 1.3 ns [117].

Charged particle vetoes, made of 3 mm thick plastic scintillators, are mounted in
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front of the crystals. The vetoes build two layers with the second layer shifted about
6◦ with respect to the crystals. By requiring two coincident hits in overlapping vetoes,
a detection efficiency of around 95% can be achieved for charged particles [117]. More
details can be found in Ref. [120].

density 4.51 g/cm3

X0 1.86 cm
rm 3.57 cm
dE/dx 5.6 MeV/cm
primary decay time 0.9µs
emission max. wavelength 550 nm

Table 2.4: Properties of CsI(Tl) crystals used in the CBB and the Forward Plug. Values
taken from [6] and [116].

Inner Detector

The inner detector [121], shown in Fig. 2.18, is an approximately 40 cm long cylindrical
charged particle detector. It is made up of three layers of 513 cylindrical fibres. The
fibres of the most outer layer are orientated in the direction of the beam, whereas
the other two layers are turned by 25.7◦ and −24.5◦, respectively. With the help of
this setup, a hit of a charged particle in the inner detector can be reconstructed by an
intersection of at least two layers, which yields an angular resolution of ∆θ = 0.4◦

and ∆φ = 0.1◦. To allow for charged particle identification, the position from the
intersection of at least two fibres in the inner detector can be matched to hits in the CBB
comparing the angular position. Since the scintillating fibres do not allow a decent
energy determination, only the timing signal of the inner detector can be used. [122]

MiniTAPS

The MiniTAPS detector [107, 108], shown in Fig. 2.19 (a), closes the hole in the CBB in
the forward direction between θ = 2◦ − 12◦. The modules of the MiniTAPS detector,
shown in Fig. 2.15, are the same as used for the A2 TAPS detector. However, Mini-
TAPS is much smaller, consisting of only 216 modules. Similar to the A2 TAPS detec-
tor, MiniTAPS is divided into four logical subunits for the trigger decision (coloured
sectors in Fig. 2.19).
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30 Kapitel 3. Der Gas-Čerenkov-Detektor

3.4.1. Größe des Detektors

Der Gas-Čerenkov-Detektor soll hinter dem Vorwärts- und vor dem MiniTAPS-Detektor
eingesetzt werden, wie in Abbildung 3.9 zu sehen ist. Der Abstand von MiniTAPS zum
Target ist auf 210 cm festgelegt. Die Vetoplättchen benötigen einen zusätzlichen Platz
von 7 cm vor den MiniTAPS-Kristallen. Da der Vorwärtsdetektor ca. 100 cm hinter
dem Target endet, stehen für den Gas-Čerenkov-Detektor nur 103 cm zur Verfügung.
Mit einer Länge von 120 cm war er für den direkten Einsatz somit nicht geeignet und
musste an der Universität Gent um 20 cm gekürzt werden. Der Detektor hat jetzt eine
Länge von 100 cm. Breite und Höhe von jeweils 120 cm sind nicht verändert worden.
Des Weiteren wurden die Lage der Brennpunkte des Spiegels mit Hilfe einer LED16

kontrolliert und der Photomultiplier neu ausgerichtet. Die LED wurde dabei in der
Entfernung und Höhe angebracht, in der sich beim Experiment das Target befindet.
Abbildung 3.10 zeigt eine Skizze mit den Maßen des Gas-Čerenkov-Detektors.

Abbildung 3.10.: Skizze des modifizierten Gas-Čerenkov-Detektors.

16LED - Licht Emittierende Diode

(b)

Figure 2.19: (a) MiniTAPS front view with its logical sectors (color coded). Figure taken
from [123]. (b) Gas Cherenkov detector as it was used for the experiments with a polarised
target in the CBELSA/TAPS experiment. Figure taken from [124].

Cherenkov Detector

In the CBELSA/ TAPS experiment a Cherenkov detector [124] is used to reduce elec-
tromagnetic background. In the A2 experiment, the available Cherenkov detector was
not used, since, due to the geometrical constellations, it reduces the angular accep-
tance of the detector setup. In experiments with a polarised target, the electromagnetic
background coming from Compton effect ∝ Z (atomic number) and pair production
∝ Z2 is strongly increased due to the high Z of the dButanol target material. In ad-
dition, the magnetic field of the holding coil can focus the particles (mostly electrons
and positrons) to the forward direction. However, this effect is not that strong, since
the magnetic field is small.

The Cherenkov detector at ELSA is situated between the FP and MiniTAPS, as seen
in Fig. 2.17, and consists of a carbon dioxide (CO2) filled aluminium container with an
entrance and exit window. The Cherenkov light produced by the particles in the CO2

gas is focused by a mirror and detected by a PMT, which is mounted on the top of the
container, as seen in Fig. 2.19 (b). CO2 is especially suited to produce Cherenkov light
since its refractive index of 1.00043 sets the threshold energy for electrons to produce
Cherenkov light to 17.4 MeV, which is below the trigger threshold of MiniTAPS. Ad-
ditionally, charged pions do not produce Cherenkov light below pion energies of 4.7
GeV, which is clearly above the energies reached at the CBELSA/TAPS experiment.
The Cherenkov detector has a detection efficiency of 99.72± 0.45% [124].

Flux Monitoring

The detectors to monitor the photon flux were situated at the end of the photon beam-
line. The Gamma Intensity Monitor (GIM), made of 4× 4 PbF2 crystals, was used to
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monitor the photon intensity behind the MiniTAPS detector. The impinging photons
produce electrons and positrons in the crystals by the pair production process. The
created electrons and positrons produce Cherenkov light, which is detected by a PMT.
At high rates (' 5 MHz), the GIM signal shows saturation effects, thus an additional
detector was installed to monitor the flux (FluMo). The FluMo contained a conversion
target (an aluminium plate) where only a fraction of the photons were converted to
electrons and positrons. These particles are coincidently detected in two plastic scin-
tillators. A third scintillator was mounted in front of the aluminium plate to serve as
a veto to reduce the background contributions [125].

2.5 Trigger

During the experiment, the trigger decides which events will be recorded to a file for
offline analysis or which events will be discarded. The trigger selects events which are
of major interest and suppresses background events. In the analysis, the software trig-
ger, applied to experimental and simulated data, mimics the settings of the hardware
trigger, as explained in Sec. 8.8.2. To get a correct reproduction of the experiment in
the simulation, it is important to choose the settings of the software trigger at least as
stringent as the conditions of the hardware trigger.

The structure and the settings of the triggers used for the A2 and CBELSA/TAPS
experiment are different and will now be described.

2.5.1 A2 Trigger

In order to speed up the data acquisition of the A2 experiment, the trigger was up-
graded in 2013, the corresponding trigger scheme is shown in Fig. 2.20 (an overview
of the old trigger can be found in Ref. [56]).

Due to the long rise-time of the signal from the NaI(Tl) crystals, the trigger is di-
vided into a Level-1 and Level-2 trigger. The Level-1 trigger is based on the total
energy deposited in CB. For this purpose, the analogue sum of all the CB signals is
built and discriminated by a Leading Edge Discriminator (LED). A LED is a discrimi-
nator, which produces a logical output pulse, at the time when the input signal reaches
a certain threshold voltage (energy). Hence, this leads to different trigger times when
the signals have different amplitudes, referred to as time walk.

For the experiment of the present work, the CB energy sum threshold was set to ap-
proximately 300 MeV to reject events from single pion production. Thus, only events
with more than 300 MeV deposited energy in the CB have been recorded.

In addition to the CB energy sum, a multiplicity trigger can contribute in the Level-
2 trigger. Each crystal in the CB is assigned to a group of 16 adjacent channels. When
at least one of these crystals registers an energy above a certain threshold (for example
30 MeV), the group adds to the total multiplicity. As mentioned in Sec. 2.4.1, the
TAPS detector is divided into six logical segments of 64 modules, as seen in Fig. 2.16
(a). As for the CB detector, the energy of at least one crystal of a segment has to be
larger than the LED1 threshold to contribute to the total multiplicity. Furthermore, the
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A2 experiment provides the possibility to trigger only in the forward direction. This
is done by using only the TAPS multiplicity trigger with an LED2 threshold (TAPS
alone).

A M2+ trigger is a trigger which requires at least a multiplicity of two in the com-
bined setup of CB and TAPS and was used for the current work. TAPS alone, i.e.
without a contribution from CB, could not trigger. Furthermore, the first inner two
rings of TAPS could not contribute to the trigger decision. The used trigger thresholds
are summarised in Table 2.5. They have been determined separately for each detector
module and the given thresholds are only typical values.

CB LED 10-30 MeV
CB Energy Sum 250-360 MeV
TAPS LED 35-45 MeV

Table 2.5: Software trigger thresholds used for the experiments with the dButanol target
at A2. The energy sum trigger was set to 250-360 MeV to reduce background from single
pion photoproduction. The multiplicity counter is incremented when one of the crystals of
a sector in the CB or TAPS is higher than the corresponding LED threshold.
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Figure 2.20: A2 experimental trigger scheme. Figure taken from [126].
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2.5.2 CBELSA/TAPS Trigger

In Bonn, the trigger was done by a FPGA module, which used the information from
all the detectors, for more information see Ref. [127].

The trigger decision was done in two steps. In the first step referred to as the First-
Level trigger, only information from the detectors that deliver their signal faster than
400 ns is used. These detectors are the FP, Inner Detector, MiniTAPS and Cherenkov
detector:

- FP: for the trigger decision in the FP, a dedicated Cluster Finder (CF) algorithm
was developed. The algorithm recognises accumulations of neighbouring fired
crystals and combines them into a cluster. The deposited energy in the corre-
sponding crystal has to lie above a certain crystal threshold. For further infor-
mation, see Ref. [128].

- Inner Detector: for the Inner Detector a layer trigger is used. For this purpose,
the number of fired fibres per layer are counted. Since it acts only on charged
particles, this trigger was not used for the current experiment. Further informa-
tion can be found in Ref. [122].

- MiniTAPS: the MiniTAPS detector is divided into four logical sectors. The trig-
ger multiplicity of MiniTAPS corresponds to number of fired sectors. Analogous
to the TAPS trigger in the A2 experiment, a sector is seen as fired when the en-
ergy deposited in one crystal is above a certain LED threshold.

If the requirements of the First-Level trigger are satisfied, the Second-Level trigger
was deployed. For the Second-Level trigger decision, the number of clusters (cluster
multiplicity) in the CBB is counted by the Fast Cluster Encoder (FACE), as mentioned
in Sec. 2.4. FACE is capable to determine the number of clusters in the CBB in the time
range of only 6 µs. The working principle of FACE is explained in more detail in Ref.
[118].

Since the aim of the current work was to analyse the decay of the η meson into
six photons, it was decided to use a four-particle-trigger for the dButanol experiment,
known as the eta4 trigger. More information can be found in Table 2.6 (a). The LD2

experiment additionally used a three-particle-trigger, known as the eta3 trigger, ex-
plained in Table 2.6 (b). Table 2.7 shows the conditions for the more open trigger,
known as the trig42c. This trigger was used for the hydrogen beamtime and required
only two or more hits.

The used trigger thresholds are summarised in Table 2.8. FACE required 15 MeV
per crystal and at least 20 MeV in one element of the cluster. The FP thresholds were
set to 30 MeV. For the MiniTAPS detector, two different thresholds were used: LED
High for events with one fired segment and LED Low when more than two segments
were fired. Due to the high particle rate close to the beam axis, the first ring of Mini-
TAPS could not contribute to the trigger and the threshold in the second ring was 120
MeV and thus higher than for the others (80 MeV). To make the different beamtimes
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as comparable as possible, the trigger thresholds in the software were set to the same
values.

First Level FACE
Taps1 ≥ 2
CF2 & Taps1 bypass
CF1 & Taps1 ≥ 1
CF2 ≥ 1
CF1 ≥ 2
Taps2 ≥ 1
CF1 & Taps2 bypass
CF2 & Taps2 bypass

(a) eta3 trigger

First Level FACE
Taps1 ≥ 3
CF2 & Taps1 ≥ 1
CF1 & Taps1 ≥ 2
CF2 ≥ 2
CF1 ≥ 3
Taps2 ≥ 2
CF1 & Taps2 ≥ 1
CF2 & Taps2 bypass

(b) eta4 trigger

Table 2.6: Triggers used for the dButanol and LD2 beamtime at Bonn. All conditions
are connected via a logical AND, which means that all columns have to be fulfilled. The
following abbreviations are used: CF1: exactly one cluster in the FP, CF2: at least two
clusters in the FP, Taps1: exactly one sector in MiniTAPS, Taps2: at least two sectors in
MiniTAPS, Inner: at least two layers in the Inner Detector. FACE: the number of clusters
is indicated.

First Level FACE
Inner ≥ 2
CF1 ≥ 1
CF2 bypass
CF1 & Taps1 bypass
Taps1 ≥ 1
Taps2 bypass

Table 2.7: Trigger trig42c at Bonn, which was used for the hydrogen beamtime. The same
abbreviations as defined in Fig. 2.6 are used.

CB (FACE) 15 MeV (20 MeV)
FP LED (CF1/2) 30 MeV
TAPS LED Low (Taps 2) 120 MeV (2nd ring), 80 MeV (others)
TAPS LED High (Taps 1) 100 MeV (first ring was not in trigger)

Table 2.8: Trigger thresholds that have been applied in the analysis for all CBELSA/TAPS
beamtimes. The same abbreviations as defined in Fig. 2.6 are used.
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Chapter 3

Data Sets and Polarisation Values

In this chapter, the different data sets used for the present work are summarised. Fur-
thermore, the extraction of the polarisation values for the electron and photon beam,
as well as for the target, is explained in this chapter.

3.1 Data Sets

A first part of the present work was to extract unpolarised cross sections of η photo-
production from quasi-free protons and neutrons. For this purpose, CBELSA/TAPS
deuterium data, taken in December 2008, and A2 3He data taken in November 2008
were analysed. In addition, as explained in Sec. 8.8.1, to get a correct nucleon detec-
tion efficiency, hydrogen data were analysed. The experiment with a hydrogen target
was performed in November 2008 (CBELSA/TAPS) and April 2009 (A2). The analysis
of the 3He data is fully explained in Ref. [129] and [109]. Only selected information
and the final results are shown in the present work. The main object of this work
were the two dButanol and the one carbon experiments, which were performed at the
ELSA in Bonn, to measure the double polarisation observable E. Unfortunately, the
second of these dButanol beamtimes in June 2011 was terminated due to a fire in a
2 m high power supply, as seen in Fig. 3.1. However, the double polarisation mea-
surement could be continued at the A2 experiment in Mainz in July 2013. Two addi-
tional dButanol data sets were collected in Mainz in February 2014 and in March 2015.
The corresponding carbon background measurement was taken in February 2014. In
addition, deuterium data from May 2009 were analysed to extract cut positions and
determine the contribution of carbon and deuterium in dButanol, as explained in Sec.
8.10. An overview of all these data sets can be found in Table 3.1.
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(a) (b)

Figure 3.1: (a) Photo of the burned power supply of the CBELSA/TAPS experiment.
(b) Article published in the local newspaper General-Anzeiger because of the power failure
caused by the fire. Due to the fire, the Frozen Spin target was destroyed and the experiment
could not be continued in Bonn. During the subsequent weeks, the whole experimental
hall had to be cleaned from the acid caused by the extinguishing water. Article taken from
[130].

beamtime target length Ee− radiator collimator current trigger hours
material [cm] [GeV] [mm] [nA] [h]

C
BE

LS
A

/T
A

PS

29.11-15.12.2008 LD2 5.258 2.35 20 µm Vacoflux50 4 0.32 eta3 45
7 0.32 eta3 120

07.11.-27.11.2008 LH2 5.262 2.35 20 µm Vacoflux50 4 0.19 trig42 220
02.03.-22.04.2011 dButanol 1.88 2.35 20 µm Vacoflux50 4 0.70 eta4 550
08.06.-21.06.2011 dButanol 1.88 2.35 20 µm Vacoflux50 4 0.70 eta4 190
04.12.-10.12.2011 carbon 1.88 2.35 20 µm Vacoflux50 4 0.70 eta4 115

A
2

28.10-17.11.2008 3He 5.08 1.508 10 µm Cu 4 8.0 M2+ 300 MeV 250
31.03-30.04.2009 LH2 10.0 1.558 10 µm Cu 4 10.0 M3+ 360 MeV 240
08.05-25.05.2009 LD2 3.02 1.558 10 µm Vacoflux50 4 4.5 M2+ 300 MeV 190
15.07.-24.07.2013 dButanol 2.0 1.558 10 µm Vacoflux50 2 8.3 M2+ 250 MeV 145
23.02.-28.02.2014 dButanol 2.0 1.558 10 µm Vacoflux50 2 9.0-10.0 M2+ 250 MeV 80
28.02.-03.03.2014 carbon 2.0 1.558 10 µm Vacoflux50 2 9.0 M2+ 250 MeV 55
24.03.-30.03.2015 dButanol 2.0 1.558 10 µm Vacoflux50 2 10.0 M2+ 250 MeV 75

Table 3.1: Overview of the data sets used for this work. The following items are listed
(from left to right): beamtime dates, target material, target length, beam electron energy,
radiator type, collimator diameter, electron current, trigger condition, and effective hours.
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3.2. ELECTRON POLARISATION

3.2 Electron Polarisation

As mentioned in Sec.2.2.2, the electron polarisation was determined using Mott and
Møller scattering. While the Mott measurement was done in the beginning of the ac-
celeration chain, the Møller measurement was done with the accelerated electrons,
which hit the Møller radiator directly in front of the tagger. Furthermore, for the Mott
measurement, the production data taking had to be stopped, whereas the Møller mea-
surement ran in parallel to the experiment.

3.2.1 Mott Measurement

033303-3 Tioukine, Aulenbacher, and Riehn Rev. Sci. Instrum. 82, 033303 (2011)

Upper arm
(vacuum chamber and
magnet yoke cut away) Vacuum window

Collimator

Spin direction

Lower arm

Incoming beam

Plastic scintillator

PM

To beam dump

Target

5 cm

FIG. 3. Artists view of Mott polarimeter with magnetic spectrometers.
Upward- or downward-scattered electrons are detected under θ = 164◦. The
observable polarization component is normal to the scattering plane. Upper
magnet is partially removed for better visibility of electron trajectory. Shield-
ing and 2 m long vacuum pipe to beam dump are not shown.

B. Polarimeter set-up

The polarimeter contains a set of gold targets of
various thicknesses (≈ 0.1, 0.25, 0.5, 1, and 15 µm
corresponding to surface densities between µ = 0.2 and
µ = 30 mg/cm2) which are mounted in vacuum in a scat-
tering chamber (Fig. 3). The targets are 16 mm in diame-
ter and free standing (no backing); the three thinnest ones
were fabricated at the target laboratory of the Gesellschaft für
Schwerionenforschung (GSI) in Darmstadt, Germany. The
target thickness is defined by α-absorption measurements
with a relative error of about 3%. The two thickest targets
are commercial products by Goodfellow, this manufacturer
claims an accuracy of 15%. The target carrier also contains
a viewscreen made from a Zn:S scintillator for visual beam
inspection and an empty target holder for control of back-
ground conditions. The targets are moved into the beam by
a linear motion vacuum feedthrough. The target chamber and
all other vacuum parts are made from aluminum which re-
duces unwanted backscattering due to its low nuclear charge
(Z = 13). Directly after the target chamber the beam tube di-
ameter is increased to 100 mm to further reduce backscatter-
ing.

Since the polarization vector is in the horizontal plane,
the scattering plane is chosen to be vertical. Two identical de-
tection systems are used to detect electrons which are scat-
tered upward or downward with respect to the horizontal
plane. The scattering angle is 164◦ and remains fixed for all
energies. Angular acceptance is defined by two circular 4 mm
diameter collimators made from Al which are installed at a
distance of 243 mm from the target. The collimators define
an opening angle 16.5 mrad and a solid angle of 0.21 msr for
each detector. The Sherman function for a finite acceptance
must be calculated as cross-section weighted average over
the acceptance, which therefore may differ from S0 at 164◦.
The greatest sensitivity toward such an effect is found at 3.5
MeV where d S/dθ is maximized at 164◦, whereas it would be
minimized at 2.0 MeV where d S/dθ ≈ 0 (see Fig. 1). How-
ever, due to the very small acceptance this averaging does not
lead to a significant variation with respect to S0 at 164◦ even
for 3.5 MeV. It should be noted that we have checked this

only for single elastic scattering whereas in reality multiple
scattering could create an even higher sensitivity which we
plan to evaluate by Monte Carlo simulations of the backscat-
tered intensity distribution in the future. The electrons passing
the diaphragms enter double focussing spectrometer magnets
which achieve stigmatic focusing by a suitably chosen mag-
netic field gradient.18 The focal length is chosen to yield a 1:1
imaging of the beam spot on target to an image point behind
the magnet where electron detection takes place by a cylindri-
cal plastic scintillator of 10 mm diameter and 30 mm length.
For different electron beam energies the bending radius in the
magnets is kept constant by a suitable variation of the exci-
tation current. Before reaching the scintillator the electrons
leave the vacuum system by a 0.3 mm thick Al window. This
comparatively thick material is chosen in order not to com-
promise the operational safety of the accelerator, since acci-
dental venting due to a defective window could cause a long
downtime of the accelerator complex.

The main purpose of the spectrometers is to remove the
detectors from direct sight to the target, i.e., to reduce back-
ground from γ -rays which are amply produced by the elec-
trons that are scattered to the chamber walls and from the
beam dump. The scintillators are protected against such stray
radiation by 10 cm thick lead shielding. The spectrometers are
operated without slits, so that energy resolution is defined es-
sentially by the size of the scintillator, which yields a FWHM
resolution E/$E ≈ 15, whereas by using 1 mm wide slits in
front of the scintillator it is possible to achieve a value greater
than 100. Electrons reaching the detectors generate scintilla-
tion light which is converted into an electronic signal by pho-
tomultipliers.

C. Measurement procedure

The elastic count rate (R) is measured once per second.
After each measurement the beam polarization is reversed.
Since we employ two detectors (1,2) and polarization reversal
(±) a ratio Q = (R+

1 R−
2 )/(R−

1 R+
2 ) can be evaluated from two

subsequent measurements. The experimental asymmetry can
then be calculated from (Ref. 10)

Aexp = 1 −
√

Q

1 +
√

Q
. (3)

The advantage of this procedure is that apparative parame-
ters which enter as a factor into the count rate but which
are different for the two detector arms and/or the two mea-
surement periods—such as detection efficiencies, solid an-
gle, or unequal beam currents for the two helicity states—
cancel when calculating Q. Otherwise, these nonsymmetri-
cal parameters would create an apparative (“false”) asymme-
try. Whereas many causes for false asymmetries are removed
by this technique, nonlinearities—e.g., dead time effects—
are not. Fortunately, due to the high bandwidth of the plas-
tic scintillator/photomultiplier arrangement we find negligi-
ble (<1%) dead time effects for count rates ≤50 kHz which
yields the typical count rate restriction for the experiments
described below. In principle, much higher count rates can be
tolerated, if a dead time correction scheme is applied.
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4.4: Die Strahlführung 29

Rahmen einer Diplomarbeit erarbeitete Design [227] sieht darüber hinaus eine Nachbeschleunigung der
Elektronen auf eine Energie von 100 keV vor, da die bei der Detektion der gestreuten Elektronen erreichte
Energieauflösung bei Primärenergien unterhalb 90 keV zu systematischen Fehlern bei der Foliendicken-
extrapolation führt [227].

Abbildung 4.9 zeigt einen Querschnitt durch das Mott-Polarimeter der 50-keV-Quelle [103, 227].
Es besteht aus zwei konzentrischen Zylindern aus Edelstahl, die durch einen Keramikisolator elektrisch

strahl
Elektronen-

innerer
Zylinder

Ausleseelektronik Ausleseelektronik

Sollbahn
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SichtfensterSichtfenster
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60 o

FaradaycupFaradaycup

TransmissionsgitterTransmissionsgitter

(a) Schematischer Aufbau. (b) Querschnitt durch die Mott-Kammer.

Abbildung 4.9: Das Mott-Polarimeter der 50-keV-Quelle

voneinander getrennt sind. Ein innerhalb des inneren Zylinders angebrachter beweglicher Halter kann
bis zu 6 Goldfolien aufnehmen und läßt sich durch einen hydropneumatischen Antrieb vertikal ver-
schieben. Damit können einerseits die Streufolien in den Strahl positioniert, andererseits auch das Profil
und die Position des einfallenden Elektronenstrahls durch einen am unteren Ende des Halters montierten
Cromox-Schirm bestimmt werden (s. Kap. 4.4.6). Das Anlegen eines Potentials von bis zu +50 keV führt
zu einer Nachbeschleunigung der in die Mottkammer eintretenden Elektronen, die mit einer Energie von
maximal 100 keV auf die Goldfolie treffen. Gestreute und das Target ohne Wechselwirkung durchqueren-
de Elektronen werden anschließend im elektrischen Feld auf die Energie des Primärstrahls abgebremst.
Die Detektion der gestreuten Elektronen erfolgt durch zwei Siliziumsperrschichtzähler, die bis C
ausgeheizt werden können. In der nachfolgenden Elektronik, bestehend aus je einem Vorverstärker, ei-
nem ladungsintegrierenden Verstärker, einem Diskriminator und einem Pulszähler pro Detektor, kann
der inelastische Untergrund bis auf einen Anteil von ca. 10% abgetrennt werden (s. [99]). Der nach
der Diskrimination verbleibende Untergrund wird durch Aufnahme eines Pulshöhenspektrums bestimmt
(vgl. [99]) und von den ermittelten Zählraten abgezogen. Durch Wechsel der Zirkularpolarisation des
Laserlichts und Aufnahme der korrespondierenden Zählraten - und für positive (rechtshändige)
sowie und für negative (linkshändige) Zirkularpolarisation - läßt sich der Einfluß apparativer
Asymmetrien, die beispielsweise durch unterschiedliche Detektoreffizienzen hervorgerufen werden kön-

(b)

Figure 3.2: Sketch of the Mott polarimeters used at MAMI (a) and ELSA (b). The main
components are two identical detector systems, a vacuum chamber, and different gold foils
(Mott target). Figures taken from [131] and [78], respectively.

During the Mott measurement, transversely polarised electrons were scattered on a
thin unpolarised gold foil. For this purpose, the original longitudinal polarisation of
the electrons was flipped to transversal polarisation. The scattering of a polarised
electron beam on atomic nuclei is described by the following cross section [132]:

dσ

dΩ
=

dσM

dΩ
· [1 + Pe · S(θ, E) sin φ] , (3.1)

where θ is the scattering angle, E the scattering energy, dσM
dΩ is the polarisation indepen-

dent Mott cross section, Pe is the transversal electron polarisation, S is the analysing
power or Sherman function, and φ is the azimuthal angle. S is depending on the
scattering angle, energy, and the atomic number Z of the target material and can be
determined by calculation for single elastic scattering. However, since in foils of fi-
nite thickness multiple scattering occurs, S has to be extrapolated. More details can
be found in Ref. [132] and [133]. Hence, the spin-orbit interaction induces a scattering
angle dependent Mott asymmetry A:

A(θ) =
dσ
dΩ (φ1)− dσ

dΩ (φ2)
dσ
dΩ (φ1) +

dσ
dΩ (φ2)

=
NL − NR

NL + NR
, (3.2)
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where NL and NR is the number of elastic scattered electrons to left- or right-hand an-
gles with respect to the incoming electron beam, respectively. Combining Eq. 3.1 and
3.2, one finds that the asymmetry is directly proportional to the transversal polarisa-
tion of the electron:

A(θ) = Pe · S(θ). (3.3)

In order to eliminate instrumental asymmetries, the asymmetry was measured for
electrons with positive and negative helicity [78] :

A =

√
N+

L N−R −
√

N+
R N−L√

N+
L N−R +

√
N+

R N−L
. (3.4)

To perform this measurement, the Mott polarimeter was used. The setup consisted
of two identical detector systems, and a vacuum chamber with gold foils of different
thickness, as shown in Fig. 3.2.

MAMI Mott Measurement

At MAMI, the Mott measurement was performed after the linac, where the electrons
had an energy of 3.65 MeV and the Mott scattering angle was 164◦ (angle of the wien
filter) [134]. For an extraction electron energy of 1.557 GeV, an additional correction
factor k = 1.0551 had to be introduced since the longitudinal polarisation (before flip-
ping) had an admixture of 2.07% transversal polarisation at the site of the A2 radiator
(δθ = 11.8◦ spin angle) [134].

The error of the electron polarisation at the site of the A2 radiator is compromised
of the following factors [131, 134, 135]:

- 1.1% from electron spin angle (±3.1◦ at 1.557 GeV) due to beam bending before
the A2 hall

- 2.2% from the admixture of the transversal electron polarisation

- 1.0% from the Mott measurement itself because of the finite thickness of the Mott
radiator (radiative effects during the determination of the Sherman function S0,
extrapolation uncertainties and target induced background)

- 0.2% statistical error

This leads to a total uncertainty of the electron polarisation of approximately 2.7%.
The electron polarisations determined with Mott scattering for the three different

dButanol experiments are shown in Fig. 3.3 as a function of the run number. Mott
measurements have been performed approximately every day. The average electron
polarisation was 84.9% (July 2013), 81.0% (February 2014), and 83.2% (March 2015).

62



3.2. ELECTRON POLARISATION

50000 50100 50200 50300
0

20

40

60

80

100

July 13

2600 2700 2800 2900
0

20

40

60

80

100

February 14

8300 8400 8500
0

20

40

60

80

100

March 15

50000 50100 50200 50300 2600 2700 2800 2900 8300 8400 8500
0

20

40

60

80

100

Run Number

[%
]

e
P

Figure 3.3: Electron polarisation Pe per run extracted from the Mott measurement at
MAMI. The values for all three dButanol experiments, July 2013, February 2014, and
March 2015 (from left to right) are shown. The measurement have been interpolated with
a linear fit.

ELSA Mott Measurement

At ELSA in Bonn, the Mott polarimeter was situated after the polarised source at an
electron energy of 50 keV and a scattering angle of 120◦ was used [136].

However, as mentioned in Sec. 2.1.2, the acceleration of longitudinally polarised
electrons at ELSA is involving significant polarisation losses due to depolarising res-
onances and beam transfer. Hence, the polarisation values obtained from the Mott
measurement are not reflecting the electron polarisation on the position of the Møller
radiator and are thus not used. Instead, only the values obtained from Møller scatter-
ing, as explained in the next section, are used for the final calculation of the photon
polarisation.

3.2.2 Møller Measurement

In addition to the Mott measurement, the Møller measurement was done to know the
polarisation at the stage of the tagger and to monitor the time stability of the polari-
sation. The Møller measurement was done with the Møller polarimeters described in
Sec. 2.2.2. The electron spins in the Møller target MT (Møller radiator) were aligned to
a field, which was created by the surrounding Møller coil. Hence, inducing a Møller
target polarisation of [137]:

PMT = 2
g− 1

g
M

NeµB
, (3.5)

where g is the gyromagnetic ratio, Ne number of electrons and µB the Bohr magneton.
The magnetisation M of the target was measured with a pickup coil. When scatter-
ing longitudinally polarised electrons on the polarised Møller target, the electrons are
emitted in a cone shape to forward directions. In the cm frame, a fixed relation be-
tween the scattering angle θ and energy E of the two Møller electrons i = 1, 2 can be
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derived as:

Ei = me + (E0 −me)cos2

(
θi

2

)
, (3.6)

where E0 is the energy of the incoming electron, me is the mass of the electron, and
θ is the scattering angle in the cm frame. Hence, the scattering angle decreases with
increasing energy:

θ ∼ 1√
E

. (3.7)

The scattering angle for Møller electrons is in general much larger than the one of
bremsstrahlung photons, as seen in Eq. 2.4.

Using the asymmetry coefficients ajj and the beam and target electron polarisation
PB

i and PT
j , the following cross section can be deduced [138]:

dσ

dΩ
(θ) =

dσ0

dΩ
(θ)

{
1 + ∑

j=x,y,z
ajj(θ)PB

j PMT
j

}
, (3.8)

where dσ0
dΩ

(θ) is the cross section for the unpolarised electrons. Since the asymmetry
coefficient azz is bigger than axx and ayy, a large asymmetry A is measurable for parallel
and anti-parallel spins of electron beam and target, respectively:

A =
N↑↑ − N↑↓
N↑↑ + N↑↓

, (3.9)

where N↑↑ and N↑↓ are the number of Møller scattered electrons with parallel and anti-
parallel spin orientation, respectively. The asymmetry is at maximum for symmetric
Møller scattering (axx = −ayy = −1/9 and azz = −7/9 at θ = 90◦ [139]). This can
be explained by the Pauli principle, which states that the total wave function of two
electrons has to be antisymmetric. When having parallel electron spins and therefore
a symmetric spin wave function, the spatial wave function has to be antisymmetric.
However, the even coefficients of a Legendre polynomial expansion of an antisym-
metric wave function cancel out. In addition, when having symmetric scattering with
θ = 90◦, the odd coefficients are also zero. Hence, this causes that anti-parallel spin
configurations have a higher scattering rate.

By knowing the Møller target polarisation and the asymmetry coefficients ajj, the
beam polarisation PB

j can be extracted [138]:

PB
j =

A
∑

j=x,y,z
ajj · PMT

j
(3.10)
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A2 Møller Measurement

In the A2 experiment, the Møller foil had an angle of α = 25± 0.1◦ with respect to the
beam direction, thus the electron beam polarisation is given by [86]:

Pe =
A

PMT · cos α · azz
, (3.11)

where the Møller target polarisation was PMT ' 8.08± 0.21%. For relativistic energies,
one can derive [86]:

azz ' −
sin2 θ · (8− sin2 θ)

(4− sin2θ)2
and θ = 2 arctan

E0 − Ei

Ei −me
, (3.12)

where E0 is the beam energy, Ei the energy of the scattered electron i = 1, 2, and me is
the electron mass.

For the dButanol experiment in July 2013, the Møller polarimeter could only be
used to determine relative values, which had to be scaled to the absolute polarisation
values taken with the Mott measurement. As seen in Fig. 3.4 (a), Mott and Møller mea-
surements show a similar time behaviour. However, Møller measurements show some
fluctuations. In January 2014, the Møller measurement was optimized in a way that
absolute values could also be extracted. The corresponding Møller values are com-
pared in Fig. 3.4 (b) to Mott measurements. The extracted Møller polarisation is ap-
proximately 3-4% lower than the Mott values. However, the deviations are within the
systematic uncertainties. The systematic error of the Møller measurement is mainly
originating from the uncertainty of the polarisation of the Møller foil and was esti-
mated to be of the order of 3% [140].
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Figure 8: Beam polarisation values (blue) as a function of time, compared to Mott measurements
(red). The systematic errors are not shown.
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Figure 9: Beam polarisation values (blue) as a function of time, compared to Mott measurements
(red). The value from run 07/02-10/02 is excluded from the fit. The hatched bands show the
systematic uncertainties of the Moeller (blue) and Mott (red) data.

8

(b)

Figure 3.4: (a) Electron polarisation Pe per run extracted from the Møller measurement
(blue open circles) at the A2 experiment. An overall factor has been used to scale the
Møller values to the Mott polarisation (black dots). (b) Absolute polarisation extracted
from Møller (blue) and Mott measurement for the dButanol experiment in January 2014
at A2 by Costanza et al. [140]. The hatched areas show the systematic uncertainties.
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CBELSA/TAPS Møller Measurement

At ELSA, the electron polarisation is not perfectly longitudinal at the position of the
Møller foil and a transversal component remains. Hence, one has to measure the
asymmetry for two angles of the Møller foil α ∼ ±20◦ [141], which leads to a beam
electron polarisation of:

Pe =
A(α) + A(−α)

2azzPMT cos α
, (3.13)

where PMT ' 8% and the asymmetry coefficient azz is given by Eq. 3.12 [138].
The extracted polarisations from the Møller measurement of both dButanol exper-

iments at ELSA are shown in Fig. 3.5 as a function of the run number.
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Figure 3.5: Electron polarisation Pe per run extracted from the Møller measurement for
the January 2011 (a) and the June 2011 (b) dButanol experiments.

3.3 Photon Polarisation

Having measured the electron polarisation, the photon polarisation for each tagger
hit can be determined via the helicity transfer using Eq. 2.6. For the A2 data, the Mott
electron polarisation values and for the CBELSA/TAPS data, the Møller values, were
used to extract the photon polarisation.
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3.4 Target Polarisation

As mentioned in Sec. 2.3.3, the target polarisation was measured with an NMR tech-
nique. The NMR system consisted of a RCL (resistor, capacitor, inductor) series circuit
with a small coil with a few windings, which surrounded the target. By switching
on a radio-frequency (rf) field with a frequency close to the Larmor frequency, a level
transition with ∆m = ±1 is induced in a certain part of the target material.

As mentioned in Sec. 2.3.3, deuterons exhibit three different Zeeman levels with
m = −1, 0,+1 when exposed to an external magnetic field. As seen in Fig. 3.6, the
transition with ∆m = +1 and ∆m = −1 have the same resonance frequencies ω0

(Larmor frequency). However, in dButanol, additional electric field gradients occur,
which interact with the quadrupole moment of the deuteron. This effect changes the
energy of the levels dependent on the angle θ between the electric field gradient and
the outer magnetic field, as seen in Fig. 3.6 on the right-hand side. Thus, different
resonance frequencies are necessary to induce transitions |0〉 ↔ |+1〉 and |0〉 ↔ |−1〉
[97]:

ω+ = ω0 + 3ωq and ω− = ω0 − 3ωq, (3.14)

where ωq is displacement frequency caused by the interaction of the field gradient
with the quadrupole moment. Hence, the corresponding NMR signal shows two
peaks at a resonance frequency of ω±, as seen in Fig. 3.7. The peaks are broadened
due to dipole effects and higher order terms.

The asymmetry method can be used to extract the target polarisation out of the
NMR spectra. Using the Boltzmann distribution from Eq. 2.9, one can derive a relation
between the target polarisation PT and the ratio of the occupation number of the levels

3.2. DAS NMR-SIGNAL DER DEUTERONEN IN BUTANOL 21

m = −1

m=0

m = 1

Energie

ω0

ω0 ω0 + 6ωq

ωo − 6ωq ω0 + 3ωq

ωo − 3ωq

θ = 0 θ = π/2

Abbildung 3.1: Die Aufspaltung der Energieniveaus von Deuteronen, links ohne, in der
Mitte und rechts mit elektrischem Feldgradienten bei den Winkeln θ = 0 und θ = π/2.

wobei der durch den ersten Summanden dargestellten ungestörten magnetischen
Energie noch ein winkelabhängiger Korrekturterm angefügt wird. Der Winkel θ be-
schreibt den Winkel zwischen dem elektrischen Feldgradienten und äußerem Mag-
netfeld. Die neue Größe ωq = 1

8!
∂E
∂z

· eQ stellt die aus dem Quadrupolmoment und
dem Feldgradienten resultierende Verschiebungsfrequenz dar.

Die in Gleichung (3.5) beschriebene Winkel- und m-Abhängigkeit der Übergangs-
energie führt dazu, dass es bei einem Bindungswinkel zwei Resonanzfrequenzen ω+

und ω− für die Übergänge |0⟩ ↔ |1⟩ bzw. |−1⟩ ↔ |0⟩ gibt. Für diese gilt:

ω± = ω0 ∓ 3ωq(3 cos2 θ − 1). (3.6)

Durch 0 ≤ cos2 θ ≤ 1 sind die Übergänge auf die Bereiche

ω0 − 6ωq ≤ ω+ ≤ ω0 + 3ωq

ω0 + 6ωq ≥ ω− ≥ ω0 − 3ωq (3.7)

begrenzt, wobei links die Grenzwerte für θ = 0 und rechts für θ = π/2 aufgeführt
sind.

Üblicherweise sind die Butanolproben amorph gefroren, wie in Kap. 5.3 beschrie-
ben. Daher ist eine isotrope Verteilung der Bindungswinkel über alle Raumwinkel
anzunehmen. Betrachtet man nun die Winkelverteilung der Besetzungszahl N eines
Zustandes, so erhält man

dN

dΩ
= const. mit dΩ = sin (θ)dθ

⇒ dN

dθ
∝ sin θ . (3.8)

Figure 3.6: Level splitting induced in deuterons by an outer magnetic field (left-hand
side). The level spacing changes in dButanol due to electric field gradients (right-hand
side) depending on the angle between the electric field and the magnetic field. Figure taken
from [97].

.

67



CHAPTER 3. DATA SETS AND POLARISATION VALUES

with m = ±1 [97]:

PT =
r2 − 1

r2 + r + 1
, (3.15)

where r =
√

N1/N−1 can be found from the height of the two peaks in the NMR
spectrum. If the asymmetry method is used during the DNP process (see Sec. 2.3.3)
to measure the target polarisation, an additional calibration factor has to be applied,
since then, the signals are not in equilibrium. The calibration factor is determined from
the slope when plotting the polarisation from the asymmetry measurement versus the
area of the peaks (units of area), as seen in Fig. 3.7 (b). A detailed explanation of the
target polarisation measurement of the dButanol target can be found in Ref. [97].

At the A2 experiment, the target polarisation was always measured before and
after data taking and when changing the direction of polarisation. On the contrary,
in the CBELSA/TAPS experiment, the target polarisation had to be measured every
two days, when the target was repolarised. This was caused by the fact that at A2,
longer relaxation times could be achieved than at CBELSA/TAPS due to the lower
temperature of the A2 target. The relaxation time of the A2 target was approximately
2000 hours, whereas for the CBELSA/TAPS target a relaxation time of only 340 hours
could be reached.

The target polarisation between the measurements PT(t) was determined assum-
ing an exponential decay:

PT(t) = PT(0) · e−t/∆τ, (3.16)

where PT(0) is the initial target polarisation, PT(t) the target polarisation at time t, and
∆τ the relaxation time. The relaxation time was determined from the measured initial
and final polarisation. The resulting target polarisation values as a function of the
run number are shown in Figs. 3.8 and 3.9 for the A2 and CBESA/TAPS experiments,
respectively.
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Figure 3.7: (a) NMR signal from the June 2011 dButanol experiment at ELSA. The two
peaks originating from the transitions with ∆m = ±1 are clearly visible. (b) Extraction of
the calibration factor by plotting the target polarisation versus the units of area. Figures
taken from [104].
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Figure 3.8: A2 target polarisation values for all three dButanol experiments during pro-
duction data taking versus the run number. In February 2014 and March 2015, the direc-
tion of the target polarisation was changed in order to account for systematic effects.
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Figure 3.9: CBELSA/TAPS target polarisation values for the two dButanol experiments.
As visible in the graph, the target had to be repolarised several times. Furthermore, the
direction of the target polarisation was changed three times in the first of the two experi-
ments [103].

3.4.1 D-Wave Admixture

As previously mentioned, the deuteron is composed of a proton and a neutron and
has total spin J = 1 and positive parity π = +1, with J = sp + sn + L, where sp and
sn are the spin of the proton and neutron, respectively, and L is the orbital angular
momentum. Hence, Jπ = 1+ is possible for parallel proton and neutron spins and
L = 0. However, the sum of the magnetic momenta of proton and neutron is smaller
than the one of the deuteron, µp + µn = 0.88µK, as can be deduced from Table 2.1.
Thus, the deuteron is not a pure S-state (L = 0) and an admixture of a state with
L > 0 is needed. Due to the positive parity of the deuteron, the state with L = 1
is clearly forbidden. Hence, the deuteron wave function has a contribution from the
D-state with L = 2 and anti-parallel proton and neutron spin with respect to the an-
gular momentum. The average probability to form a deuteron in D-state according
to Rondon is 4.90± 1.04% [142]. The D-wave admixture in the wave function causes
a deviation from the spherical shape of the nucleus and hence induces a quadrupole
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moment. As mentioned earlier in this section, the quadrupole moment has an influ-
ence on the deuteron polarisation, which is measured using the NMR technique. With
the help of Clebsch-Gordan coefficients, it can be shown that this leads to a reduction
in the nucleon polarisation in deuterium by approximately 8% [142]:

γ = 0.926± 0.016 . (3.17)

3.4.2 Issue with the A2 Target Polarisation Values

Preliminary results on the double polarisation observable E from the A2 experiments
for this work have shown that there is some issue with the target polarisation. The
magnitude of E was significantly smaller than unity in the energy range of the S11(1535)
resonance, as it is expected from model predictions. Extensive analysis checks, as ex-
plained in Sec. 9.4.1, have excluded possible causes other than the target polarisation
values.

Essentially, there are two possible reasons for wrong target polarisation values.
The first possibility is that the target polarisation is destroyed during the measurement
because of beam heating. This was excluded by several measurements of the target
polarisation during data taking. The second possibility is that the target material is
inhomogeneously polarised due to field inhomogeneities of the polarising magnet.
The inhomogeneities would cause a position dependent splitting of the Zeeman levels
of the deuterons inside the target and lead to different polarisation frequencies, as
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Abb. 6.15.: Detailansicht der Magnetfeldinhomogenität in z-Richtung [16]

�⌫ liegt folglich bei �⌫ = 2 · (⌫max � ⌫gl) = 0, 05 GHz = 50 MHz. Der Fehler dieser
Abschätzung wird im Folgenden mit �(�⌫) = 10 MHz angenommen
Mit �e� = 176085, 9708 MHz/T (siehe Tabelle 2.2) folgt für a = 28024, 9527 MHz/T.
Daraus ergibt sich eine Magnetfeldinhomogenität von

�B =
�⌫

a
± �(�⌫)

a
= (0, 00178 ± 0, 00036) T = (1, 78 ± 0, 36) mT .

Wird dieses Ergebnis mit den von Heiko Rochholz erhobenen Daten verglichen, muss
die Länge des Targets von 2 cm berücksichtigt werden. Die Stärke des Magnetfeldes
wird folglich für x ± 10 mm betrachtet. Es zeigt sich, dass die berechnete Inhomoge-
nität von 1,78 mT/cm die tatsächlich Erfasste selbst in den Tiefpunkten übersteigt.
Dennoch stimmt sie von der Größenordung her überein. Da die Erhebung der Inho-
mogenitätsmessung bereits einige Jahre zurückliegt [2002], müsste zur weiteren Un-
tersuchung eine aktuelle Magnetfeldmessung durchgeführt werden.

6.3. Weitere E↵ekte

Ein weiterer E↵ekt, der die örtliche Polarisation beeinflussen könnte, ist die Modenan-
zahl der Mikrowellen. Die Mikrowellen befinden sich in einem Hohlleiter, in welchem
sie als stehende Wellen Schwingungsmoden ausbilden. Die Polarisation des Target-
materials könnte folglich davon abhängig sind, wo sich die Extrema der Modi befin-
den. Durch den sogenannten E-H-Tuner können die Schwingungsmoden manipuliert
werden. Bei einer Testmessung, bei der simultan die Mikrowellenfrequenzen geändert
wurden, war allerdings kein relevanter E↵ekt durch am E-H-Tuning zu beobachten.

38

(b)

Figure 3.10: (a) The frequency ω1 to reach a maximum possible polarisation P1,max (at
site 1) is shifted by ∆ω compared to the frequency ω0 (at site 0) due to magnetic field
inhomogeneities. (b) Magnetic field inhomogeneities for the A2 Frozen Spin target in
z-direction measured in 2002. Figure (b) taken from [143].
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(a) (b)

Figure 3.11: The new NMR coils installed in March 2015 to achieve position sensitivity.
(a) Surface anti-Helmholtz coil, which produces a constant field gradient and no high fre-
quency field in the center. (b) One-loop in-beam coil, produces a maximum high frequency
field in the center. Figures taken from [144].

shown in Fig. 3.10 (a).

Hence, to check for inhomogeneities, the standard NMR coil was replaced by two
new coils (see Fig. 3.11) for the experiment in March 2015. The surface coil (anti-
Helmholtz coil) produced a constant field gradient in the target cell and no high fre-
quency field in the center of the target. The second coil (in-beam coil) was a one-loop
coil producing a maximum high frequency field in the center of the target and thus
was monitoring the region of the beam spot on the target.

Measurements with these two NMR coils have shown significant differences be-
tween the target polarisation in the central and the outer region of the target, as shown
in Table 3.2. By tuning the frequency during the DNP process, the polarisation in
the center of the target could be significantly increased. Higher frequencies lead to a
higher polarisation in the outher region of the target, hence it can be concluded that
the magnetic field on the surface of the target is larger than in the center.

With the frequency shift ∆ω ' 50 MHz and γe = 176085.9708 MHz/T, the inho-
mogeneities of the magnetic field can be estimated via the following formula [145]:

∆B =
∆ω

γe/(2π)
' (1.78± 0.36) mT . (3.18)

This value is slightly higher than the inhomogeneity determined in 2002, which is
shown in Fig. 3.10 (b). Hence, a remeasurement of the field inhomogeneities is desir-
able.

If the target polarisation issue is caused by field inhomogeneities one would first
expect that the same problem should be present for the HButanol target. However, the
doping of HButanol and dButanol is different and the electron spin resonance (ESR)
line (frequency range for the polarisation) is much broader in the case of HButanol
and thus it is less sensitive to magnetic field inhomogeneities.
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In the CBELSA/TAPS experiment, this issue was not observed, however, the used
polarising magnet is of superior quality with respect to the A2 magnet.

In summary, the extracted target polarisation values for all experiments at A2 us-
ing the dButanol target have to be checked carefully by a monitor reaction, where
models have a clear prediction of observables. The investigation of this issue is still
ongoing.

date ω [GHz] Psur f ace Pin−beam Psur f ace/Pin−beam

24.03.15 70.032 −74.76± 0.65 −53.24± 0.54 1.40
25.03.15 70.032 −76.11± 0.25 −51.60± 0.15 1.47
25.03.15 70.030 −62.55± 0.08 −65.98± 0.25 0.94
26.03.15 70.030 −62.91± 0.07 −63.03± 0.23 0.99
26.03.15 70.026 −56.16± 0.30 −68.38± 0.10 0.82
27.03.15 70.026 −56.42± 0.95 −66.35± 0.50 0.85
27.03.15 69.978 57.07± 0.16 64.37± 0.11 0.89
30.03.15 69.978 53.66± 0.20 62.26± 0.10 0.86

Table 3.2: Polarisation values measured with the surface coil and the in-beam coil for
different polarising frequencies ω. Values taken from [145].
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Software

The analysis of raw data files of the CBELSA/TAPS and the A2 experiment has been
done using different software frameworks. The tool used to presort A2 data was
AcquRoot, while EXPLORA in combination with an additional plugin was used for
CBELSA/TAPS data. The presorted data was further processed with the help of OS-
CAR (A2 data) or libTOCB (CBELS/TAPS data), a library derived from OSCAR. The
final evaluation was done using ROOT macros. ROOT is a software framework devel-
oped at CERN [146].

4.1 A2 Software

The main software components used for the A2 experiment are AcquRoot, A2 Geant
and OSCAR. A short description of every tool is given in the following subsections.

4.1.1 AcquRoot

AcquRoot is the software framework used for data acquisition, data analysis and
Monte Carlo (MC) event generation by the A2 collaboration [147]. AcquRoot, writ-
ten in C++, is based on ROOT. It consists of the AcquRoot analyser, AcquDAQ, and
AcquMC. The latter, AcquMC, is a MC event generator and was not used for the cur-
rent work. AcquDAQ was used for the data acquisition during the experiment.

The AcquRoot analyser was used to process the binary raw files from the ex-
periment and the files created by A2 Geant. In AcquRoot, all the detector compo-
nents are implemented in dedicated classes, which are derived from base classes. The
TA2MyPhysics class combines all the information from the different detector subsys-
tems and handles them over to the main presort class TA2MyPreAnalysis. During pre-
selection, all calibrations are applied and a very rough event selection is done. This
preselection procedure speeds up the further analysis of the data. Standard AcquRoot
uses ASCII files for the configuration of detector dependent settings and calibration
values. For this work, a software framework called CaLib was developed. CaLib was
used to calibrate all detector systems and to store the calibration values in a MySQL
database. Further information about CaLib can be found in Ref. [56].
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4.1.2 A2 Geant

MC simulations have been done using the A2 Geant simulation package [148]. The
A2 Geant toolkit contains the whole setup of the A2 experiment. It is based on Geant4
[149], which is being developed at CERN. Geant is an acronym for geometry and track-
ing and is used to model the passage of particles through matter. It describes the
energy loss due to hadronic and electromagnetic interactions of the particles with the
experimental setup.

All detector components and targets are implemented as precisely as possible to
enable realistic tracking of the particle from the target to the detectors. Geant4 pro-
vides different physics lists to model the particle interactions in different energy ranges.
Investigations of the cluster size and neutron detection efficiencies have shown [56]
that the Bertini cascade models (QGSP_BERT) in combination with the high precision
neutron package (_HP) lead to better results than the Binary cascade models (QGSP_BIC).
The different physics lists are explained in detail in Ref. [150].

The output of A2 Geant was used for the determination of the detection efficiency
and is described in Sec. 8.8.

4.1.3 PLUTO

For this work, the MC event generator PLUTO was used. PLUTO [151] is based on
ROOT and was developed by the HADES collaboration (GSI, Darmstadt) for hadronic
and heavy ion reactions. It can be used to generate particles, i.e., Lorentz vectors,
using different mass and momentum sampling methods. Simple reaction channels
can be combined to construct complex reactions. The needed particle properties and
decay modes are read out from a PLUTO internal data base.

Different output formats can be chosen, such as ASCII and ROOT (NTUPLE) files.
The PLUTO output was used as input in Geant to produce secondary particles in the
detector system.

A special tool (NucleusFermiPlugin) was implemented for this work to use PLUTO
for quasi-free nucleons that carry a Fermi momentum. The momentum of the initial
state nucleons have been sampled from the corresponding Fermi distribution. Cal-
culations from the Paris potential [152] for deuterium and Argonne potential [153]
for 3He nuclei have been used. In addition, Fermi distribution for the 7Li [154] and
12C [154] have been implemented. Some of the implemented Fermi distributions are
shown in Fig. 4.1.

The PLUTO algorithm constructs the intermediate state four-vector from the beam
photon and the participant nucleon, and the decay into the final state nucleon and η

meson, as it is described by the participant-spectator model (see Sec. 7.5.4). At this
stage, all decays were calculated using pure phase space distributions. Later, in the
analysis, the events were weighted according to angular distribution extracted from
experimental data.
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Figure 4.1: Fermi momentum distributions for deuterium [152], helium [153] and carbon
[154], which have been implemented in PLUTO.

4.1.4 OSCAR

OSCAR is a C++ class library based on ROOT and was mostly developed by D. Werthmüller
[56]. OSCAR stands for OSCAR Simplifies Coding and Analysing with ROOT and was
intensively used for this work. It contains several different modules, for example [56]:

- A2: provides basic classes for the meson reconstruction, which are used by Ac-
quRoot

- analysis: contains all analysis classes to process the presorted files

- graph and math: contain basis functions and plotting features

- utils: enables the storing of cross section data and simplifies the reading of files

- MC: provides the possibility to generate MC events

4.2 CBELSA/TAPS Software

The analysis of CBELSA/TAPS experimental data and simulation was done with the
EXPLORA software in combination with a class collection similar to OSCAR, called
libTOCB. Instead of Geant4, the CBELSA/TAPS experiment uses Geant3, since major
parts have not yet been translated from Fortran to C++.

4.2.1 EXPLORA, MyAnalysis and libTOCB

EXPLORA [155] is an analysis software which was developed at Bonn especially for
the CBELSA/TAPS experiment. EXPLORA stands for Extended Plugable Object ori-
ented Root Analysis and is written in C++ and based on ROOT. Due to the modular
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structure using plugins, EXPLORA is a very flexible tool. It uses data in the zebra for-
mat as input files and can be controlled via XML files. This work only used the very
basic classes of EXPLORA for the readout of the data files, application of calibration,
and the reconstruction of clusters. The software trigger decision, assignment of the
neutral or charged particles and particle identification has been done with a plugin,
especially developed for this work, called MyAnalysis. MyAnalysis is constructed in
a similar way as AcquRoot to simplify the analysis of CBELSA/TAPS data for fu-
ture students. MyAnalysis contains a presort analysis class, which is derived from a
physics class called MyPhysics. As in AcquRoot, the MyPhysics class handles all the
information from the different detector subsystems. MyAnalysis uses the same me-
son reconstruction algorithms and presort format as OSCAR. However, some OSCAR
classes had to be slightly changed due to the different detector setup. The new classes
are combined in a library called libTOCB.

4.2.2 CBGEANT

MC simulations with CBGEANT [156] were used for the detection efficiency correc-
tion. CBGEANT is based on Geant3 [157]. Geant3 is the older version of the CERN
Geant4 and is written in Fortran.

As in A2, the whole detector setup of the CBELSA/TAPS experiment is imple-
mented in CBGEANT. This is mainly done in the dbio tool of CBGEANT, which con-
tains information about the geometry, materials, and tracking media of the whole ex-
periment. In contrast to the rest of CBGEANT, the dbio is written in C. This is helpful
for a future upgrade to Geant4, which is the completely renewed, object-oriented C++
programmed version of Geant3.

CBGEANT uses different interaction models for a thorough description of the in-
teraction processes. However, especially for neutron simulations, it is important to
use an additional Geant package, the GCALOR. GCALOR contains three parts:

- ”HETC: the High-Energy-Transport-Code is transporting charged hadrons up to an en-
ergy of 10 GeV through the materials of the setup.” [158]

- ”FLUKA: the FLUKA fragmentation model is utilized for interactions above the HETC
limit.” [158] (Though, FLUKA is not of interest for this work, since it contains
only higher energies.)

- ”MICAP: the neutron code from the Monte-carlo-Ionization-Chamber-Analysis-Program
is called for neutrons with a kinetic energy below 20 MeV. The simulation of interactions
is based on measured/calculated cross sections and secondary particle energy/angular
distributions.” [158]

CBGEANT is controlled via crd files, where one can select between different detectors
and targets. The output of CBGEANT is a zebra file with energy and timing informa-
tions for each sensitive detector element of the setup. This MC output file can then be
analysed with the same EXPLORA analysis that is used for the experimental data.

76



4.2. CBELSA/TAPS SOFTWARE

For similar reasons as discussed in Sec. 4.1.2, the detection efficiency determined
from simulations with CBGEANT were corrected using hydrogen data, as explained
in Sec. 8.8.
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Chapter 5

Event Reconstruction

In this section, the reconstruction of events is explained. The event reconstruction
uses all the available information from the involved detector elements to determine
the spatial position, time, energy, and type of detected particles.

When a photon hits a detector, an electromagnetic shower is produced, which
spreads over several neighbouring crystals. Therefore, all hit elements have to be
combined to a cluster to be able to assign the energy and impact position to the cur-
rent event. For all detectors, very similar reconstruction methods were used, but they
are not identical and are explained in more detail in this chapter.

5.1 A2 Event Reconstruction

5.1.1 Tagger

A real clustering algorithm was not used for the tagger, instead, as explained in Sec.
2.2.3, the electronics required a coincident signal in two adjacent tagger scintillators.
Depending on the magnetic field, the tagger energy calibration assigns the mean value
and width of the corresponding electron energy to each tagger channel. The calibra-
tion is implemented in a small Fortran program called ugcalv2ua [89]. It calculates the
correct channel assignments from the average magnetic field and the electron beam
energy of the current experiment with the help of a uniform magnetic field map. The
field map of the tagger magnet has been determined in several measurements. The en-
ergy assignment of the tagger channels is based on a measurement where the tagger
was scanned with a very low electron current from MAMI. The energy of the MAMI
electron beam has an accuracy of 140 keV [89]. The photon energy for each tagger
channel was then calculated using Eq. 2.7.

5.1.2 Crystal Ball

The event reconstruction in the CB was done with a dedicated cluster algorithm. The
cluster algorithm first goes through the list of all hit crystals and orders them accord-
ing to their energy. The crystal with the maximum deposited energy is set to the cluster
center and the time of this crystal was set as the time of the cluster. By going through
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all 12 neighbouring (directly adjacent) crystals, the cluster was formed. The cluster
algorithm only used the directly adjacent crystals since in the CB, as explained in Ref.
[106], 98% of the energy of a photon is deposited in 13 crystals. The energy of all the
cluster members Ei, where i = 1, ..., n, was added to the cluster energy Ecluster, when it
was bigger than the crystal threshold of approximately 2 MeV:

Ecluster =
n

∑
i=1

Ei , (5.1)

where n is the number of hit elements (13 in maximum). One crystal was only allowed
to belong to one cluster, and overlapping clusters were not split. The maximum num-
ber of clusters was limited to 12 clusters in the CB, whereas each cluster was required
to have a total energy of more than 20 MeV in order to reduce split-off effects. A
split-off is an energy deposit, which is not connected to the main cluster. Most often
split-offs are induced by showers of secondary particles.

By energy weighting the individual crystal positions,~ri, the cluster position was
determined with:

~rCB
cluster =

n
∑

i=1

√
Ei ·~ri

n
∑

i=1

√
Ei

. (5.2)

After all clusters in the CB were found, the clusters were compared to hits in the PID
in order to determine whether it was a charged particle or not. For this purpose, the
minimum difference in azimuthal angle ∆φ of a CB cluster and a hit PID element was
calculated. Since each of the 12 PID elements covered 180◦/12 = 15◦ in azimuthal
angle, hits with ∆φ < 15◦ were assigned to the charged particle list and the energy
deposited in the PID was weighted according to the polar angle θ:

EPID = EPID
element · sin θCB

cluster . (5.3)

Hence, since the PID had no θ angle information, it could have happened that a par-
ticle was wrongly identified as a charged particle when the CB cluster had a similar
azimuthal angle, but different polar angle as the corresponding PID hit. This effect
played a bigger role when multiple hits were in CB. It was seen [56] that the detection
efficiency for the η → 3π0 → 6γ was significantly reduced by this misidentification,
since such events have been rejected. However, the overall normalisation should not
be affected, since the simulation exhibits the same behaviour.

To assure that the PID signal was not caused by electronic noise, a low energy
threshold of 350 keV was set per PID element.

5.1.3 TAPS

In the TAPS detector, each signal goes through a Constant Fraction Discriminator
(CFD), which applies an energy threshold of about 3− 5 MeV. As for the CB, the clus-
ter algorithm makes an energy ordered list of all hit TAPS crystals and assigns the
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element with the maximum deposited energy to the logical center. Again, the time of
this element is set to the cluster time. The cluster algorithm checks all the hit crystals
and adds the energy to the cluster energy when the crystal is a neighbour of a cluster
member (Eq. 5.1). In contrast to the CB, not only adjacent neighbours of the central
element are taken into account. The cluster threshold was set to 20 MeV and the max-
imum number of clusters to eight. To account for the exponential energy distribution,
the position was logarithmically weighted :

~rTAPS
cluster =

n
∑

i=1
Wi ·~ri

n
∑

i=1
Wi

with Wi = max
{

0, P + ln
Ei

Ecluster

}
, (5.4)

where the parameter P = 5 was determined by Molenaar et al. [159] with the help of
MC simulations.

Since TAPS is a flat detector and the crystals are not radially mounted as in the case
of the CB, a polar angle dependent correction on the position has to be applied. Fig.
5.1 shows the situation in two dimensions. Due to the shower depth d = X0 · ln Ecluster

Ecrit

(Ecrit = 12.7 MeV and X0 = 2.05 cm for BaF2), the reconstructed position (x, y) with
flight path s is shifted by ∆x and ∆y. The correct position (x′, y′) can be calculated
according to [160]:

x− x′

x
=

y− y′

y
=
( s

d
+ 1
)−1

. (5.5)

Since many particles have a tilted trajectory with respect to the beam axis, it can also
happen that a charged particle does not deposit energy in the central element, but in a
neighbouring crystal. Therefore, not only the veto in front of the central element, but
also the vetoes of all adjacent neighbours of the central element and the vetoes of all
cluster elements were checked. The LED threshold of the vetoes was set to 150− 300
keV, so that only events above this energy were treated as charged.

Table 5.1 summarises the software thresholds used for all detectors in the A2 setup.

CB TAPS PID TAPS Vetoes
crystal 2 MeV 3-5 MeV 350 keV 150-300 keV
cluster 20 MeV 20 MeV - -

Table 5.1: Typical software thresholds used for the detectors of the A2 setup.
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beam axis

(x, y)

(x’, y’)

target

TAPS

d Δy

s

Figure 5.1: Shower depth correction for the TAPS detector as explained in Eq. 5.5.

5.2 CBELSA/TAPS Event Reconstruction

At the CBELSA/TAPS experiment, the philosophy of the clusters in the two main
calorimeters CB and MiniTAPS is slightly different.

A cluster, i.e. a series of hit neighbouring crystals, can consist of several Particle
Energy Deposits (PEDs). The cluster algorithm first builds clusters and then looks for
local maxima and accordingly subdivides the cluster into PEDs. For this work, the
number of PEDs per clusters was limited to two.

5.2.1 Tagger

As explained in Sec. 2.2, the tagger consisted of scintillating bars and scintillating fi-
bres. An electron hit in the tagger usually caused a signal in at least two bars and
additionally in the overlapping part in up to three fibres, as shown in Fig. 5.2. Thus,
the reconstruction of the tagger hits was much more complex than in the case of the
Mainz photon tagger. In a first step, the algorithm built clusters of hit scintillation
bars using a neighbouring list. Then, the time signals were checked for coincidence.
The time difference between the first and last hit of a cluster had to be smaller than
6 ns. The same was done for the scintillating fibres. Since their time resolution was
slightly worse, a coincident signal of 7 ns was required. Due to inefficiencies of the
fibres, gaps in the cluster of one fibre were allowed. In the next step, the clusters in
the fibres and bars were combined to so-called beam photons, where at least one fibre
was overlapping with the corresponding bar cluster. Additionally, the time difference
of both clusters had to be less than 4 ns. Bar clusters that could not be combined could
occur in the range where the bars and fibres were not overlapping or due to inefficien-
cies and were left as they are. Pure fibre clusters were not used for further analysis.
To calculate the time of a beam photon, the average time of all fibres ti and bars tj were
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electron

fibres

bars

Figure 5.2: In the CBELSA/TAPS tagger, an electron hits at least two bars and in the
overlapping part up to three fibres. Adapted from [119].

weighted with the corresponding resolution w = 1/FWHM2 [125]:

t =

w f ibre ·
n f ibre

∑
i=1

ti + wbar ·
nbar

∑
j=1

tj

w f ibre · n f ibre + wbar · nbar
, (5.6)

where n f ibre and nbar is the number of hit fibres and bars, respectively.
The mapping of fibres and bars to energy was done with the help of the tagger

polynomials (three for the bars and one for the fibres). These polynomials have been
extracted from a calibration measurement where electrons with a known energy have
been directed to the tagger ladder [83]. In order to get the beam photon energy, the
average value of all hit fibres and/or bars was used:

Eγ =
1

n f ibre/bar
·

n f ibre/bar

∑
i=1

Ei , (5.7)

where Ei is the energy of the tagger fibre or bar i. Due to the geometrical acceptance,
the tagger fibres provide a better energy resolution and thus whenever possible, the
energy was determined from the fibres and not the bars.

5.2.2 Crystal Barrel and Forward Plug

Since the crystals of the CBB and the FP are identical, the clustering for these two
detectors was done simultaneously. However, the main difference between the CBB
and the FP is that the FP provides a time signal, whereas the CBB does not. Therefore,
the clustering was done without time information. For PEDs in the FP, the time was
taken from the time of the central element.

The cluster algorithm first made a list of all hit crystals. A crystal energy threshold
of 1 MeV was applied in order to get rid of signal noise. Then, as for the CB at A2, the
crystal with the maximum deposited energy was set as the logical center of the cluster
and all connected hit clusters were added to it. To reduce split-offs, the energy of the
whole cluster, as well as the central energy of the cluster, had to be above 20 MeV. In
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a second step, the cluster algorithm searched for local maxima in the cluster. Each of
these local maxima elements was set as center of a PED, when its energy was above 20
MeV.

When there was only one PED in a cluster, the energy of the PED was given by the
cluster energy and thus the sum over all (not only adjacent to the central element, as
in the A2 CB) n crystals with deposited energy Ei > 1 MeV can be expressed as [161]:

EPED = Ecluster =
n

∑
i=1

Ei . (5.8)

When two PEDs, PED1 and PED2, were in the same cluster, it was assumed that a part
of the energy deposited in PED1 was coming from PED2 and vice-versa. Thus, the
energy of every crystal in the PED was weighted with the Molière radius rm = 3.57
cm [162]. The weight is defined as:

w12 = Emax
2 · e−|r1−r2|/rm , (5.9)

where Emax
2 is the maximum crystal energy of PED2 and |r1 − r2| is the distance be-

tween the current crystal in PED2 and a certain crystal in PED1. The distance was
corrected for the shower depth [162]:

d = X0 ·
(

ln
(

Emax
2

Ecrit

)
+ 2
)

. (5.10)

where X0 = 1.86 cm is the radiation length, and Ecrit = 11.04 MeV is the critical energy
of CSI(Tl). The critical energy is the energy at which the energy loss by ionisation and
bremsstrahlung are equal.

The whole weighting algorithm is complex and more detailed information can be
found in Ref. [162]. Having weighted the energies, the energies of the central crystal
and the eight adjacent neighbours of the PED are summed up. However, since the
CBB has some insensitive areas where the energy cannot be detected, such as holding
structures and titanium crystal wrappings, the PED energy had to be corrected with a
function that was determined with MC simulations [161]:

Ecorr
PED(θ, E) = EPED ·

(
fLandau(EPED) + k1 ·

(
1− e−Ek2

PED/k3

)
+ k4 · EPED

)
, (5.11)

where EPED is the energy of the PED, fLandau is the Landau function [161], and the
coefficients k1, ...k4 have been determined for 133 polar angle bins, as explained in Ref.
[161].

To reconstruct the spatial position of the event, a logarithmic weighting was used:

~rCBB
PED =

n
∑

i=1
Wi ·~ri

n
∑

i=1
Wi

with Wi = max
{

0, P + ln
Ei

EPED

}
, (5.12)
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where Ei is the energy of the crystal i and~ri the corresponding position. MC simula-
tions have shown that the most accurate reconstruction (resolution of 2◦ for θ and φ)
could be achieved with the parameter P = 4.25 [163].

As explained in Sec. 2.4.2, the inner detector consisted of three layers of scintillat-
ing fibres. First, the cluster algorithm combined nearby hit fibres to a group, as shown
in Fig.5.3 (b) 1.) After that, the time signals of the hits in one cluster were compared
and when the difference was larger than 14 ns, the fibres were assigned to a new clus-
ter, as shown in Fig. 5.3 (b) 2.) This second step could induce a gap in a cluster and
thus a second spatial clustering was performed, as seen in Fig. 5.3 (b) 3.) The max-
imum number of clusters per layer was limited to 20. When having the clusters in
each layer, the crossing point of two coincident fibres (<14 ns) was calculated and a θ

and φ angle could be assigned for the current cluster. When a charged particle hit all
three layers of the inner detector, three clusters would have been registered: one for
coincident fibres in layers one and two, a second for layers two and three, and a third
for layers three and one. When these clusters had an average time difference of less
than 14 ns and an angular difference of less than 10◦ in θ and φ, these were combined
to a so-called route. A reconstruction quality lq was assigned to these routes according

r1r2

PED2 PED1
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Abbildung 5.11.: Das Clustering der Innendetektorfasern. Erstes räumliches Zusam-
menfassen (a): die Fasern werden in zwei getrennte Faserbereiche auf-
geteilt. Zeitliches Clustern (b): Fasercluster 1 wird aufgrund der Zeit-
di↵erenz in zwei Abschnitte unterteilt. Zweites räumliches Zusammen-
fassen (c): die beiden durch die zeitliche Überprüfung getrennten Be-
reiche werden in zwei getrennte Fasercluster aufgeteilt.

Funktion umgerechnet werden, um die Energie der Elektronen am Experiment zu erhalten
[Hof01].
Da in dieser Analyse linearpolarisierte Photonen verwendet werden, muss der Polarisati-
onsgrad für jedes Strahlphoton energieabhängig bestimmt werden. Dazu stehen in einer
Datenbank Referenzhistogramme zur Verfügung, aus denen bei bekannter Photonenener-
gie der Polarisationsgrad ermittelt werden kann. Die Referenzhistogramme wurden mit-
hilfe des Analyseprogramms ANB5 [NGH+03] erstellt, welches anhand von verschiedenen
Strahlinformationen die Form der kohärenten Kante mit einer Funktion beschreiben kann.
Aus dieser Anpassung, welche für verschiedene Positionen der kohärenten Kanten in Ab-
bildung 4.1 dargestellt ist, lässt sich der Polarisationsgrad der Photonen energieabhängig
ablesen. Die Referenz-Histogramme für die kohärenten Kanten wurden in regelmäßigen
Abständen für die beiden Diamanteinstellungen angefittet und so der Polarisationsgrad der
Photonen bestimmt [Ebe12]. Die Polarisationsinformationen werden jedem Strahlphoton
zugeordnet, damit sie in der weiteren Analyse bei jedem Ereignis zur Verfügung stehen.

5.3.2. Der Innendetektor

Um aus den Signalen der drei Faser-Lagen eindeutige Durchstoßpunkte rekonstruieren zu
können, werden sie zunächst lagenweise betrachtet. Fasern, welche ein Signal ausgelöst
haben, werden räumlich zu einem Cluster zusammengefasst (siehe Abbildung 5.11a, rot).
Ist in benachbarten Fasern ein Signal aufgetreten, wird dieses als ein gemeinsamer Tref-
fer betrachtet. Im zweiten Schritt werden diese Signale zeitlich miteinander verglichen, so

5ANB: ANalytical Bremsstrahlung code
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fassen (c): die beiden durch die zeitliche Überprüfung getrennten Be-
reiche werden in zwei getrennte Fasercluster aufgeteilt.

Funktion umgerechnet werden, um die Energie der Elektronen am Experiment zu erhalten
[Hof01].
Da in dieser Analyse linearpolarisierte Photonen verwendet werden, muss der Polarisati-
onsgrad für jedes Strahlphoton energieabhängig bestimmt werden. Dazu stehen in einer
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Strahlinformationen die Form der kohärenten Kante mit einer Funktion beschreiben kann.
Aus dieser Anpassung, welche für verschiedene Positionen der kohärenten Kanten in Ab-
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(b)

Figure 5.3: (a) Clustering in the CBB and in MiniTAPS at CBELSA/TAPS: two overlap-
ping PEDs (yellow) form a parent cluster (green). (b) Three steps of the clustering of the
inner detector: 1.) Neighbouring hit fibres are assigned to clusters. 2.) The clusters are
split when the time difference is bigger than 14 ns. 3.) Second spatial clustering. Figure
(b) taken from [119].
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to the number of hit layers:

layers per cluster lq

1 1/3
2 2/3
3 1

(5.13)

Since the energy resolution of the scintillating fibres is poor, the energy information of
the inner detector could not be used. However, to reduce noise, a hardware threshold
of ∼ 150 keV per fibre was applied.

Similar to the reconstruction in the inner detector, the clustering for the FP ve-
toes was subdivided into three parts: spatial clustering, time clustering, and a second
spatial clustering. Since, as mentioned in Sec. 2.4.2, the vetoes were overlapping, a
charged particle should always fire two vetoes. A maximum time difference of 20 ns
was required for these veto clusters, as seen in Fig. 5.5. This cut is a standard EX-
PLORA cut and is chosen quite broad to not cut off real events.

A reconstruction quality lq for the resulting vetoes routes was set:

vetoes per cluster lq

1 0.45
2 1
3 0.75

> 3 0.5

(5.14)

The time and angular information of the route was calculated by averaging the values
of the corresponding vetoes.

Having θ and φ of the hits in the inner detector and the FP vetoes, they could be
compared to the one in the CBB and FP crystals, respectively. As shown in Fig. 5.4, a
hit was assigned to the charged list in the CBB, when:

CBB: ∆φ ≤ 12◦ & ∆θ ≤ 30◦ ,
FP: ∆φ ≤ 14◦ & ∆θ ≤ 15◦ .

(5.15)

Additionally, it was required that at least two FP vetoes or two layers of the inner
detector have hit:

CBB: lq > 1/3 ,
FP: lq > 0.45 .

(5.16)

Therefore, clusters with only one hit in the FP vetoes or only one hit layer in the inner
detector were assigned to the neutral list. However, to achieve a proper separation of
protons from neutrons, events with a single hit in the FP veto or one layer hits in the
inner detector were rejected from the analysis of the neutron channel.
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Figure 5.4: Polar and azimuthal angular difference between hits in the charge sensitive
detectors and the corresponding calorimeters for all registered events (no reaction selec-
tion). The top row shows the angular difference between a cluster in the CBB and hit
in the inner detector (at least two layers). The lower row shows the angular difference
between a cluster in the FP and a hit in the FP vetos (FPV).

5.2.3 MiniTAPS

As for the CBB, the cluster algorithm in MiniTAPS combined connected hit crystals
to a cluster. The crystal energy threshold was set to 17 MeV for the inner two rings
and 13 MeV for the other rings, since the inner ring receives more electromagnetic
background. The cluster energy threshold was set to 25 MeV and the crystal with the
maximum energy of the cluster had to have more than 20 MeV. In addition, a time
difference of less than 5 ns was required, as seen in Fig. 5.5. This cut is a standard
EXPLORA cut and is chosen quite broad to not cut off real events. Up to two local
maxima were considered and the cluster was then split into two PEDs. The lower
limit for the deposited energy in the local maxima crystals and the total PED was set
to 20 MeV. With only one PED per cluster, the energy was simply given by the sum
over all crystal energies, as given in Eq. 5.8. In the case of two PEDs, the PED energy
was weighted with the ratio of the two PED energies. However, since MiniTAPS had
a better angular resolution than the CBB, as seen in Fig. 7.3, overlapping PEDs were
very rare.

To calculate the cluster position, a logarithmic weighting was done, as given in
Eq. 5.4. The parameter P = 4 was determined by MC simulations [164]. As for the
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A2 TAPS detector, the crystals where not radially mounted in MiniTAPS and hence a
shower depth correction, as shown in Fig. 5.1 was necessary. For MiniTAPS, this was
done with a linear correction function that has been extracted from MC simulations
[165]. Furthermore, a fine correction diminished effects coming from the hexagonally
shaped crystal structure. In addition to the angular correction, shower losses due to
geometrical and material effects had to be corrected for. For this purpose, a correction
function was established [165]:

Ecorr
PED = EPED ·

(
k0 · e−

1
2 ·
(

E−k1
k2

)2

− k3 · e−k4·Ek5 + k6 · E + k7

)
, (5.17)

where EPED is the PED energy and the coefficients k0, .., , k7 have been determined
from simulations and were different for each crystal and dependent on the deposited
energy. As for the CBB, the time of the central element was taken as the PED time.

The charged identification in MiniTAPS was done in exactly the same way as it
was explained for the TAPS detector in Mainz, see Sec. 5.1.3. A MiniTAPS PED was
identified as charged when at least one veto of all cluster members had hit. A veto
threshold of approximately 100 keV was applied.

Table 5.2 summarises the software thresholds used for the detectors of the CBELSA/
TAPS setup.
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Figure 5.5: Standard EXPLORA time cuts used for the clustering (blue lines). Top left:
time difference between two fibres in the same layer of the inner detector. Top right: time
difference between two hit FP vetoes. Bottom: time difference between two hit crystals in
MiniTAPS (left-hand side) and two hit MiniTAPS vetoes (right-hand side). All cuts are
chosen quite broad to not cut off real events.
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CB / FP MiniTAPS Inner FP Vetoes MiniTAPS Vetoes
crystal 1 MeV 17/13 MeV ∼150 keV - 50 keV
cluster/PED 20 MeV 20 MeV - - -
cluster time - 5 ns 14 ns 20 ns 10 ns

Table 5.2: Typical software thresholds used for the detectors of the CBELSA/TAPS exper-
iment.
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Chapter 6

Calibration

In both experiments, the signal processing was done with the help of Time-to-Digital
Converters (TDC) and Analogue-to-Digital Converters (ADC). TDCs enable the dig-
italisation of time, whereas ADCs provide digital values for a continuous physical
quantity, usually voltage or energy. To convert the digital information to a physical
quantity, a calibration of detector components is necessary. Sec. 6.1 explains the cali-
bration used to extract the energy and Sec. 6.2 explains how to extract the time infor-
mation. Each crystal has its own electronics and has a different time and temperature
dependence. Thus, the calibration was split into different run sets and done separately
for each detector module.

6.1 Energy Calibration

When particles deposit energy in the scintillating materials of the detectors, light is
produced. This light is then collected and amplified with the associated PMTs or photo
diodes and guided to the ADC. As mentioned in the introduction of this chapter, the
energy information is stored as digital values using ADCs. The ADCs produce a digi-
tal signal cADC, which is in first order proportional to the deposited energy:

Edep = g · (cADC − p) , (6.1)

where p is the pedestal position and g is the conversion gain. The pedestal is the
digital value which is registered in the ADC when no energy is deposited in the corre-
sponding crystal. The purpose of the calibration procedure is to find both the pedestal
and gain values.

6.1.1 A2 Energy Calibration

A short overview about the calibration procedure used in the A2 experiment is given
in this section.
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Crystal Ball

The first step in the calibration procedure of the CB energy is the rough calibration
using a 241Am/9Be source and is done before data acquisition. 241Am/9Be emits neu-
trons with a continuous energy between 0 and 10 MeV and 4.438 MeV photons. The
photons were used to adjust the conversion gain of the PMTs in a way that the re-
sponse of each crystal to the 4.348 MeV photons results in approximately the same
ADC channel, see Fig. 6.1. Having adjusted the conversion gains, the pedestal values
were measured and then the hardware thresholds were set above these values to sup-
press the pedestals during the data acquisition. The procedure is explained in more
detail in Ref. [166].

The gain calibration achieved by the latter procedure is only valid for very low
photon energies. It must be improved by a more accurate method, namely by compar-
ing the position of the π0 peak in the 2γ invariant mass to the nominal π0 mass. For
this purpose, the invariant mass of two photon hits in CB was calculated:

mγγ =
√
(pγ1 + pγ1)

2

=
√
(Eγ1 + Eγ2)

2 − (~pγ1 + ~pγ2)
2

=
√

2Eγ1 Eγ2 · (1− cos(ψγ1γ2)) ,

(6.2)

where Eγ1/2 are the photon energies, ~pγ1/2 are the corresponding momenta, and ψγ1γ2

is the opening angle between the two photons.
The invariant mass has a better signal-to-background ratio when it was required

that both photon clusters are neutral, i.e. no corresponding PID element had fired. For
a correct assignment of neutral and charged hits in the CB, the correlation of the PID
with the CB in the azimuthal angle has to be determined for each experiment. This
is necessary, since the PID is sometimes dismounted between beamtimes for MWPC
maintenance purposes.

The invariant mass was filled into a two-dimensional histogram versus the central
element of the cluster. Due to the large π0 photoproduction cross section and the
dominant decay (Γ = 98.823% [6]) into two photons, this resulted in a clear peak.
However, since the initial gain g0 is not calibrated, the position of the peak is not
equal to the pion mass mπ0 = 134.9766 MeV [6]. Thus, the peak has to be shifted to
the nominal pion mass by calculating a new gain g:

g = g0 ·
mπ0

mγγ
. (6.3)

The invariant mass mγγ is determined for every crystal with a fit function consisting
of a Gaussian function and a polynomial background. A typical spectrum is shown in
Fig. 6.1 (b). The determination of the gain is an iterative procedure since the invariant
mass not only contains the energy which is deposited in the central crystal, but also
neighbouring elements.

The result of the CB energy gain calibration is that the mγγ invariant mass is
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aligned at the nominal π0 mass for each crystals and all run sets. However, since
the photons of the η → 2γ decay have usually higher energies than the photons from
the pion decay, the invariant mass of the η meson is not yet at the nominal η mass.
This is mainly caused by angle and energy dependent shower losses, i.e., a part of
the deposited energy is not detected due to insensitive material as holding structures,
crystal wrapping, edge crystals, or threshold effects. At higher photon and hence η

energies, less energy relative to the total energy is lost due to threshold effects, thus
after calibration of the pion peak, the invariant mass of the η meson is higher than the
nominal η mass. Therefore, a crystal dependent second order correction was applied
to the deposited energy E using a quadratic function of the form:

E′ = k0 · E + k1 · E2 , (6.4)

where E′ is the corrected energy and the coefficients k1 and k2 have been extracted
from the data by shifting the invariant mass of both the η and π0 meson to the correct
position.
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Figure 6.1: (a) ADC response of a single NaI crystal to an 241Am/ 9Be source (black). The
neutron background has been fitted with an exponential function (red) and the contribu-
tion of the 4.438 MeV photons with a Gaussian distribution (blue). The mean position
of the Gaussian is indicated by a green line. The sum of the background and the signal
is shown in magenta. Figure adapted from [166]. (b) Invariant mass distribution of two
neutral hits in CB after calibration: shown are the data points (black) and the total fit func-
tion (red) compromising of the Gaussian function (green) and the polynomial background
(blue). The mean position of the pion peak is indicated by a black line.

TAPS

As for the CB detector, the procedure consists of a rough and a fine calibration part.
The rough calibration is very important in order to accurately set the hardware thresh-
olds. It is done before and after each experiment using a cosmic radiation measure-
ment. Cosmic radiation comprises mainly of minimum ionising muons. Minimum
ionising muons are situated at the minimum of the Bethe-Bloch equation and thus
deposit always the same energy. The Bethe-Bloch equation describes the energy loss
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− dE
dx due to ionisation and is [167]:

− dE
dx

=
4π

mec2
nz2

β2

(
e2

4πε0

)2 [
ln

2mec2β2

I · (1− β2)
− β2

]
, (6.5)

where β = v/c, v is the velocity and ze is the charge of the particle, n is the electron
density, I is the average ionisation potential of the atoms, me is the mass of the elec-
tron, and ε0 is the vacuum permittivity. Hence, the energy loss decreases with 1/v2 at
low velocities and has a minimum at p/m0c ' 4 and increases logarithmically at rela-
tivistic particle momenta p. For BaF2 crystals, the minimum energy is approximately
37.7 MeV per crystal [168]. The corresponding ADC spectrum is shown in Fig. 6.2.
The pedestal position from Eq. 6.1 can be directly extracted from the plot (big peak on
the left). The calibration gain was determined by fitting the spectrum with a Gaus-
sian function (blue) and an exponential background (red). As mentioned in Sec. 2.4,
the energy deposited in the BaF2 crystals was integrated over a long and a short gate
to allow for a Pulse Shape Analysis (PSA). Thus, for the TAPS detector, both energy
components were calibrated.

The first step of the offline calibration was the determination of the pedestal posi-
tions from the data runs. The pedestals have been extracted from the long gate and the
short gate separately. To account for time-dependent shifts of pedestal positions, the
data runs have been assigned to run sets. Since 2014, the pedestal was suppressed dur-
ing normal data taking runs to speed up the data acquisition, but dedicated pedestal
runs were recorded every day. The precise calibration of the long gate was done by
shifting the mγγ invariant mass to the correct position at mπ as it was done for the CB.
To improve statistics, events with one cluster in TAPS and one in the CB have been
used for the calibration procedure. Thus, an accurate calibration of the TAPS energy
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Fig. 3.4: Raw energy spectrum of a single BaF2 crystal obtained with cosmics:
Black histogram: data. Red curve: exponential for background. Blue curve: Gaus-
sian for cosmics peak. Green curve: total fitting function. The position of the
cosmics peak corresponds to 37.7 MeV. The pedestal is located around channel
100.

The mean deposited energy of minimum ionizing particles in the BaF2 crystals
was determined to be 37.7 MeV [74]. A typical raw spectrum is shown in figure 3.4.
The distribution can be fitted with a Gaussian and an exponential background
function, and consequently the channel that corresponds to the mean deposited
energy can be extracted. Also the pedestal position can be determined and using
equation 3.9 the conversion gain can be calculated. This was done before all
beamtimes to normalize the gains of the individual detectors by adjusting the high
voltage of the photomultipliers and to establish a first rough energy calibration.

High energy calibration

In the o�ine analysis, the pedestal position was determined from the raw ADC
spectra of the production data runs. For the calibration of the gains, the same
method as used for CB was applied. Due to insu�cient statistics, fi0-mesons with
both decay photons in TAPS could not be used. One photon was required to
be in CB, making the calibration dependent from the CB energy calibration. As
a consequence, the TAPS energy calibration had to be made after the final CB
energy calibration was established.

Figure 6.2: Raw ADC spectrum obtained from a cosmics measurement with the TAPS
detector. Shown is the response of the crystal (black), the exponential background (red),
the Gaussian signal (blue) and the total fit function (green). The peak energy of 37.7 MeV
corresponds to approximately 150 ADC channels. Figure taken from [56].
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was only possible when the CB energy had already been calibrated before. Further-
more, as for the CB, a quadratic energy correction was applied. Due to statistics, the
coefficients in Eq. 6.4 were not determined for every single crystal, but for each TAPS
ring separately to account for θ dependent shower loss. The resulting invariant mass
is shown in Fig.6.3 (a).

Having finished the calibration of the long gate component, the short gate was
calibrated next. For this purpose, a typical PSA spectrum was created by plotting the
PSA radius rPSA versus the PSA angle φPSA:

rPSA =
√

E2
l + E2

s (6.6)

φPSA = arctan
Es

El
, (6.7)

where El and Es are the energies deposited in the long and short gate, respectively.
The φPSA position of the photon band was determined at two different positions rPSA

(0 MeV < rPSA < 50 MeV and 500 MeV < rPSA < 600 MeV) by fitting a Gaussian
function to the projected photon band. With the obtained values, the corresponding
short gate energy was calculated and the new values for pedestal and the gain were
extracted in a way that the photon band afterwards lied at φPSA = 45◦. Fig.6.3 (b)
shows a PSA spectrum for one TAPS crystal. The inserts show the projection and the
extracted positions are indicated with a cross. The photon band lies at approximately
45◦, while the nucleon band is situated at lower PSA angles and shaped as a banana.
This is caused by the fact that nucleons deposit a smaller amount of their energy in
the short gate, as seen in Fig. 2.16 (b).

 [MeV]γγm
0 100 200 300 400 500 600 700

C
ou

nt
s 

[a
.u

.]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

610×

 [MeV]γγm
400 450 500 550 600 650 700

C
ou

nt
s 

[a
.u

.]

1

2

3

4

5

6

7

310×

 ~ 550.13 MeV ηm

 ~ 135.20 MeV 0πm

(a)

1

10

210

310

]° [
PSA

φ
0 20 40 60 80 100 120 140

 [M
eV

]
P

S
A

r

0

100

200

300

400

500

600

]° [
PSA

φ
25 30 35 40 45 50 55 60
0

100

200

300

400

500

600

700

800

900

 600≤ PSA r≤500 

]° [
PSA

φ
25 30 35 40 45 50 55 60
0

1

2

3

4

5

6

310×

 50≤ PSA r≤0 

(b)

Figure 6.3: (a) Invariant mass for one neutral cluster in TAPS and one neutral cluster in
the CB after the quadratic correction. The π0 and η peak are fitted with a Gaussian (green)
and a background polynomial (blue). The total fit function is shown in red. The resulting
positions are indicated in the figure. (b) Short gate energy calibration: the position of the
photon band is determined by fitting two projections (inserts) with a Gaussian function
(red). The extracted positions are marked by a black cross in the two dimensional PSA
histogram. The black dashed line indicates the area, which was used for the projection.
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PID

The PID energy was calibrated with the method described in the PhD thesis of T. Jude
[169]. For all hits in the CB, a raw ADC signal of the PID, ∆E, was plotted against
the energy deposited in the CB, E. The proton band, as seen in Fig. 6.4, was fitted for
energy bins of widths ∼ 40 MeV with a Gaussian (red). The obtained mean position
was then plotted against the value given by the MC simulation and fitted with a linear
function. The pedestal value and gain have then been found from the y-intercept and
the slope of the fit function.
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Figure 6.4: PID energy calibration. Top: the energy deposited in the PID versus the
energy deposited in the CB for data and simulation. Bottom left: a projection of the two di-
mensional data histogram around an energy of 340 MeV with the corresponding Gaussian
fit (red) and the mean position (blue line) is shown. Bottom right: the extracted position
from data is plotted against the MC position and fitted with a linear function (red).

TAPS Vetoes

As for the energy calibration of the TAPS crystals, the pedestal position was directly
extracted from the raw spectra of the data runs. For the gain calibration, ∆E (energy
in the vetoes) versus E (energy in the BaF2 crystals) histograms were produced. Sim-
ilar to the PID energy calibration, the position of the proton band was shifted to the
correct position using MC simulation. However, due to the poor energy resolution of
the plastic vetoes, a ∆E versus E plot from TAPS is not very useful for particle iden-
tification. Nevertheless, the energy calibration of the vetoes is quite important to set
the correct veto thresholds.
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6.1.2 CBELSA/TAPS Energy Calibration

In contrast to Mainz, where the calibration for each experiment is done by the group
which has proposed the experiment, the CBELSA/TAPS collaboration has experts for
each detector subsystem.

Crystal Barrel and Forward Plug

The calibration of the CBB detector is fully explained in Ref. [163], but a short overview
is given here.

The ADCs of the CBB are not able to detect energies over the full energy range up
to 2 GeV with appropriate energy resolution. Thus, the ADC has two ranges, a low
energy range for energies below 130 MeV and a high energy range for energies up to
2 GeV. The signal of the high range is attenuated by a factor of eight compared to the
low range.

The first step in the energy calibration was the determination of the pedestal po-
sitions of the low energy range with the help of the data runs. Afterwards, the gain
calibration was performed using a similar π0 → 2γ method as it was used for the CB
and the TAPS detector at Mainz. To correct for shower losses, an energy correction
function as described is Sec. 5.2.2 was applied, as opposed to using a quadratic en-
ergy correction. The monitoring of time-dependent changes and the determination of
the attenuation factor of the high range was done using light pulser measurements.
The light pulser uses different filters to produce a spectrum which is similar to the
signal produced by the CsI(Tl) crystals and covers both the high and low range of the
ADCs. Several light pulser measurements were taken during each experiment. More
information can be found in Ref. [170].

The energy information of the inner detector and the FP vetoes were not read out
by the data acquisition and thus did not require a calibration.

MiniTAPS

Since MiniTAPS and TAPS are made of the same modules, as explained in Sec 2.4.2,
the calibration is analogous to the one described in Sec. 6.1.1. Before each experiment,
the cosmics measurement was performed to get a rough calibration of the thresholds.
For the precise calibration, the π0 → γγ invariant mass for one cluster in MiniTAPS
and one cluster in the CBB was used to determine the conversion gain. As for the CBB,
no quadratic energy correction was applied, but a dedicated function, as explained in
Eq. 5.17 was used to correct for shower loss.

Since usually the short gate information and the veto energy are not used in Bonn,
it had to be calibrated especially for this work. The calibration procedure was analo-
gous as the procedure presented in Sec. 6.1.1 for the TAPS detector at Mainz.
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Figure 6.5: Invariant mass of two photons detected in CBB/FP (left) and MiniTAPS
(right) as per crystal index. The FP consists of 60 crystals, thus, between crystal index 0
and 180 only the even numbers have a signal. In all detector elements a clear pion peak is
visible at mγγ ' 135 MeV.

6.2 Time Calibration

The A2 experiment and the CBELSA/TAPS experiment use both Single-Hit-TDCs and
Multi-Hit-TDCs. Single-Hit-TDCs can only record one time signal per recorded event,
while Multi-Hit-TDC are able to convert several time signals. Similar to ADCs, TDCs
store information as channels. Time t and TDC channels cTDC can be expressed by the
following formula:

t = g · (cTDC − o) , (6.8)

where g is a gain factor and o is the offset value. In contrast to the pedestal position,
the offset value can be chosen freely. The time signal T of a detector is given as the
difference of the real time t of the detector and the trigger time ttrig:

T = t− ttrig . (6.9)

Hence, to remove jitter from the trigger timing, one has to build a time difference
between the detector signal T1 and a reference time T2:

T1 − T2 = (t1 − ttrig)− (t2 − ttrig) = t1 − t2 , (6.10)

where t1 and t2 are the times of two different detector modules.

6.2.1 A2 Time Calibration

All the detectors in Mainz have a time signal and therefore have to be calibrated. The
procedure is shortly explained in this section.
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Crystal Ball

The CB has CATCH TDCs with a fix conversion gain of 0.117 ns per channel. CATCH
TDC are free running Multi-Hit-TDCs. They use oscillator counters and a reference
TDC to measure the time.

Even though only the offset of each crystal had to be determined, the calibration
procedure consisted of three steps. First, the time difference between all clusters in the
CB was filled for each central element. By fitting a Gaussian to the histogram of each
element the new offset was calculated [56]:

o′i = oi +
ti

gi
, (6.11)

where ti is the mean time, oi is the old offset, and gi = 0.117ns/ch is the gain. To
reduce background, it was required that the clusters are neutral. This calibration was
done in an iterative way until the time peaks were aligned at zero.

Due to the slow rise time of the NaI(Tl) crystals and the leading edge discrimi-
nators (LED), the time strongly depended on the amplitude of the signal. This time
walk effect is shown in Fig. 6.6 and had to be corrected. To reach a better signal-to-
background ratio, a rough invariant and missing mass cut have been applied to select
events from the π0 → 2γ reaction. The time correction was then determined by look-
ing at the CB time relative to the tagger time in dependence of the deposited energy
for each crystal and fitting it with the following function [56]:

t(E) = p0 +
p1

(E + p2)p3
, (6.12)

where E is the deposited energy, and p0,...,p3 are free fit parameters. The parameters
were individually determined for each crystal. The time of the CB was then corrected
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Figure 6.6: Left-hand side: CB-Tagger time versus the deposited energy, fitted with the
function of Eq. 6.12 (black line). Right-hand side: CB coincidence time of two neutral
clusters before (black) and after (red) the time walk correction.
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by subtracting t(E) from the original time t:

tcorr = t− t(E) (6.13)

Since the tagger time was used as reference, the tagger time had to be calibrated first.
The time walk correction drastically improved the time resolution of the CB, as seen
in Fig. 6.6 (b).

To get an even better resolution, the coincidence time was aligned again to zero
after the time walk correction by applying an additional offset.

TAPS

In contrast to the NaI(Tl) crystals of the CB, the BaF2 crystals of the TAPS detector
have a fast risetime. In addition, TAPS was situated at a relative long distance from
the target (∼ 1.5 m). Both the long distance and the good time resolution make TAPS
ideally suited for a Time-of-Flight (TOF) measurement. Hence, a good time calibration
is needed.

The first step in the time calibration was the TDC gain calibration. It is usually
done before every experiment. For this purpose, the common stop signal of all TAPS
elements was delayed by inserting different cables of known length. With the help of
the TAPSMaintain software [56] the position of the pedestal pulser was extracted. By
comparing the differences of the delays and the differences of the pedestals, the TDC
gain was found for each individual detector module. The TDC offsets for the BaF2 and
PbWO4 elements were determined in an analogous way as it was done for the CB. The
time difference of two neutral clusters was plotted against the central element of the
cluster. By fitting a Gaussian distribution to each time spectrum and by using Eq. 6.11,
the final offset was iteratively found.

Due to the fast risetime of the BaF2 crystals and the CFD (instead of the LED used
in the CB), no time walk correction is necessary.

Tagger

The tagger was equipped with CATCH TDCs with a fixed conversion gain of 0.117
ns per channel to measure the time. Thus, as for the CB, only the TDC offsets had
to be calibrated. This was done by plotting the time difference of a hit in the tagger
and all neutral clusters in TAPS for every tagger channel. The tagger time calibration
therefore required that the TAPS time was fully calibrated. Since the timing of one
tagger channel does not depend on any other channel, this calibration was a one-step
procedure.

PID and TAPS Veto

The PID and Veto time were not used for the analysis. However, since the ADC spectra
were only filled when a hit in the corresponding TDC was registered, a rough calibra-
tion was necessary, to ensure that the coincidence peak lay well within the accepted
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time window.

Achieved Time Resolution

Table 6.1 summarises typical time resolutions after the calibration procedure.

FWHM [ns]
CB-CB 2.95
CB-TAPS 1.16
TAPS-TAPS 0.47
CB-Tagger 1.49
TAPS-Tagger 0.97

Table 6.1: Typical time resolutions (FWHM) for the detectors used in the A2 setup.

6.2.2 CBELSA/TAPS Time Calibration

The techniques for the calibration of the CBELSA/TAPS detectors are very similar to
the ones used in Mainz. The diploma thesis of J. Hartmann [125] contains detailed
information about the time calibration of detector components of the CBELSA/TAPS
experiment. A short description is given here.

As explained in Sec. 2.4, the CsI(Tl) crystals of the CBB were read out over photo
diodes. The signal of the photo diodes have a long risetime of 10− 15 µs, which means
that a time measurement in the CBB was not possible.

Since the scintillating bars of the tagger had a good time resolution (FWHM= 1.438
ns [125]), their signal was used as reference to calibrate the time of all the other de-
tectors. Therefore, the first step in the time calibration process was the tagger time
calibration.

Tagger

The CATCH TDC of the 97 tagger bars were synchronised to an external reference fre-
quency and thus had a fixed gain of g = 0.05721 ns per channel [125]. In a first rough
calibration, the tagger bar offset was determined by shifting the prompt peak of every
TDC spectrum to zero. However, since the resolution of this prompt peak was limited
by the uncertainty of the trigger timing, an additional precise calibration was done,
which was independent of the trigger time (Eq. 6.10). For this purpose, the signal of
the Cherenkov detector was taken as reference time for a first rough alignment. How-
ever, the time resolution of the Cherenkov detector was worse (FWHM>1 ns [125])
than that of the tagger and the MiniTAPS detector. Thus, an additional fine calibra-
tion of the time signals was necessary. During an iterative procedure, the tagger time
was used as a reference to calibrate the MiniTAPS time followed by the MiniTAPS
reference time used to calibrate the tagger time.
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Forward Plug

Having calibrated the tagger time, it was used as reference signal for the calibration
of the FP time. To reach a good time resolution, only clusters originating from the
π0 → γγ decay were used to align the time peaks for every element. Due to the use
of discriminators, the time peak was broadened by a time walk effect, which was
corrected. Analogous to the procedure explained in Sec. 6.2.1, the time difference
between the tagger and the CsI(Tl) crystals of the FP was plotted in dependence of the
energy and fitted with a corresponding function. Using the tagger time as reference, a
time resolution of FWHM ' 1.99 ns was reached, as seen in Table 6.2.

MiniTAPS

As for the TAPS detector in Mainz, the TDC gains had to be found for every single
MiniTAPS element. However, the calibration was not done before the experiment,
but after the data taking using the production run data. This calibration is fully ex-
plained in Ref. [125]. To calculate the individual gains, a mean gain gmean ' 0.1 ns
was assumed first. Then the time difference ∆t between a hit in the tagger and a hit
in MiniTAPS was plotted against the tagger time for one specific MiniTAPS element.
This spectrum showed a vertical band at ttagger = 0 from the tagger prompt peak, a
diagonal band from the MiniTAPS prompt peak, and a horizontal band at ∆t = 0 from
coincident hits in the tagger and MiniTAPS. When using a fixed gain of ' 0.1 ns, the
latter band was not vertical. The new conversion gain g was then found with the slope
m of the band [125]:

g = gmean + (1 + m) . (6.14)

The change of the conversion gain calculated with the help of the method was only in
the range of 1− 2%.

As in Mainz, CFDs are used in the MiniTAPS detector to record time information
and thus a time walk effect is not visible and did not require a correction.

Inner Detector, Foward Plug Vetoes and MiniTAPS Vetoes

As mentioned in Sec. 5.2, the cluster algorithm used very loose cuts on the timing
signals of the inner detector and FP Vetoes, but not for the MiniTAPS vetoes. For
further analysis, the time of the charge sensitive detectors was not used. However, as
for the other detectors, the time was calibrated using the tagger as time reference.

Due to the long scintillating fibres (40 mm) of the inner detector and the thin plastic
vetoes of the FP and the MiniTAPS detectors, respectively, the time resolution was
limited to 2.1 ns (inner detector), 4.4 ns (Forward Plug vetoes) and 3.1 ns (MiniTAPS
vetoes) [125].
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Achieved Time Resolutions

The typical time resolution for the CBELSA/TAPS detectors is summarised in Table
6.2.

FWHM [ns]
FP-FP 3.28
FP-MiniTAPS 2.19
MiniTAPS-MiniTAPS 0.51
FP-Tagger 2.50
MiniTAPS-Tagger 1.25

Table 6.2: Typical time resolutions (FWHM) for the detectors used in the CBELSA/TAPS
experiment.
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Chapter 7

Reaction Selection

Having finalised all calibrations, each cluster in an event has now been assigned its
energy, space, and time. This chapter will explain how this information was used
to extract the η photoproduction events. All the necessary steps to reconstruct the
desired reaction, as well as all applied cuts to reject background contributions, will be
explained in full detail.

7.1 Event Classes

For the present work, the following two reactions were of interest:

- reaction on the quasi free proton bound in deuterium/3He:

γ + p→ η + p (7.1)

- reaction on the quasi free neutron bound in deuterium/3He:

γ + n→ η + n (7.2)

The reactions have been analysed exclusively (with the detection of the recoil nucleon)
and inclusively (without requiring the recoil nucleon to be detected). Due to the detec-
tion of the recoil nucleon, the analysis of the exclusive reaction allows for additional
cuts and identification possibilities compared to the inclusive reaction. However, in
the first stage of the analysis, this additional information is not used.

For the A2 data, both decay channels of the η meson have been analysed [6]:

η → 2γ, branching ratio 39.41± 0.20 (7.3)

η → 3π0 → 6γ, branching ratio 32.10± 0.26 (7.4)

Due to the use of high multiplicity trigger conditions in Bonn, only the η → 6γ decay
channel could be extracted from the CBELSA/TAPS data.

The first step in the analysis procedure was the assignment of the particles to a
charged and neutral list according to the criteria explained in Chapter 5. Depending
on the number of charged and neutral particles, the events were assigned to event

105



CHAPTER 7. REACTION SELECTION

classes, as seen in Table 7.1. For the exclusive reaction on the proton, one charged
cluster and two neutral clusters were required for η → 2γ or six neutral clusters for
η → 6γ. The event class for the exclusive reaction on the neutron consisted of three
neutral clusters for η → 2γ and seven neutral clusters for η → 6γ. Due to lack of the
statistics for the CBELSA/TAPS dButanol data, the neutron was analysed inclusively
by allowing events with only six neutral clusters, i.e., without the cluster of the neu-
tron. However, to ensure a good rejection of charged particles in the inclusive reaction,
it was required that no single fibre of the inner detector and no single veto of the FP
saw a signal.

As seen in Table 7.1, for the quasi-free inclusive (either proton or neutron) detection
of the reaction, the event class was built from events where the recoil nucleon was
not detected (two or six neutral clusters), and events with recoil nucleon (the two
exclusive event classes). To reduce background originating from ηπ pairs, events with
additional hits were discarded.

Hence, in the first stage, only very basic detector information was used to assign
the clusters to event classes. This simple technique may not be very efficient since one
might lose events when charged and neutral particles were misidentified or events
with additional clusters were detected. However, it allowed for a sound reproduc-
tion of the experimental data with simulation, which was especially important for the
exclusive reactions, where not only photons, but also protons and neutrons were de-
tected.

exclusive exclusive inclusive quasi-free inclusive
proton neutron neutron proton or neutron

η → 2γ 2n & 1c 3n - 2n or 3n or (2n & 1c)
η → 6γ 6n & 1c 7n 6n 6n or 7n or (6n & 1c)

Table 7.1: Selected event classes: n and c stands for neutral and charged clusters in the
calorimeter (defined by the criteria described in Chapter 5).

7.2 Reconstruction of the η Meson

Having classified the events, the η meson was reconstructed via an invariant mass
technique. The details of the reconstruction depend on the number of detected neutral
clusters.

Two neutral clusters were detected and were directly assigned to the decay pho-
tons of the η meson and the corresponding four-vector

(
Eη ,~pη

)
was calculated by

combined energy and momentum conservation:
(

Eη

~pη

)
=

(
Eγ1

~pγ1

)
+

(
Eγ2

~pγ2

)
, (7.5)

where (Eγ1 ,~pγ1) and (Eγ2 ,~pγ2) are the four-vectors of the two decay photons, respec-
tively.
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If two neutral and one charged clusters were detected, the charged cluster was
directly assigned to the proton and the η meson was reconstructed as explained in Eq.
7.5.

The situation is more complicated when three or more neutral particles were de-
tected. In that case, the decay photons were found via a χ2-test by comparing the
invariant mass of two clusters to the nominal η mass. For tentative η → 2γ events
with three neutral clusters, the χ2 was calculated with the following formula:

χ2
ij =

(
mγiγj −mη

∆mγiγj

)2

, (7.6)

where the indices i and j are from one to three under the condition i 6= j, mγiγj is the
invariant mass of the current pair of neutral clusters, mη is the nominal mass mη =

547.862 MeV [6], and ∆mγiγj is the corresponding error of the invariant mass, which
depends on the error of the deposited energy ∆E, and the error of the azimuthal and
the polar angle of the two photons, ∆φ and ∆θ, respectively, as explained in Sec. 7.2.1.
The exact formula and the derivation of ∆mγiγj is given in Ref. [129]. Thus, in the
case of three neutral hits, three different values for the χ2-test (as given in Eq. 7.6)
were calculated. The photons belonging to the combination with the smallest χ2 were
assigned to the η meson, whereas the remaining particle was the candidate for the
recoil neutron. Simultaneously, to reject events from π0 → 2γ decay, a χ2 for the
combination of two hits to a pion was performed. When the corresponding χ2 value
was smaller than the χ2 of the η meson, the event was rejected.

For the event classes of η → 6γ, the best assignment had to be found to combine
six or seven neutral hits to three π0 mesons. Hence, the calculation of the χ2 was:

χ2
ijklmn =

(
mγiγj −mπ0

∆mγiγj

)2

+

(
mγkγl −mπ0

∆mγkγl

)2

+

(
mγmγn −mπ0

∆mγmγn

)2

, (7.7)

where the same labelling as for Eq. 7.6 was used and mπ0 = 134.9766 MeV [6] is the
nominal mass of the pion. Having one charged and six neutral clusters, the indices
i,j,k,l,m,n are from one to six and the charged cluster was assigned to the proton. In
the case of seven neutral clusters, the indices run from one to seven and the remaining
cluster from the χ2 test was identified as the neutron candidate. As for the 2γ decays,
the η meson was reconstructed with the help of four-momentum conservation:

(
Eη

~pη

)
=

3

∑
i=1

(
Eπi

~pπi

)
=

6

∑
i=1

(
Eγi

~pγi

)
, (7.8)

where (Eπi ,~pπi) and (Eγi ,~pγi) are the four-vectors of the pions and decay photons,
respectively.
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7.2.1 Energy and Angular Resolutions

The resolutions ∆E, ∆θ, and ∆φ used to calculate the χ2 were obtained from MC simu-
lations. Isotropic photons with energies up to 1 GeV have been simulated for both the
A2 and the CBELSA/TAPS setup and all different targets used for the present work.
The deposited energy in the simulation was smeared with a Gaussian distribution
to match the measured resolutions given in Eq. 2.11-2.13. The generated energy was
filled versus the detected energy E and the resolution ∆E was determined by fitting a
tailed Gaussian function f (E) to the projections:

f (E) = p0 ·
[

e
−4·log p4 ·(E−p1)

2

p2
2 + e

(E−p1)
2

p3 ·
(

1− e
−4·log p4 ·(E−p1)

2

p2
2

)]
, (7.9)

where p0,..,p4 are free fit parameters. In Fig. 7.1, the experimental energy resolution for
the different detectors is compared to the resolution obtained from simulations after
Gaussian smearing. The energy of the photons was only slightly affected by the target
material and hence the energy resolution for the different targets was almost identical.
Therefore, only the resolution for the dButanol target is shown in Fig. 7.1. The agree-
ment between MC and experimental resolution for the CB and CBB is very good. The
resolutions for the MiniTAPS and the TAPS detector show slight differences, which is
most likely caused by the measurement technique used to determine the resolution
from Eq. 2.12. As described in Ref. [108], the experimental resolution was measured
using a collimated photon beam, which impinged on the center of the crystal. Since
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Figure 7.1: Energy resolution ∆E/E of simulation compared to the experimentally de-
termined function. Top row: CB (left) and TAPS (right). Bottom row: CBB (left) and
MiniTAPS (right). The resolution is very similar for the different targets, therefore the
dButanol target is shown only.
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in the simulation (and the real experiment), the photons are not collimated and dis-
tributed all over the crystal, the resolution may be different than the one obtained by
Gabler et al. [108].

Figs. 7.2 and 7.3 show the obtained angular resolutions for the A2 and the CBELSA/
TAPS setup, respectively. Simulations have been done for all different targets used
for the present work. It is clearly visible that the θ resolution for the CB and CBB is
dramatically better for shorter targets than for longer, whereas the φ and energy reso-
lution stay approximately the same. This is caused by the fact that the vertex position
is distributed over the entire target cell. Since the target is aligned in the z-direction, a
longer target cell means that the vertex is distributed over a larger z-distance. Hence,
causing a worse θ resolution, but similar φ resolution. On the other hand, the target
size has only a small effect on the resolution of the TAPS and MiniTAPS detectors,
since these detectors are situated at forward angles and do not surround the target.
For the TAPS and MiniTAPS, the angular resolution gets worse for the most inner and
most outer rings, which is caused by the fact that close to the border, some part of the
shower gets lost and is not assigned to a cluster. For the same reason, the crystals at
the smallest and largest θ angles of the CB and the CBB have worse angular resolution.
The φ resolution of the CB has the shape of a horseshoe, which is a direct consequence
of the spherical shape of the detector. At θ = 90◦, more crystals cover the φ range
than at smaller and larger polar angles. In contrast to the CB, the CBB has a barrel-like
shape, hence the φ resolution is more flat and only gets worse at the very edges. For
the θ resolution of the CBB, as seen in Fig. 7.3, a discontinuity is visible at θ ∼ 30◦.
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Figure 7.2: Energy and angular photon resolutions for the A2 experiment for the three
different targets: dButanol (blue), LD2 (red), and 3He (green). The top row shows the
resolutions for the CB, the bottom row shows the resolution for TAPS. The resolution for
the azimuthal angle (left column) and polar angle (middle column) is shown as a function
of the polar angle.
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This is the transition region between the CBB and the FP where additional material is
mounted, and hence shower loss may occur. The periodic modulation of the θ resolu-
tion of the CBB must come from the φ-symmetric rings of the CBB. In contrast to the
relative energy resolution, seen in Fig. 7.1, the absolute energy resolution gets worse
for higher energies for all detectors, as shown in Figs. 7.2 and 7.3.
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Figure 7.3: Energy and angular photon resolutions for the CBELSA/TAPS experiment
for the two different targets: dButanol (blue) and LD2 (red). The top row shows the resolu-
tions for the CBB, the bottom row shows the resolution for MiniTAPS. The resolution for
the azimuthal angle (left column) and polar angle (middle column) is shown as a function
of the polar angle.

7.2.2 Confidence Levels

The quality of the reconstruction is reflected in the resulting χ2 distribution. In gen-
eral, the χ2 for k independent standard normal random variables xi can be calculated
according to [171]:

χ2 =

k
∑

i=0
(xi − ei)

2

σ2
i

, (7.10)

where ei are the expected values, and σi is the standard deviation of the random vari-
ables. The corresponding probability density function f (χ2, k) is given by the follow-
ing equation:

f (χ2, k) =
(χ2)k/2−1 · e−χ2/2

2k/2Γ(k/2)
, (7.11)

where Γ(k/2) denotes the Gamma function and k is a positive integer and corresponds
to the degrees of freedom. Therefore, the χ2 distribution obtained in the reconstruction
of the η meson should be close to the function given in Eq. 7.11 with one degree of
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freedom for η → 2γ and three degrees of freedom for η → 6γ.
However, instead of looking only at the χ2 distribution, it is more convenient to

look at the confidence level. The confidence level W(χ2) is defined as the probability
that a random number ξ2, which is distributed according to f (χ2, k), is smaller than a
certain χ2 [171]:

W(χ2) = P(ξ2 ≤ χ2) . (7.12)

Thus, a small χ2 corresponds to a high confidence level and vice-versa. As seen in Fig.
7.4, a confidence level distribution of an ideal χ2 distribution is flat for all degrees of
freedom.
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Figure 7.4: Sampled χ2 and confidence level distributions for one to four degrees of free-
dom. The distributions have been normalised to their integrals.

The confidence level distributions extracted from the experimental data and MC
are shown in Fig 7.5 for A2 data and in Fig. 7.6 for CBELSA/TAPS data. The confi-
dence levels of the accepted events in blue (smallest χ2) are compared to the ones of
the rejected combinations (red). In addition, the confidence level distributions for the
events that have survived all applied analysis cuts are shown in black for experimental
data and green dashed line for simulation. For the rejected combinations most of the
events are located at very low confidence levels (< 0.01), the distribution for accepted
combinations is basically flat. Due to combinatorics, the separation between accepted
and rejected combinations is less clear for the events with seven clusters than for the
ones with three or six neutral clusters. Furthermore, the confidence level of data and
simulation are in good agreement, which shows that the resolutions of the χ2 test of
this work, shown in Fig. 7.2 and Fig. 7.3 , were realistically chosen.
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Figure 7.5: A2 confidence level distributions of the χ2-test for the different event classes:
η → 2γ on the neutron (left column), η → 6γ on the neutron (middle column) and
η → 6γ on the proton (right column). The distributions for the 3He (first row), LD2
(second row), and dButanol (third row) target used in this work are shown.
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Figure 7.6: CBELSA/TAPS confidence level distributions of the χ2-test for the different
event classes: η → 6γ on the neutron (left column) and η → 6γ on the proton (right
column). The distributions for the LD2 (first row) and the dButanol (second row) target
are shown.

112



7.3. TIME CUTS

7.3 Time Cuts

As mentioned in Chapter 5, all detectors, except the CBB, are providing time infor-
mation. The time information was mainly used to ensure coincidence of all events
(see Sec. 7.3.1) and to subtract the random background in the tagger, which will be
explained in Sec. 7.3.2.

7.3.1 Coincidence Cuts

To ensure that all events occurred at the same time, timing cuts have been applied
to the coincidence time between two photon hits in the detectors. Since protons and
neutrons have a different response characteristics, only the time of the decay photons
of the meson have been used for coincidence cuts. The corresponding histograms and
the coincidence cuts are shown in Fig. 7.7 for events right after the χ2 selection (black)
and after all analysis cuts (red dashed histograms). The electromagnetic background
in the FP causes a broadening of the coincidence peak, which is not seen to that extent
in the other detectors. This may come from the fact that events with single veto hits
were assigned to the neutral list and hence could contaminate the photon candidates.
However, the background events are sufficiently rejected by the analysis cuts, as can
be seen from the red histogram. The coincidence cut positions are indicated by a blue
line. The cuts were chosen to be quite broad to ensure that no real events were cut out.
No coincidence cut was possible for events in the CBB, since no time information is
available in this detector, as described in Sec. 5.2.2.
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Figure 7.7: Coincidence time between two photons right after the χ2 selection (black)
and after all analysis cuts (red dashed histograms). The cut positions are indicated with
a blue line. (a) Time distributions for the A2 experiment. From left to right: time dif-
ference for two photons in TAPS, one photon in CB and one in TAPS. (b) Same for the
CBELSA/TAPS data: two photons in the FP (left), two photons in MiniTAPS (mid), one
photon in MiniTAPS and one in the FP (right).
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7.3.2 Random Background Subtraction

Due to the high intensity electron beams used at MAMI and ELSA, several electrons
are usually registered in the tagger during the trigger window. However, only one of
these electrons produced the bremsstrahlung photon and is correlated with the cur-
rent event. The other electrons are random and have to be discarded by statistical
weighting. An event-by-event correction is not possible since the number of coinci-
dent but uncorrelated hits changes with the beam intensity. This can be seen in Fig.
7.8, where the number of tagger hits in the prompt window (tagger hit multiplicity)
for A2 and CBELSA/TAPS data for two different beam currents in shown.

A sideband subtraction (random background subtraction) using the coincidence
time between the tagger and a hit in one of the calorimeters (CB or TAPS and FP or
MiniTAPS) was done to remove the random background. The calorimeter time was
averaged over all the times of the decay photons from the η meson. When one or
several photons were registered in TAPS or MiniTAPS, the time was taken only from
those particles, since these detectors provide a better time resolution. The correspond-
ing time spectra are shown in Fig. 7.9. Assuming that the uncorrelated tagger hits
are purely random and therefore flat, the amount of random hits in the prompt win-
dow (red) was calculated using the background windows (blue). For this purpose, all
events in the analysis were weighted. The weight was chosen to be wP = 1 for hits in
the prompt window. For the two background windows, the weight was negative and
proportional to the window size:

wR = − ∆tP

∆tR1 + ∆tR2
, (7.13)

where ∆tR1 and ∆tR2 are the widths of the two background windows, respectively,
and ∆tP is the width of the prompt window. Tagger hits not belonging to the prompt
or the two background windows were rejected. Thus, the number of correlated events
was given by:

NC = NP +
NR

∑
i=1

wi
R = NP + wRNR , (7.14)
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Figure 7.8: Tagger hit multiplicity: number of tagger hits in the prompt window for A2
(left) and CBELSA/TAPS (right) data. The histograms have been normalised to unity in
the maximum. The number of prompt tagger hits increases with increasing beam current.
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where NP is the number of prompt hits and NR is the number of random hits with
weight wR. Since the error is given by:

∆NC =
√

NP + w2
RNR , (7.15)

the statistical uncertainty was small when having a small weight, i.e., large back-
ground windows. The background windows indicated in Fig. 7.9 are only illustra-
tive since otherwise the peak region would not be visible. In the real analysis, the
background windows were chosen much wider.
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Figure 7.9: Random background subtraction for A2 (a) and CBELSA/TAPS (b) data: the
random windows (blue) are used to subtract the random background in the prompt win-
dow (red), such that only the correlated (green) events remain. The random background
for the CBELSA/TAPS data exhibits a 2 ns modulation coming from the 500 MHz alter-
nating acceleration field of ELSA. The prompt peaks in the CBELSA/TAPS spectra are
slightly asymmetric due to contamination from charged particles, which is rejected by the
subsequent analysis cuts.

7.4 Background Rejection

Having found the possible candidates for the nucleon and the decay photons of the η

meson, Pulse Shape Analysis (PSA) cuts were applied to ensure a clean separation of
photons from nucleons. The used cuts are explained in Sec. 7.4.1 in more detail.

Subsequently, the complete reaction was identified and possible background from
other contaminating reaction channels was rejected. Such contamination originates
from other reactions that fit the same event class, i.e., have the same number of charged
and neutral particles or reactions where one or several particles have not been de-
tected. In addition, neutral and charged particles can be mixed up due to inefficiencies
of the charged particle detectors. Furthermore, combinatorial background can occur
due to the χ2 test. The cuts used to discard these background contributions without
eliminating too many good events are described in the next subsections. The sequence
of the explained cuts is the same as it was used in the analysis procedure.
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7.4.1 Pulse Shape Analysis

As mentioned in Secs. 2.4.1 and 6.1.1, the PSA can be used to distinguish nucleons
from photons in TAPS and MiniTAPS. To do so, the PSA angle is plotted against the
PSA radius, as explained in Eq. 6.6 and 6.7. With a proper calibration, the photons
are aligned at 45◦, while the nucleons form a banana at smaller PSA angles. Since
each BaF2 module of TAPS exhibits a slightly different pulse form, the PSA was done
separately for each crystal. The cut position was determined by fitting a Gaussian
distribution to projections of the photon band.

Having assigned the charged and neutral events to event classes and having iden-
tified the η meson and the recoil nucleon via the χ2 test, the PSA cut was applied.
To ensure reproducibility in the simulation (the PSA information is not available in
the simulation), non-stringent cuts were chosen. Each of the decay photons was re-
quired to lie in a band of ±3σ with respect to the mean position of the photon band,
as seen in Figs. 7.10 and 7.11. The ±3σ cut position for the photons (dashed line in
the left two columns of Figs. 7.10 and 7.11 ) was chosen since the contamination of
the photons with background was marginal and to ensure that only a small amount
of real photons will be cut away. Since high-energetic nucleons slightly overlap with
the photon band in the PSA spectrum, even less stringent cuts were chosen for the
nucleons, as shown in the third and fourth column of Figs. 7.10 and 7.11. An exclu-
sion zone was defined for the PSA radius of nucleons between 85 and 380 MeV. Only
nucleon candidates with a PSA radius smaller than 85 MeV or larger than 380 MeV
were cut away when lying closer than the 3σ line to the photon band. The PSA spectra
of Figs. 7.10 and 7.11 shows the events after the χ2 test and all additional analysis cuts.
The contribution of photons to protons and vice-versa is minimal. However, slightly
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Figure 7.10: PSA spectra with all further analysis cuts applied for A2 data. The top row
shows the photon and nucleon PSA spectra for the η → 2γ decay, the bottom row shows
the same for the η → 6γ decay. The cut position is indicated with a dashed line. For the
nucleons, the PSA cut was not applied between 85 MeV and 380 MeV.
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more background events are visible for the neutral channel where neutrons can be
misidentified as photons during the χ2 test. The influence of these events, even with-
out cutting on the PSA, is negligible. Nevertheless, when the cut for PSA radius of the
nucleon below 85 MeV was not applied, some background remains (such as electrons
that have not been rejected by the vetoes), which is visible in the Time of Flight (TOF)
versus energy plot, as shown in Fig. 7.12.
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Figure 7.11: PSA spectra with all further analysis cuts applied for CBELSA/TAPS data
for the photons (left two figures) and the nucleons (right two figures). The cut position is
indicated with a dashed line. For the nucleons, the PSA cut was not applied between 85
MeV and 380 MeV.
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Figure 7.12: TOF versus energy plot for neutrons in TAPS without (left) and with (right)
PSA cut on the nucleons. Without the PSA cut, a small background contribution is visible
around 3.5 ns/m (red circle).

7.4.2 Coplanarity

Having detected the recoil nucleon (exclusive channel), the coplanarity condition was
used to get a cleaner identification of the reaction. Since momentum conservation
applies, the η meson is emitted in the reaction plane of the beam photon and the recoil
nucleon, as seen in Fig. 7.13. Thus, the azimuthal angle difference between the recoil
nucleon, φN , and the η meson, φη , is always 180◦ in the cm frame:

∆φ =

{
φη − φN , if φη − φN ≥ 0

2π − |φη − φN |, if φη − φN < 0 .
(7.16)
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Figure 7.13: Coplanarity: the η meson (red) and the nucleon (blue) lie in the reaction
plane and are separated by ∆φ = 180◦.

The system can be transformed via a Lorentz-Boost in the z-direction to the laboratory
frame, where Eq. 7.16 applies as well since the φ-angle is independent of z. However,
for quasi-free nucleons, the Fermi motion causes a smearing of the coplanarity angle.
Fig. 7.14 shows the corresponding coplanarity spectra right after the χ2 selection and
the PSA cut, other cuts were not applied. Since the width and the position of the peak
depends on the underlying kinematics, the cut position was determined for different
bins of the beam energy and cos θ∗η , where the star stands for the cm frame. For illus-
trative reasons, Fig. 7.14 shows spectra that have been integrated over the whole cos θ∗η
range. The poor angular resolution at low photon energies is caused by the fact that
near threshold, the η mesons have small kinetic energies and thus the Lorentz-boost
has a big influence on their four momenta.

A symmetric cut of ±2σ with respect to the mean position of the peak was cho-
sen to ensure an appropriate background suppression. Separate cut positions have
been determined for data and simulation to account for small differences in position
and width of the peak close to threshold. Only the cut position extracted from sim-
ulation is indicated (dashed lines) in the figure. In general, the deuterium data (red
and blue dots) and simulation (solid black line) are in good agreement. However, in
the ηn → 2γn channel the experimental data shows an enhancement at low and high
angular differences, which is not reproduced by the simulation. Investigations have
shown that this structure is originating from the π0n→ 2γn reaction where one of the
decay photons was misidentified as the recoil neutron. For the reactions on the proton,
the small deviation of the experimental data from simulation is coming from ηπ con-
tribution. Especially at higher energies in the CBELSA/TAPS data, the contribution
from charged pions increases, which is caused by the large cross section of charged
pion photoproduction. Most of this background is later removed by the missing mass
cut, which was not applied to these histograms. Some background is visible in exper-
imental data and simulation, which is due to combinatorics and well understood. In
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addition to the signal on the deuterium target (blue and red circles), the distribution
on the dButanol target (open black circles) is shown. The influence of the much larger
Fermi momenta in the carbon nuclei, as seen in Fig. 4.1, introduces a broadening of
the peak structure.
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Figure 7.14: The angular difference ∆φ between the recoil nucleon and the η meson for
five different bins of incident photon energy. The spectra are integrated over the whole
angular range and were filled right after the χ2 selection, the PSA and the invariant mass
cut were applied. Shown are the results for the A2 data in (a) for the η → 2γ (first two
rows) and η → 6γ decay (last two rows). The spectra for the CBELSA/TAPS data are
shown in (b) (η → 6γ). The results for the deuterium target are shown in colors (red
and blue circles) and the results for the dButanol target are shown as open black circles.
The simulation is shown as solid black line. The dashed lines show the 2σ cut position
determined from the simulation.
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7.4.3 Missing Mass

Another method to reject background in the desired reaction channel is the determi-
nation of the missing mass. The missing mass requires only the reconstruction of the
η meson and the recoil nucleon is treated as missing. Thus, the mass M of the nucleon
can be calculated from the initial state and the detected final state particles:

M =

√√√√
(

∑
i

pIS
i −∑

j
pFS

j

)2

=

√√√√
(

∑
i

EIS
i −∑

j
EFS

j

)2

−
(

∑
i
~pIS

i −∑
j
~pFS

j

)2

, (7.17)

where pIS
i = (EIS,~pIS

i ) and pFS
j = (EFS,~pFS

j ) are the four momenta of the i-th initial
and j-th final state particles, respectively. For η photoproduction on the nucleon and
assuming that the nucleon in the initial state is at rest, Eq. 7.17 simplifies to:

M =

√(
Eγ + mN − Eη

)2 −
(
~pγ − ~pη

)2 , (7.18)

where Eγ and ~pγ are energy and momentum of the incident photon beam, Eη and ~pη

are the energy and momentum of the η meson, and mN is the nucleon mass. With
a correct identification of the reaction, the corresponding spectra should have a clear
peak at the nucleon mass mN . Thus, the nucleon mass was directly subtracted to get
the missing mass:

∆M = M−mN . (7.19)

The missing mass spectra are shown in Fig. 7.15 for the deuterium target (blue and
red points), the corresponding simulation (black line), and the dButanol target (open
black circles). The influence of the much larger Fermi momenta in the carbon nuclei
and hence in dButanol, is even more pronounced than for the coplanarity spectrum.
The Fermi motion does not only broaden the peak, but also induces an asymmetric
distribution at low beam energies. This is mainly caused by the fact that close to
threshold, Fermi momenta in negative z-direction are favoured since they lead to a
higher cm energy and reach the η production threshold more quickly.

At low incident photon energies, the deuterium data and simulation are in good
agreement. Above Eγ ' 800 MeV, the contribution from ηπ0 background events sig-
nificantly increases. Furthermore, the channels γp→ ηπ+n and γn→ ηπ−p can con-
tribute when the neutron or the charged pion is not detected. All these background
contributions induce an enhancement at larger missing masses since not all particles
have been detected in the final state. However, applying energy and cos θη depen-
dent cuts of ±1.5σ with respect to the mean peak value ensured a clean background
rejection from ηπ events while not reducing the signal too much.
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Figure 7.15: Missing mass ∆M for five different bins of incident photon energy. The
spectra are integrated over the whole angular range and were filled after the χ2 selection,
the PSA, the coplanarity and the invariant mass cut were applied. Shown are the results
for the A2 data in (a) for the η → 2γ (first two rows) and η → 6γ decay (last two rows).
The spectra for the CBELSA/TAPS data are shown in (b) (η → 6γ). The results for the
deuterium target are shown in colors (red and blue circles) and the results for the dButanol
target are shown as open black circles. The cut position of±1.5σ is indicated by the dashed
line.

7.4.4 Invariant Mass

Having applied all previous cuts, the invariant mass of the potential η meson was
investigated. For the η → 2γ decay, the invariant mass can be calculated from the
four-vectors of the two decay photons respectively:

m2γ =
√

E2
η − ~pη

2 =
√
(Eγ1 + Eγ2)

2 − (~pγ1 + ~pγ2)
2 , (7.20)
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where Eγ1 , Eγ2 and ~pγ1 , ~pγ2 are the energy and momenta of the two decay photons,
respectively. Using the opening angle between the two photons φγ1γ2 ,this equation
can be simplified to:

m2γ =
√

Eγ1 · Eγ2 · (1− cos φγ1γ2) . (7.21)

For the six photon decay channel, the pions with four momenta pπ0
1
, ..., pπ0

6
have to be

reconstructed from the four momenta of the decay photons pγ1 , ..., pγ6 first:

pπ0
1
= pγ1 + pγ2 (7.22)

pπ0
2
= pγ3 + pγ4 (7.23)

pπ0
3
= pγ5 + pγ6 . (7.24)

Subsequently, the η four-vector pη can be extracted:

pη =
3

∑
i=1

pπ0
i

. (7.25)

Thus, the corresponding invariant mass is then given by:

m6γ =
√

E2
η − ~p2

η =

√√√√
(

3

∑
i=1

Eπ0
i

)2

−
(

3

∑
i=1

~pπ0
i

)2

=

√√√√
(

6

∑
i=1

Eγi

)2

−
(

6

∑
i=1

~pγi

)2

.

(7.26)
The invariant mass spectra for both decay channels are shown in Fig. 7.16 for five
energy bins. The data is in good agreement with the simulation and thus essentially
background free because the background has already been rejected by the χ2 anti-
cut on the π0, as seen in Sec. 7.2 and the other cuts. Therefore, only broad cuts of
approximately ±4σ have been applied to collect as much statistics as possible. Since
the width and position of the peak is more or less constant over the whole energy and
angular range, fix cuts have been chosen:

2γ : (450− 620) MeV (7.27)

6γ : (500− 600) MeV (7.28)

For the inclusive reaction, a slightly more stringent cut between 510 and 590 MeV was
chosen since the coplanarity, which rejects the most background, could not be applied.

As seen in Fig. 7.16, the resolution of the invariant mass of η → 6γ is better than
the one of η → 2γ. This is simply because the invariant mass of the three pions has
been constrained to the nominal mass mπ0 by neglecting the angular resolution:

E′γ1,γ2
=

mπ0

mγ1γ2

· Eγ1,γ2 . (7.29)

However, the constraining of the nominal mass is only correct if one assumes that both
decay photons carry approximately the same energy. The same procedure was done
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for the η meson to improve the resolution of the missing mass spectra.
In contrast to the coplanarity and missing mass spectra, the invariant mass on the

dButanol target has exactly the same shape as the one on the deuterium target. This is
caused by the fact that only the information of the detected decay photons was used
for the calculation of the invariant mass and hence no influence of the Fermi motion is
visible.
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Figure 7.16: Invariant mass for for bins of incident photon energy. The spectra are in-
tegrated over the whole angular range and were filled after all analysis cuts (PSA, copla-
narity, missing mass) were applied. Shown are the results for the A2 data in (a) for
the η → 2γ (first two rows) and η → 6γ decay (last two rows). The spectra for the
CBELSA/TAPS data are shown in (b) (η → 6γ). The results for the deuterium target are
shown in colors (red and blue circles) and the results for the dButanol target are shown as
open black circles. The simulation is shown as solid black line. The fixed cut position is
indicated as a dashed line.
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7.4.5 Polar Angle Cuts

Assuming quasi-free kinematics for η photoproduction on the nucleon (neglecting
high Fermi momenta), the polar angle θ of the recoil nucleon in the lab frame is limited
by kinematics. Figs. 7.17 and 7.18 show the corresponding spectra. The cut position
(dashed line) was set to the θ angle where the experimental data starts to deviate from
simulation at approximately 60◦. Due to the small cluster size of nucleons, the seg-
mentation of the detector is clearly visible.

For the A2 data, no nucleons were detected below θ = 5◦ because this region
belongs to the beam hole and the inner two rings of TAPS that have been switched
off. The gap between CB and TAPS induces an acceptance hole at θ = 22◦, which can
be nicely seen in the spectra. For the CBELSA/TAPS spectra, the situation is similar
and the efficiency hole between MiniTAPS and FP is clearly visible around θ = 12◦.
On the other hand, the transition between the FP and the CBB around θ = 30◦ is quite
smooth. The segmentation of the CBB is more distinct than for the CB, which is mainly
caused by the higher granularity of the CBB and the perfect azimuthal symmetry of
the rings.

Due to the higher Fermi momenta present in dButanol (coming from the carbon
background), the corresponding spectra (blue) deviates a bit more from simulation
than the deuterium data.
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Figure 7.17: Polar angle of the nucleon in the lab frame for the A2 data after all analysis
cuts were applied (PSA, coplanarity, missing mass, invariant mass). The experimental
spectrum from the deuterium target is shown in black, the corresponding simulation in
red. The experimental distribution for the dButanol target is shown in blue. A logarithmic
y-axis is used. The spectra are normalised to unity in the maximum. The cut position is
indicated by the dashed line.
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Figure 7.18: Polar angle of the nucleon in the lab frame for the CBELSA/TAPS data
after all analysis cuts were applied (PSA, coplanarity, missing mass, invariant mass). The
experimental spectrum from the deuterium target is shown in black, the corresponding
simulation in red. The experimental distribution for the dButanol target is shown in blue.
A logarithmic y-axis is used. The spectra are normalised to unity in the maximum. The
cut position is indicated by the dashed line.

7.5 Further Checks

Not all the available information provided by the detector setup was used to reject
background since the reaction identification was already sufficiently accurate. How-
ever, they have been used to check the event selection as shown in the next subsec-
tions.

7.5.1 Time of Flight

As explained in Sec. 2.4.1, due to the properties of BaF2 and the large distance from
the target (approximately 1.5 m in Mainz and 2.1 m in Bonn), TAPS and MiniTAPS
are ideally suited to perform a Time of Flight (TOF) measurement. The TOF analysis
exploits that particles with the same kinetic energy but different masses have differ-
ent TOF since heavier particles are generally slower. Since the flight path s of every
detected particle is different, the TOF was normalised to one meter:

TOF =
∆t
s
+

1
c

[ns/m] , (7.30)

where ∆t is the time difference between a hit in TAPS or MiniTAPS and the tagger.
The tagger was used as reference because it provides a better time resolution than the
CB or FP. During the calibration procedure all photon times were aligned to zero, so
an additional offset of 1/c had to be added. The TOF was plotted versus the deposited
energy E in TAPS or MiniTAPS. As can be seen in Fig. 7.19, photons have an energy
independent TOF of around 3.3 ns/m. On the other hand, the TOF of low energetic
nucleons is larger than the TOF of nucleons with more energy. Protons deposit all
their energy in the crystals, at least up to the punch-through limit and thus build a
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banana-like structure. The TOF-versus-energy spectrum is completely uncorrelated
for the neutrons due to different interactions that occur in the crystals. Whereas pro-
tons mainly interact via ionisation, neutrons make elastic or inelastic scattering on
nuclei and nuclear reactions producing secondary particles such as photons, protons,
deuterons, and α-particles.
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Figure 7.19: The TOF versus energy plot for TAPS (A2 data) for events that have passed
all analysis cuts is shown in (a). The top row shows the photon and nucleon PSA spectra
for the η → 2γ decay, the bottom row shows the same for the η → 6γ decay. (b) shows
the TOF versus energy plot for MiniTAPS (CBELSA/TAPS data).
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7.5.2 ∆E versus E

Another possibility to check the event selection is the ∆E versus E plot, where the
energy deposited in the charge sensitive detectors (PID or vetoes) is plotted against
the energy deposited in the corresponding calorimeter (CB, TAPS, and MiniTAPS). For
protons, the energy deposited in the charge sensitive detectors, is strongly dependent
on the energy deposited in the crystals and thus building a banana-like structure. On
the other hand, charged pions are minimum ionising most of the time and thus are
situated at lower energies exhibiting less energy dependence. Electrons are situated at
even smaller energies ∆E and E.

In the A2 data, one can look at the energy deposited in the PID, ∆E, versus the
energy deposited in CB, E. In addition, the energy deposited in the vetoes, ∆E, against
the energy deposited in TAPS, E, can be used for particle identification purposes. Due
to the fact that the signals of the TAPS vetoes were read out via long light guides, the
energy resolution for TAPS ∆E versus E was significantly worse than for the CB, as
seen in Fig. 7.20. Since in Bonn neither the inner detector nor the FP vetoes provide
energy information (because of the very bad resolution, the energy was not read out
on the hardware side), ∆E versus E can only be used for MiniTAPS, as seen in Fig.
7.21. Since the construction of the MiniTAPS vetoes was the same as for the TAPS
vetoes, the energy resolution was poor here as well. In both A2 and CBELSA/TAPS
data, the initially present background coming from electrons and charged pions was
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Figure 7.20: ∆E versus E for CB (top row) and TAPS (bottom row) for A2 data. Left
column: spectrum for events that have been assigned to the ηp → 2γp event class, no
further analysis cuts were applied. Middle column: spectra for the ηp→ 2γp event class
after all cuts were applied. Right column: same for ηp→ 6γp
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satisfactorily removed by the other analysis cuts and no TOF versus energy cut was
necessary.
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Figure 7.21: ∆E versus E for MiniTAPS (CBELSA/TAPS data). The spectrum was filled
directly after the event selection (left) and is compared to the spectrum, which was filled
after all analysis cuts were applied (right).

7.5.3 Cluster Multiplicity

As explained in Sec. 7.4.1, the BaF2 crystals provide the possibility to disentangle neu-
trons from photons via PSA. In the CB, CBB, and FP, such a method does not exist
and one has to rely on the χ2 selection criteria. However, this is not satisfactory and
the identification of the assigned photons and neutrons via the χ2 test can be checked
using the cluster multiplicity (the number of fired crystals per cluster). Since neutrons
and photons interact in different ways with the scintillating material, the cluster mul-
tiplicity distributions are different, as seen in Fig. 7.22. The photon distributions peak
at higher values than the one of the neutron. In addition, the distributions are differ-
ent for the photons originating from the η → 2γ and η → 6γ decay since the latter
photons on average have smaller energies. The validity of the neutron identification is
clearly visible since the distribution for the neutrons from both decay channels exhibit
the same shape. Nevertheless, due to an overlap region, this criterion should not be
used for the event selection and no cut is made.

7.5.4 Fermi Momentum

The participant-spectator model is ideally suited to describe the quasi-free kinematics.
In this framework, the reaction takes place on the participant nucleon, whereas the
spectator remains unaffected. In the initial state, both nucleons carry a momentum pF

(with opposite sign), thus:

pA = pS + pP =

(
EP

~pP

)
+

(
ES

~pS

)
=

(
EP

~pF

)
+

(
ES

−~pF

)
=

(
mA

0

)
, (7.31)
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Figure 7.22: Cluster multiplicity for events that have passed all analysis cuts for the CB
(first row), TAPS (second row), CBB and FP (third row) and MiniTAPS (fourth row).
The first column shows the cluster multiplicity for the photon, the middle column shows
the spectra for the neutron. In the right column the same is shown for the proton. For the
CBELSA/TAPS data, only the η → 6γ decay channel was analysed.

where pA = (mA, 0) is the four-momentum of the nucleus, mA is the mass of the
nucleus and pP = (EP,~pP) and pS = (ES,~pS) are the four momenta of participant
and spectator nucleons, respectively. Since the spectator remains in this initial state
configuration, the final state (FS) momentum distribution of the spectator nucleons
should reflect the initial state (IS) momentum distributions of the participant nucleons,
i.e., the Fermi momentum distribution inside the atomic nucleus. Using momentum
conservation one finds that:

~pγ + ~pIS
P + ~pIS

S = ~pη + ~PFS
P + ~pFS

S . (7.32)

Since in the participant-spectator model ~pIS
S = ~pFS

S applies, it follows:

~pF = ~pIS
P = ~pFS

p + ~pη − ~pγ , (7.33)
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where ~pη and ~pγ is the four-momentum of the η meson and incident photon beam,
respectively. Having detected all final state particles, the Fermi momentum can be cal-
culated according to Eq. 7.33. As mentioned in Sec. 7.5.1, nucleons interact differently
with the scintillating material than photons. This, in combination with the fact that
the energy calibration was done for photons, causes that the deposited energy of the
participant (recoil) nucleon to be not equal to its kinetic energy. Though, for a reaction
with nucleus A, participant P and spectator S:

γ + A→ η + P + S , (7.34)

the kinetic energy can be extracted from kinematical considerations [56]:
(

Eγ

~pγ

)
+

(
mA

0

)
=

(
Eη

~pη

)
+

(
EP

~pP

)
+

(
ES

~pS
.

)
(7.35)

The kinetic energy TP of the participant nucleon is then given by:

TP =
−(bc− 2a2mP) +

√
(bc− 2a2mP)2 − c2(b2 − a2)

2(b2 − a2)
, (7.36)

where
a = pη,x sin θP cos φP + pη,y sin θP sin φP + (pη,z − Eγ) cos θP ,

b = Eη − Eγ −mA ,

c = (b + MP)
2 −

(
m2

S + p2
η + E2

γ − 2Eγ pη,z

)
,

(7.37)

and mP is the mass of the participant nucleon, pη,x, pη,z, pη,z are the x,y, and z com-
ponents of the η momentum, respectively, and θP and φP are the polar and azimuthal
angles of the participant nucleon. The full derivation of this expression is given in
[172].

Since the participant and spectator are simply the proton and the neutron or vice-
versa, the calculation is straightforward for the deuterium nucleus. The corresponding
spectator momentum distributions for participant protons and neutrons are shown in
Fig. 7.23. The distributions are compared to a parametrisation of the deuteron wave
function of the Paris NN potential (solid line) [152]. For large Fermi momenta, η

photoproduction may be kinematically forbidden (depending on the relative orien-
tation of the Fermi momentum with respect to the direction of the photon beam), thus
the dashed curve shows only the kinematically allowed events based on the model
predictions of the Paris N-N potential. The overall shape of the distributions are in
quite good agreement with the model predictions. The most probable value is slightly
shifted to higher spectator momenta, which is mainly caused by the experimental res-
olution. In addition, the high momenta tails fall off faster in data compared to sim-
ulation, but this is only a very small effect. The situation is more complicated in the
case of 3He, which is composed of two protons and one neutron. Therefore, one has to
assume that the two spectator nucleons in the final state can be treated as a di-nucleon
without relative momentum. This simplification seems to be quite realistic, since the
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Figure 7.23: Spectator momentum distribution for participant proton and neutron in
deuterium. The distributions extracted from A2 and CBELSA/TAPS data (dots) are com-
pared to calculations using the Paris N-N potential (solid line) [152] and the correspond-
ing kinematically allowed distribution for η photoproduction (dashed line). The y-axis is
shown logarithmically.

extracted spectator momentum distributions are in nice agreement with the theoret-
ical predictions using the Argonne potential [153], as seen in Fig. 7.24. The peak of
the distribution is at the same position as for the model calculations, therefore, in bet-
ter agreement as for the deuteron data. This may be caused by the less steep rise in
the 3He distribution compared to deuterium and thus the distribution is less affected
by the experimental resolution. In general, the shape of the high momentum tail is
similar to the one of the deuterium distribution. According to Hen et al. [173], this
is a sign for short range correlations (SRC), i.e., a pair of nucleons with high relative
and low cm momentum. This can be further investigated by looking at the ratio of
the proton and neutron distribution, which is shown in the second part of Fig. 7.24.
Normalising the ratio of the integrals of the distributions to the nucleon ratio in 3He
(N/Z = 1/2) results in a nearly perfect agreement with the model predictions. At small
momenta (pS < 300 MeV), the situation is dominated by long range interactions, and
thus the average ratio is approximately N/Z = 0.5. In contrast, at larger momenta (300
MeV < pS < 600 MeV), the ratio approaches unity (as for deuterium) and SRC (tensor
interactions) dominate. Also the shape of the high momentum tail in the spectator
momentum distribution is similar to the one of deuterium. Thus, one can conclude
that high Fermi momenta are exclusively generated by isospin-singlet pairs [153]. Re-
cent high energy electron scattering experiments in Hall B of the Thomas Jefferson
National Accelerator Facility [173] have observed np-dominance of SRC pairs in heavy
imbalanced nuclei [173].

131



CHAPTER 7. REACTION SELECTION

L. Witthauer et al.: Quasi-free photoproduction of η-mesons off 3He 9

4.3 Kinematic reconstruction of the final state
invariant mass

Total cross-section data and angular distributions mea-
sured from bound nucleons as function of incident photon
energy differ from the results for free nucleons due to the
effects of nuclear Fermi motion. For slowly varying cross
sections this is not a large problem because the folding
with the nucleon momentum distribution results only in a
moderate energy and angular smearing of the data. How-
ever, the effects can be significant in the vicinity of thresh-
olds, for steep slopes, and narrow structures in the exci-
tation function. They can be eliminated when the invari-
ant mass W of the participant nucleon and the produced
meson are reconstructed from the measured four-vectors
of nucleon and meson. The kinetic energy of recoil neu-
trons cannot be extracted from the deposited energy in
the calorimeter, which is more or less random (cf. Fig. 7).
The kinetic energy of neutrons emitted into the solid an-
gle covered by TAPS can be deduced from their time-of-
flight (for neutrons in the CB the flight path is too short
for reasonable resolution). In the energy range of interest,
neutrons (or protons) detected in TAPS correspond to η-
mesons emitted at backward angles in the photon-nucleon
cm system (cos(Θ⋆

η) < −0.4). Only this sub-sample of data
allows a direct reconstruction of the final-state invariant
mass (which was done identically for recoil protons and
neutrons). For backward going η-mesons most often (in
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Fig. 10. Simulated detector resolution for the invariant mass
W of the meson and participant nucleon final state recon-
structed from time-of-flight measurements of the kinetic en-
ergies of the recoil nucleons (solid curves) and from kinematic
reconstruction (dashed curves). Simulated are fixed values of
W (indicated by dashed lines) and the curves represent the
detector response.

particular for the two-photon decay) the photons are de-
tected in the CB, so that there is no time reference signal
from TAPS itself and the ToF of the recoil nucleons had
to be measured with respect to the Tagger, which limited
the time resolution (see Fig. 2). The achievable resolution
was estimated by a Monte Carlo simulation of the detector

response to fixed W values (see Fig. 10). The resolution
decreases with increasing W because the ToF-dependence
on the recoil nucleon energy is rather flat for fast nucleons
and the time-of-flight path was only 1.46 m.
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Fig. 11. Upper part: distribution of the missing momentum
of the quasi-di-nucleon spectator for participant protons and
participant neutrons. Filled circles: present data, solid curves:
model calculation with Argonne potential for protons (left-
hand side) and neutrons (right-hand side) [64]. Dashed curves:
Monte Carlo simulation based on theory results (see text).
Data and model normalized to unity in peak maximum. Bot-
tom: ratio of neutron/proton distributions. Ratio of integrals
of data normalized to N/Z = 1/2 nucleon ratio of 3He. Solid
(dashed) lines: model results [64] as in the upper part.

The kinematics of quasi-free photoproduction of mesons
off the deuteron can be completely reconstructed when in
addition to the four-momenta of the mesons the direction
of the recoil nucleon is known [6]. In this case, the mo-
mentum vector of the spectator nucleon (three variables)
and the kinetic energy of the participant nucleon are not
measured. But since the initial state (photon of known
energy and deuteron at rest) is completely determined,
these four variables can be reconstructed from the four
equations following from momentum and energy conser-
vation. For the 3He target, such a reconstruction can be
done only in an approximate way because the two spec-
tator nucleons have an undetermined relative momentum
qps in the final state. For participant neutrons the two
spectator protons cannot be bound and for participant
protons there will be a mixture of deuterons and unbound
neutron-proton spectator pairs in the final state. However,
the relative momenta between the spectator nucleons are
not large, peaking around q = 70 MeV, which corresponds
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The kinematics of quasi-free photoproduction of mesons
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addition to the four-momenta of the mesons the direction
of the recoil nucleon is known [6]. In this case, the mo-
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and the kinetic energy of the participant nucleon are not
measured. But since the initial state (photon of known
energy and deuteron at rest) is completely determined,
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Figure 7.24: Fermi momentum distributions for 3He extracted from the experimental data
and compared to calculations by Arrington et al. [153] (solid line) and the corresponding
kinematically allowed distribution for η photoproduction (dashed line). The y-axis for the
Fermi momentum distribution is shown logarithmically.
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Chapter 8

Extraction of Observables

In this chapter, all required quantities and the extraction procedure to obtain the unpo-
larised cross section, the double polarisation observable E, and the helicity dependent
cross sections σ1/2 and σ3/2 will be explained in detail.

8.1 Unpolarised Cross Section

The unpolarised differential cross section as a function of the energy E and cos θ∗η , the
cosine of the polar angle of the η meson in the cm frame, was determined via:

dσ

dΩ

∣∣∣∣
unpol

(E, cos θ∗η) =
N(E, cos θ∗η)

ε(E, cos θ∗η) · Nγ(E) · nT · Γi/Γ · ∆Ω
, (8.1)

where the following nomenclature was used:

E energy: incident photon energy Eγ or final state energy W
θ∗η polar angle of the η meson in the cm frame
N(E, cos θ∗η) yields as a function of the energy E and cos θ∗η
ε(E, cos θ∗η) detection efficiency
Nγ(E) incoming photon flux
nT target surface density in [b−1]
Γi/Γ branching ratio for the final state [6]

η → 2γ: 39.41± 0.20 %
η → 6γ: 32.10± 0.26 %

∆Ω solid angle coverage of the cos θ∗η-bin in [sr]

The determination of the differential cross sections as a function of the cosine of the
polar angle and instead of the polar angle itself is more convenient since the solid an-
gle coverage of each cos θ∗η-bins remains then constant, as can be seen in the following
equation:

∆Ω =
4π

NCT
, (8.2)
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where NCT is the number of cos θ∗η-bins and was chosen according to the available
statistics.

By integrating the differential cross section over the solid angle, the total cross
section σ(E) can be deduced:

σ(E) =
∫ dσ

dΩ

∣∣∣∣
unpol

(E, θ∗η)dΩ . (8.3)

For NCT angular bins, the integral can be approximated by a sum over all angular bins:

σ(E) ' 4π

NCT

NCT

∑
i=1

dσ

dΩ

∣∣∣∣
unpol

(E, θ∗η) . (8.4)

Alternatively, the angular distribution can be fitted with a series of Legendre polyno-
mials Pi of N-th degree:

fL(E, cos θ∗η) =
q∗(E)
k∗(E)

N

∑
i=0

Ai(E)Pi(cos θ∗η) , (8.5)

where Ai are the Legendre coefficients, q∗(E) and k∗ are the momenta of the η meson
and the incident photon beam in the cm frame, respectively, and q∗(E)/k∗ is the phas-
espace factor. By integrating the Legendre series, the total cross section can be found
from the zeroth Legendre coefficient A0:

σ(E) =
1∫

−1

fL(E, cos θ∗η)d cos θ∗η = 4π
q∗(E)

k∗
A0(E) . (8.6)

8.2 Double Polarisation Observable E

The double polarisation observable E, introduced in Sec. 1.3, was extracted using two
different methods, which will be explained in detail in the next sections.

8.2.1 Version 1 - Carbon Subtraction Method

As mentioned in Sec. 1.3, the double polarisation observable E is defined as the asym-
metry between the two helicity states σ1/2 (anti-parallel photon and nucleon spin) and
σ3/2 (parallel photon and nucleon spin):

E =
σ1/2 − σ3/2

σ1/2 + σ3/2

=
σdi f f

σsum
, (8.7)

134



8.2. DOUBLE POLARISATION OBSERVABLE E

Plugging Eq. 8.1 in Eq. 8.7, and considering that the polarisation observable E was
measured on a dButanol target, yields the following expression:

EdB =
1

pγ pT
·

NdB
1/2

εdB
1/2

N1/2
γ

− NdB
3/2

εdB
3/2

N3/2
γ

NdB
1/2

εdB
1/2

N1/2
γ

+
NdB

3/2

εdB
3/2

N3/2
γ

, (8.8)

where pγand pT are the degrees of photon and target polarisations, respectively, NdB
1/2

and NdB
3/2

are the yields on the dButanol target with helicity 1/2 and helicity 3/2, respec-
tively, and N1/2

γ and N3/2
γ are the corresponding photon fluxes. It was assumed that the

branching ratio and the target surface density cancel out in Eq. 8.8 since they appear
in the numerator and the denominator.

Eq. 8.8 can be simplified if one assumes that the efficiency is equal for both helicity
states, εdB

1/2
= εdB

3/2
= εdB. Furthermore, assuming that the photon fluxes are equal as

well, N1/2
γ = N3/2

γ = NdB
γ /2, E can be simply determined from the difference of the

yields:

EdB =
1

pγ pT
·
(NdB

1/2
− NdB

3/2
)/NdB

γ /2

(NdB
1/2

+ NdB
3/2
)/NdB

γ /2
. (8.9)

Knowing that dButanol contains polarised deuterons but also unpolarised background
form carbon and oxygen, one deduces for the numerator:

NdB
1/2 − NdB

3/2 = N1/2 + (N0/2)− N3/2 − (N0/2) = N1/2 − N3/2 , (8.10)

where N0 are the yields on the unpolarised carbon and oxygen in the dButanol tar-
get. N1/2 and N3/2 are the yields on the polarised deuterium with helicity 1/2 and 3/2,
respectively. In an analogous way, one can derive the following expression for the
denominator:

NdB
1/2 + NdB

3/2 = N1/2 + (N0/2) + N3/2 + (N0/2) = N1/2 + N3/2 + N0 . (8.11)

Hence, whereas the unpolarised carbon background cancels out in the numerator, it
remains in the denominator. To extract the polarisation observable E, one has to sub-
tract the unpolarised background in σsum. As mentioned in Sec. 2.3.4, the contribution
of the unpolarised carbon background was determined with the help of a measure-
ment with a carbon target.

For the carbon subtraction, the following equation applies:

E =
1

pγ pT
· (N1/2 − N3/2)(NdB

γ /2)

(N1/2 + N3/2 + N0)/(NdB
γ /2)− D · (NC/NC

γ/2)
, (8.12)

where NC are the yields from the carbon target and D is known as the dilution factor,
with its determination explained in Sec. 8.10. In the following, the method to extract
the polarisation observable E via subtraction of the unpolarised carbon background,
as shown in Eq. 8.12, is referred to as version 1 (carbon subtraction method). The main
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advantage of this method is that all possible efficiency and flux uncertainties cancel
out directly. However, the carbon contribution must be known exactly.

8.2.2 Version 2 - Direct Method

Starting from Eq. 8.7 and knowing that σ1/2 + σ3/2 = 2σ applies, one can derive the
following equation:

E =
σ1/2 − σ3/2

2σ
=

σdi f f

2σ
, (8.13)

where σ is the unpolarised cross section. Hence, the double polarisation observable E
cannot only be extracted using the carbon subtraction method, but also by normalising
σdi f f with twice the unpolarised cross section.

Using Eqs. 8.1 and 8.13 one finds the following formula:

E =
1

pγ pT
·

NdB
1/2
−NdB

3/2

εdB(Nγ/2)ndB
T Γi/Γ

2σ
=

1
pγ pT

·
N1/2−N3/2

εdB(Nγ/2)ndB
T Γi/Γ

2σ
, (8.14)

where ndB
T is the target surface density of the dButanol target (number of deuteron

nuclei per barn), and σ is the unpolarised cross section given by Eq. 8.1.
In the following, the method to determine the polarisation observable E by normal-

ising the difference of the two helicity states with twice the unpolarised cross section,
as seen in Eq. 8.14, is called version 2 (direct method). The unpolarised cross section
was taken from the measurement by Werthmüller et al. [55] for the normalisation of
the A2 data. For the normalisation of the CBELSA/TAPS data, the cross section, which
was extracted in this work for the CBELSA/TAPS data (see Sec. 9.2) was used.

This method (version 2) has the advantage that it does not require a carbon subtrac-
tion. However, since the numerator and denominator stem from different experiments
using different targets, the efficiency and photon flux must be taken into account.

8.3 Helicity Dependent Cross Sections σ1/2 and σ3/2

In Sec. 8.2, two different methods were described to extract the double polarisation
observable E, version 1, where the carbon was subtracted, and version 2, where the
unpolarised cross section was used for normalisation purposes. To extract the helic-
ity dependent cross sections, three methods were used that will be explained in the
following subsections.

8.3.1 Version 1

Having determined the double polarisation observable E with the carbon subtraction
method (version 1), as described in Sec. 8.2.1, the helicity dependent cross sections can
be extracted. With the help of Eq. 1.44, one finds the following expression for an anti-
parallel photon and target spin:

σ1/2 = σ(1 + E) , (8.15)
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where σ is the unpolarised cross section and E was determined from Eq. 8.2.1 (version
1). On the other hand, for a parallel configuration of the spins one finds:

σ3/2 = σ(1− E) . (8.16)

Hence, in version 1, the polarisation observable E was determined using carbon sub-
traction, then, the unpolarised cross section was used to determine the helicity depen-
dent cross section σ1/2 and σ3/2.

8.3.2 Version 2

In version 2, the double polarisation observable E was determined by normalisation
with the unpolarised cross section. The same can be done for the helicity dependent
cross sections. The helicity 1/2 cross section is then given by the following formula:

σ1/2 = σ(1 + E) =
2 · σ + σdi f f

2
, (8.17)

and the 3/2 cross section is given by:

σ3/2 = σ(1− E) =
2 · σ− σdi f f

2
. (8.18)

Hence, in version 2, both the double polarisation observable E and the helicity depen-
dent cross sections were extracted using the unpolarised cross section, which means
that version 2 is independent of the carbon subtraction.

8.3.3 Version 3

A third method, version 3, can be used to calculate the helicity dependent cross sec-
tions. Using σdi f f = σ1/2 − σ3/2 and σsum = σ1/2 + σ3/2, one can directly deduce the
following two expressions:

σ1/2 =
σsum + σdi f f

2
, (8.19)

σ3/2 =
σsum − σdi f f

2
. (8.20)

Hence, for version 3, only the counts from the polarised target are used and a carbon
subtraction is necessary.

8.4 Target Surface Density

The target surface density nt can be calculated by the following equation:

nt =
ρt · f · NA · Lt

Mmol
, (8.21)
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where ρt is the target density in g/cm3, Lt is the target length, Mmol is the molar mass
in g/mol, NA = 6.02214× 1023 is the Avogadro constant, and f is the filling factor. As
explained in Sec. 2.3.3, the polarised target is filled with dButanol beads, therefore the
target volume is only covered to a certain extent by dButanol, this amount is given by
the filling factor f . The target surface densities for all different targets are summarised
in Table 8.1.

Lt [cm] ρt [g/cm3] f Mmol [g/mol] Nt [b−1]

A
2

3He 5.08 0.07448 1 3.016 0.00756
LD2 3.02 0.16324 1 2.014 0.14741

C4D9OD 2 1.1 0.6 84.1923 0.09442
C 1.98 0.57 1 12.011 0.05659

C
BE

LS
A

/T
A

PS

LD2 5.258 0.169 1 2.014 0.26570
C4D9OD 1.88 1.1 0.59 84.1923 0.08727

C 1.88 0.5 1 12.011 0.04713

Table 8.1: Target surface density for all different targets used for the present work.

8.5 W-Reconstruction

The most straightforward way to extract cross sections is the extraction as a function of
the incident photon energy Eγ. However, looking at cross sections as a function of the
incident photon energy is not ideal in the case of quasi-free reactions. As bound nucle-
ons in a nucleus have a certain Fermi momentum pF, as seen in Fig. 4.1, the W =

√
s

can only be approximated in the initial state by assuming that the nucleons are at rest.
This leads to a smearing of structures in the cross section and the determination of the
intrinsic width of resonances is not possible. Fermi motion effects are apparent in η

photoproduction close to threshold due to the steep slope of the S11(1535) resonance,
as will be explained in Sec. 9.1. Consequently, it is a better solution to calculate W
from the final state particles, i.e. as the invariant mass of the η meson and the recoil
nucleon. This implies the detection of both the recoil nucleon and the decay photons
of the η meson, and requires the determination of the corresponding four-momenta.
The reconstruction of nucleons, especially the neutron, has a larger systematic uncer-
tainty due to several reasons. One cause is that the detector setup is optimised for
the detection of photons and thus having a lower detection efficiency for nucleons.
Another reason is that the position determination for nucleons is less precise than for
photons due to different cluster sizes, as seen in Fig. 7.22. Furthermore, as explained in
Sec. 7.5.1, the neutron kinetic energy cannot be determined from the deposited energy
and the kinetic energy of the proton can only be found by applying several correc-
tions. This problem can be solved by a kinematical reconstruction of the participant
nucleon, for which Eq. 7.36 was used. As explained in Sec. 7.5.4, one has to make some
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assumptions to apply Eq. 7.36 for nucleons bound in 3He. Thus, an additional method
was used to extract the cross sections as a function of the cm energy W using the
TOF measurement in TAPS in the case of the 3He target. This reconstruction method
is only possible when the recoil nucleon is detected in TAPS, which corresponds to
events where the η meson is emitted in backward angles, i.e. cos(θ∗η) < −0.4 in the
photon-nucleon cm frame. Using the TOF technique, the kinetic energy of the recoil
nucleon is determined with the following formula:

TP = MP(γ− 1) , (8.22)

where MP is the mass of the participant nucleon, γ = 1/
√

1− β2, and β = v/c =

1/(tTOF · c).
To determine the width of the narrow structure in the η meson cross section on the

neutron, it is necessary to exactly know the resolution of both reconstruction methods.
This was determined by simulating the response of the detectors and the analysis of
photoproduction events with an intermediate state of a fixed mass (δ-function with W-
energies of 1515, 1535, 1608, 1640, 1671, 1700, and 1750 MeV) decaying in a η meson
and a nucleon. For this purpose, the TOMCGenResDecay class [56] of the OSCAR library,
as explained in Sec. 4.1.4, was used. The resulting resolution of the kinematical and
the TOF method is shown in Fig. 8.1 for the 3He target of the A2 setup. Even though,
the kinematical reconstruction is only an approximation for the three body final state,
it leads to a better resolution than the TOF reconstruction. The resolution of the TOF
reconstruction is dominated by the time resolution and decreases with rising W. This
effect comes from the fact that the TOF versus energy distribution is almost flat for
high energetic nucleons, as seen in Fig. 7.19.

In general, the W resolution is decreasing with increasing cm energy W. For
the kinematical reconstruction, this is caused by the poor reconstruction of the four-
momentum measurement of the η meson at high energies and the poor direction mea-
surement of the recoil nucleon. High energetic photons produce larger clusters than
low energetic photons and hence allow a better position determination. However, the
quality of the reconstruction of the η meson is dominated by stronger shower losses
occurring at higher energies. In contrast to photons, the accuracy of the position de-
termination for nucleons is only slightly dependent on the nucleon energy itself. At
high cm energies, due to kinematics the nucleons are mainly detected in the CB/CBB,
where the angular resolution ∆θ and hence the direction measurement is worse com-
pared to the TAPS/MiniTAPS resolution (∆φ is similar).

The simulated response of the CBELSA/TAPS and the A2 setup for the kinemati-
cal reconstruction using the LD2 target is shown in Fig. 8.2. The line shape is slightly
asymmetric, but was approximated by a Gaussian distribution to extract the cm en-
ergy dependent resolution ∆W (right-hand side). The resolution of the CBELSA/TAPS
experiment is superior than for the A2 experiment, which is a direct consequence of
the resolutions shown in Sec. 7.2.1.
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Figure 8.1: Simulated detector resolution distributions r(W) for the cm energy W of
the final state. The η → 2γ decay was simulated for the reaction on the neutron. The
resolution from the kinematical reconstruction (dashed curves) is compared to the TOF
measurement (solid curves) for the 3He experiment (A2). The resolutions for the W- en-
ergies of 1515, 1535, 1608, 1640, 1671, 1700, and 1750 MeV (black to blue) are indicated
in the figure.
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Figure 8.2: Simulated detector resolution r(W) for the cm W of the final state for the
kinematical reconstruction. The η → 6γ decay was simulated for the reaction on the
neutron. Left: the simulated line shapes for the CBELSA/TAPS (solid line) LD2 target is
compared to the A2 LD2 target (dashed line, resolution taken from [56]). The resolutions
for the W- energies of 1515, 1535, 1608, 1640, 1671, 1700, and 1750 MeV (black to blue)
are indicated in the figure. Right: the resolution σ(W) as a function of the cm energy for
both experiments.
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8.6 Photon Flux

In order to get a correct normalisation of the cross sections, it is crucial to know exactly
the flux of the incident photons on the target during the time of the data acquisition
(DAQ). The photon flux Nγ is given by the number of electrons registered in the tagger,
Ne− , multiplied with the tagging efficiency εtagg:

Nγ = Ne− · εtagg . (8.23)

The tagging efficiency is mainly influenced by the collimation of the beam and thus
sensitive to the beam quality and the beam position.

8.6.1 A2 Photon Flux

In the A2 experiment, the number of electrons is counted for each tagger channel using
scaler modules. Before August 2013, the tagger scalers were inhibited when the tagger
DAQ was busy (1− Γtagg, with the tagger live time Γtagg). However, the DAQ of the
other detectors had a different live time Γdet, such that a correction had to be applied
for these data sets:

N′e− = Ne−
Γdet

Γtagg
. (8.24)

Since the live time of the detectors was approximately Γdet ' 44% and the live time of
the tagger was Γtagg ' 57%, the correction factor was around 23%.

For the newer experiments, the old scaler modules have been replaced by VUPROM
scalers. These scalers are no more live time gated and thus have to be corrected for
dead time during the offline analysis. Simultaneously, the DAQ was upgraded in a
way that the tagger DAQ and the DAQ of the other detectors have a common live
time Γall . Thus, the number of electrons for the new data was calculated according to
the following equation:

N′e− = Ne− · Γall . (8.25)

The live time Γall was determined by the ratio of an inhibited scaler and a free clock
scaler.

The resulting number of electrons per tagger channels is shown in the first row of
Fig. 8.3. In addition to the well known inverse energy dependence coming from the
bremsstrahlung process (low channel numbers correspond to high photon energies),
some tagger channels with very high or very low counts are visible. These have been
identified as malfunctioning channels and were rejected from the analysis.

The tagging efficiency εtagg was periodically (typically once per day) measured
during dedicated low intensity runs. As mentioned in Sec. 2.4, a lead glass detector
with an efficiency of about 100% at the low beam intensities during the tagging ef-
ficiency runs (∼ 10 kHz), was used to register the incident photon beam behind the
TAPS detector. In order to account for tagger hits caused by cosmic rays and nuclear
decays due to activated material, runs without beam have been taken before and after
each low intensity run. These runs were used to subtract the background and obtain
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the correct tagging efficiency values. Since the tagging efficiency is only slightly de-
pendent on the beam intensity, this efficiency can be directly applied to the data runs
(high intensity). However, since the beam quality, and hence the tagging efficiency,
changed over time, the tagging efficiency had to be extrapolated between the tagging
efficiency measurements. This was done by counting the number of detected π0 + X
events (inclusive pion production) for each run. For this purpose, the average tagging
efficiency over all tagger channels Ntc was calculated for each low intensity run j:

〈εj〉 =
1

Ntc

Ntc

∑
i=1

εi , (8.26)

where εi is the tagging efficiency per tagger channel. The π0 + X counts for each
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Figure 8.3: First row: number of electrons per tagger channel registered by the scaler
modules. Second row: mean tagging efficiency as a function of the tagger channels. Third
row: average tagging efficiency extracted from the low intensity measurements (blue),
compared to the count rate per run (red) for each dButanol experiment (columns). The
tagging efficiency of the July 2013 beamtime was corrected with a factor of 1.25 (second
row: dashed histogram, third row: open symbols). In the March 2015 beamtime, the lowest
tagger channels were malfunctioning.
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run, 〈Nk〉, were then overall scaled to the average tagging efficiency values given in
Eq. 8.26. The tagging efficiency for each data run k and tagger channel i was then
extracted with the following formula:

εi
k =

〈εi〉
Ntc

∑
j=1
〈εj〉
· 〈Nk〉 , (8.27)

where 〈εi〉 is the average tagging efficiency per channel of all tagging efficiency mea-
surements Nmeas:

〈εi〉 =
1

Nmeas

Nmeas

∑
j=1

εi , (8.28)

Fig. 8.3 shows the resulting tagging efficiencies for the three separate dButanol beam-
times. The second row of Fig. 8.3 shows that the tagging efficiency per channel is
almost flat, only a small energy dependence is visible. As can be seen in the third row,
the normalised counts (red), which were extracted from the data runs, nicely describe
the shape given by the tagging efficiency measurements (blue).

Even though the same collimator was mounted in all dButanol experiments, the
determined tagging efficiency in July 2013 was roughly 5% smaller on the absolute
scale than for the other two dButanol experiments. This difference comes from an is-
sue with the scalers during the tagging efficiency measurement in July 2013, which
caused wrong live time values and was corrected by applying a scaling factor of 1.25
to the tagging efficiency. The corrected tagging efficiency is indicated in Fig. 8.3 by
the dashed line (second row) and by the open symbols (third row). The correction fac-
tor was verified by comparing the unpolarised cross section of the different dButanol
beamtimes.

The tagging efficiency values, which were determined for the LD2 and 3He exper-
iment can be found in Ref. [56] and Ref. [129], respectively.

8.6.2 CBELSA/TAPS Photon Flux

The CBELSA/TAPS photon flux was calculated according to the technique described
in Ref. [125]. As explained in Sec. 5.2, the construction of the CBELSA/TAPS tagger
is much more complicated since it consists of overlapping bars and fibres. Thus, the
number of electrons, i.e. the number of reconstructed bar and fibre clusters, known
as beam photons, Nrec

γ , and the tagging efficiency was not determined for single tagger
channels, but for bins of incident photon energy. To determine Nrec

γ , when the DAQ is
ready, first, the number of reconstructed photons was counted in a certain interval ∆t.
The interval ∆t was chosen as wide as possible and outside of the trigger window to
reduce the influence of the trigger to the energy distribution of the electrons. For this
work, the following interval was chosen: (-450 ns to -50 ns) and (50 ns to 350 ns). The
first row in Fig. 8.4 shows the number of reconstructed photons, Nrec

γ (∆t), in the time
interval ∆t for the deuterium and the dButanol beamtimes. The distribution exhibits
the typical 1/Eγ bremsstrahlung decrease. Similar to the A2 data, some malfunction-
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ing bins can be seen. The spectra of the January and June 2011 beamtimes do not start
before 500 MeV since the tagger channels corresponding to the lowest photon energies
were switched off to achieve higher trigger rates.

As mentioned, Nrec
γ (∆t) is the number of reconstructed photons in the time interval

∆t. However, the number of photons during the entire live time tlive is of interest.
Thus, in an ideal case, Nrec

γ (∆t) has to be scaled by the following factor:

clive =
tlive

∆t
. (8.29)

Since the electron flux provided by ELSA is not constant, the scaling factor cannot be
determined as shown in Eq. 8.29. Alternatively, the number of registered events in the
tagger bar coincidence counters NScaler(tlive) and the number of coincident TDC hits
in the data NTDC(∆t) can be used to determine the scaling factor clive:

clive =
NScaler(tlive)

NTDC(∆t)
. (8.30)

The scaling factor for the LD2 experiment was approximately 4300 (Γlive ∼ 77%) and
2500 (Γlive ∼ 44%) for the dButanol experiments.

As for the A2 experiment, a tagging efficiency was determined to find the number
of photons on the target from the electrons in the tagger. For this purpose, the number
of coincident events in the GIM and the tagger NTagger∧GIM was used [125]:

εTagg =
NTagger∧GIM

NTagger
, (8.31)

where NTagger is the number of hits in the tagger. The occurring random coincident
events had to be subtracted. The resulting tagging efficiency is shown in Fig. 8.4 in
the second row as a function of the incident photon energy. The structure around
an incident photon energy of 2050 GeV and the steep falloff towards higher energies
is caused by different background contributions and noise (the scintillation bars for
the high energies are older than the one for low energies). The steep falloff at low
photon energies is caused by the threshold of the GIM discriminators, which yields
a lower efficiency for low energetic photons, as shown in the third row of Fig. 8.4. A
second cause which decreases the efficiency of the GIM is the dead time of the used
electronics, especially the discriminators. The GIM efficiency εGIM is rate dependent
and was determined using the FluMo, as described in Ref. [125]:

εGIM(Ṅγ) = εFluMo
ṄGIM

ṄFluMo
, (8.32)

where εFluMo is the efficiency of the FluMo, ṄFluMo is the rate in the FluMo, and ṄGIM

is the rate in the GIM. The calibration of the FluMo is done at low rates, where the
efficiency is approximately 100%. The GIM efficiency is less flat for the January and
June 2011 beamtimes than for the December 2008 beamtime. This originates from the
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fact that the GIM threshold had to be increased in 2011 due to radiation damages of
the GIM crystals.

Furthermore, a Cherenkov deadtime correction of 8% for the LD2 and 5% for the
dButanol experiment was applied.

Whereas this flux yielded a correct normalisation for the deuterium experiments,
the flux was a factor 1.6 too large for the dButanol and carbon experiments. This is
most likely due the fact that before the dButanol experiments, the scaler read out was
changed, which could have lead to a wrong flux determination. Hence, for this work,
the flux of the CBELSA/TAPS dButanol and carbon experiments was scaled down by
a factor of 1.6. The factor was verified by a comparison of the total unpolarised cross
section from the dButanol target, which was determined from A2 and CBELSA/TAPS
data. Furthermore, the factor was checked in the carbon subtraction, where this factor
was needed to scale the dButanol and carbon spectra to be consistent with the correctly
normalised deuterium spectra.

Further information about the flux determination for the CBELSA/TAPS experi-
ment can be found in Ref. [125].
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Figure 8.4: Quantities used to extract the CBELSA/TAPS photon flux for the LD2 (left
column) and the dButanol (right two columns) experiment. First row: number of recon-
structed photons Nrec

γ (∆t). Second row: tagging efficiency extracted from the data runs.
Third row: GIM efficiency as defined in Eq. 8.32. The drop in the GIM efficiency towards
low photon energies is caused by the thresholds of the used discriminators.
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8.6.3 Eγ- and W-Dependent Flux

Having extracted the number of electrons, the tagging efficiency, and all other nec-
essary quantities, the photon flux as a function of the incident photon energy Eγ can
be extracted. For the A2 analysis, the tagger channels were converted to energy bins
using a bin overlap method as it is described in Ref. [56]. For the CBELSA/TAPS
analysis, the same bin overlap method was used to convert the energy bins of fixed
width (10 MeV) to bins of desired width that were used for the extraction of the ob-
servables. This method speeds up the recalculation of the photon flux when changing
to a different energy binning.

The determination of the flux as a function of the final state energy W is slightly
more complex since the energy of one single tagger channel or Eγ-bin is distributed
over several W-bins. The used algorithm calculates the W-distribution for each tagger
channel or energy bin by sampling n = 106 W-values for each bin. Every single value
was then filled into the W-dependent flux histogram with the weight from the photon
flux of the current bin and the number of sampled values n. Again, the bin-overlap
method was used to fill this histogram. The resulting flux histograms are shown in
Fig. 8.5 for A2 and CBELSA/TAPS data.

A calculation in the participant-spectator model was used to extract the energy
W. In the participant-spectator model, the energy of the spectator ES is given by the
following equation:

ES =
√

M2
S + ~p2

F , (8.33)

where MS is the mass of the spectator nucleon, and ~pF is the corresponding Fermi
momentum. Using Eq. 7.31 and neglecting the binding energy Eb (deuteron: Eb = 2.2
MeV, 3He Eb = 8.5), one finds the energy EP of the participant nucleon:

EP = MA − ES = MA −
√

M2
S + |~pF|2 , (8.34)

where MA is the mass of the nucleus. Eq. 8.34 implies that the participant is off-shell

(EP 6=
√

M2
P + ~p2

F). Hence, s =
√

W is given by:

s = (pγ + pP)
2 , (8.35)

where pγ = (Eγ,~pγ) is the four-momentum of the beam photon and pP = (EP,~pF) is
the four-momentum of the participant nucleon. Thus, it follows that:

s = E2
γ + 2EγEP + E2

P − (~pγ + ~pF)
2 . (8.36)

Inserting Eq. 8.34, the final state energy W can be deduced:

W =
√

M2
A + M2

S + 2Eγ(MA − ES)− 2MAES − 2Eγ pz
F , (8.37)

where pz
F is the z component of the Fermi momentum of the spectator nucleon. The

absolute value of the Fermi momentum was chosen randomly according to the distri-
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bution of the nucleus, i.e. 3He [153] or deuterium [152]. The x,y and z directions were
sampled isotropically.

For a nucleon at rest with mass MN (free nucleon), the latter equation reduces to:

W =
√

2Eγ MN + M2
N . (8.38)

 [MeV]γE
800 1000 1200

ph
ot

on
s 

pe
r 

M
eV

0

200

400

600

800

1000
610×

A2

W [MeV]
1500 1600 1700 1800

ph
ot

on
s 

pe
r 

M
eV

0

5

10

15

910×
A2

 [MeV]γE
1000 1500

ph
ot

on
s 

pe
r 

M
eV

0

20

40

60

80

910×
CBELSA/TAPS

W [MeV]
1600 1800 2000

ph
ot

on
s 

pe
r 

M
eV

0

2

4

6

910×
CBELSA/TAPS

Figure 8.5: Photon flux as a function of Eγ and W for the deuteron target of the A2 and
CBELSA/TAPS experiments for the proton as participant. The spikes in the Eγ fluxes are
caused by malfunctioning tagger channels, as well as the dip in the W-dependent A2 flux
around 1.6 GeV.

8.6.4 Helicity Dependent Photon Flux

To get a correct asymmetry, it is crucial to know the number of photons with positive
and negative helicity. The helicity of the electron and thus of the photon beam was
flipped with a rate of 1 Hz at MAMI and once per spill (approximately 4 seconds) at
ELSA. Hence, the number of photons with positive, N+, and negative helicity, N−,
should be approximately half of the total photon flux. To check whether this assump-
tion holds true, the helicity asymmetry of the incident photon beam was calculated:

A =
N+ − N−
N+ + N−

. (8.39)

For this calculation, it was important to count all incident beam photons and not only
the ones that were correlated with a trigger event, since the trigger could bias the event
selection and induce an additional asymmetry.

Table 8.2 summarises the average helicity asymmetry values for the different dBu-
tanol beamtimes of the A2 experiment. For the CBELSA/TAPS experiment the aver-
age asymmetry was approximately A ' −0.000234. These factors were used to scale
the photon fluxes of the helicity 1/2 and 3/2 states. However, for η photoproduction,
these numbers have almost no influence, since the expected asymmetry E is large over
the whole energy range.
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beamtime A
July 2013: 0.0044747
February 2015: −0.0022007
March 2015 −0.0000320

Table 8.2: Helicity asymmetry A of the incident photon beam for the different dButanol
beamtimes at the A2 experiment.

8.7 Extraction of the Yields

The yields for the calculation of the cross sections and the polarisation observable E
were extracted from the invariant mass histograms shown in Fig. 7.16. The invariant
mass histograms were filled as a function of the energy (incident photon energy Eγ

or final state energy W) for cos (θ∗η)-bins of fixed width. The number of energy and
cos (θ∗η)-bins were chosen according to the available statistics. Eight cos (θ∗η)-bins were
chosen for the CBELSA/TAPS deuterium data, whereas only one cos (θ∗η) bin was
used for the dButanol data since the statistics was very limited. For the A2 dButanol
data, five cos (θ∗η)-bins were used and for the unpolarised 3He ten bins were used.

The cuts described in Sec. 7.4 were able to reject the background from contaminat-
ing channels nearly completely. This can be seen in Fig. 7.16, where the experimental
data for the deuterium and dButanol target are compared to the simulated signal. The
corresponding spectra for 3He can be found in Ref. [129]. Hence, no additional back-
ground subtraction was necessary in the invariant mass spectra and the yields were
extracted by integrating the invariant mass spectra in the range of the invariant mass
cut, which is given in Eqs. 7.27 and 7.28.

8.8 Detection Efficiency

As mentioned in Secs. 4.1.2 and 4.2.2, the Geant software packages A2 and CBGEANT
were used to simulate the detection efficiency correction for the total normalisation of
the cross sections and polarisation observable E. The reactions were generated using
the Pluto event generator (see Sec. 4.1.3). For both the LD2 and the dButanol target,
the events were generated for nucleons bound in deuterium, i.e. with a momentum
distribution according to the Fermi momentum distribution of deuterium. For the 3He
target, the Fermi momentum distribution of 3He was used. To model the energy loss
inside the target, the target container in the Geant simulation was filled with corre-
sponding target material (deuterium, 3He, or dButanol). Furthermore, as explained
in Secs. 4.1.2 and 4.2.2, the MC simulation contained the whole detector setup of the
corresponding experiment.

The reaction vertex was chosen randomly inside the whole target volume; the
beam spot had a diameter of 1.3 cm for the LD2 and 3He of the experiment for the A2
setup and 0.8 cm for the CBELSA/TAPS setup. As mentioned in Sec. 7.2.1, the energy
obtained from the simulation was smeared to reproduce the resolution expected from
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the experimental data. To be consistent with the experimental data, the same detector
and trigger thresholds were used in the simulation. In addition, the same malfunc-
tioning detector elements were rejected from the event selection in experimental data
and simulation.

The output of the simulation was analysed with the same analysis which was used
for the experimental data. The simulated events were weighted with an inverse Eγ

dependence to account for the experimental bremsstrahlung distribution and an addi-
tional event weight was taken from angular distribution from former measurements.
Data from the SAID database [41, 44] were used to weight the events for η photo-
production on the proton and former results by Werthmüller [56] were used for the
reaction on the neutron.

The detection efficiency was determined separately for each reaction channel given
in Table 7.1 by dividing the number of detected events Ndet by the generated events
Ngen:

ε(E, cos θ∗η) =
Ndet(Edet, cos (θ∗η,det))

Ngen(Egen, cos (θ∗η,gen))
. (8.40)

Eq. 8.40 yields an effective efficiency and the corresponding values may be larger than
unity since the detected energy Edet and cos θ∗η,det are not necessary equal to the gener-
ated values Egen and cos θ∗η,gen. Especially at low energies close to threshold, resolution
effects were found to play an important role [56].

8.8.1 Nucleon Detection Efficiency Correction

Despite an accurate implementation of materials and interaction models, tests have
shown that a convincing detection efficiency correction for nucleons was only achieved
by applying corrections to the simulation, which were obtained with experimental hy-
drogen data. For the A2 data, the experiment from April 2009 and for the CBELSA/
TAPS data, the November 2008 beamtime was used to determine a relative nucleon
detection efficiency correction. With such a nucleon detection efficiency, inefficiencies
of the charge sensitive detectors (PID and Vetoes) or deviations in the geometry of
the detector setup from simulation experiment are corrected. To avoid effects coming
from the different detector thresholds of the experiments, the software thresholds were
set to a common maximum value of all beamtimes for the TAPS CFD, Veto LED, and
PID thresholds. The following reaction were analysed to extract the nucleon efficiency
correction:

p : γp→ pη (8.41)

n : γp→ π+π0n (8.42)

The choice of the first reaction is apparent, since it exhibits similar systematic uncer-
tainties as the η photoproduction on the quasi-free proton. However, for the neutron
case, the selection of a suitable reaction is not as simple. The most straightforward
choice, the γp → π+n channel could not be used for the A2 data, since the hydrogen
data was taken with an M3+ trigger, and this reaction has only two particles in the
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final state. In addition, the cross section is quite small, and the background contribu-
tion from misidentified protons is not trivial. Furthermore, this channel has no photon
in the final state, which deteriorates the random background subtraction in the tagger
due to a worse time resolution. Hence, the reaction given in Eq. 8.42 was taken to
extract the nucleon detection efficiency correction for the neutron.

The reactions were identified with stringent cuts on the coplanarity angle and the
missing mass (±1.5σ) to ensure a good background rejection. For the reaction on
the neutron, TOF versus energy cuts were applied to identify the charged pion in
TAPS/MiniTAPS. To reject proton contamination in the A2 data, the energy in the PID
of the charged pion candidate was required to be less than 2.5 MeV (see in Fig. 7.20).
Since the inner detector of the CBELSA/TAPS experiment does not provide energy
information, the identification of the charged pion in the CBB remains unclear. This is
the reason why it was decided to not apply the neutron detection efficiency correction
for the CBELSA/TAPS data.

For both experimental and simulated data, the nucleon detection efficiency was
determined by building the ratio between the events where the nucleon was registered
and all events:

εp(Tp, θp) =
N(γp→ pη)

N(γp→ pη) + N(γp→ ηX)
, (8.43)

and

εn(Tn, θn) =
N(γp→ π+π0n)

N(γp→ π+π0n) + N(γp→ π+π0X)
. (8.44)

The kinetic energy TN and the polar angle θN of he nucleon in the lab frame were
calculated from kinematics as described in Sec. 7.5.4.

Subsequently, a correction for the efficiency determined from simulation was cal-
culated:

f corr =
εMC

N (TN , θN)

εdata
N (TN , θN)

, (8.45)

where εMC
N is the nucleon efficiency determined from simulation and εdata

N is the nu-
cleon detection efficiency, which was extracted from experimental data.

The correction factors obtained for the proton and the neutron are shown in Fig.
8.6. Especially at low kinetic energies and smaller angles (TAPS/MiniTAPS), the cor-
rection factors deviate significantly from unity. Values larger than one mean that the
efficiencies in the simulation are overestimated, values smaller than one are correlated
with an underestimation of the efficiency. Entries are also visible for θN < 5◦, where
no detector is mounted, since the polar angle was reconstructed.

For the proton in the A2 data, the largest inconsistency between data and simula-
tion comes from the angular range in which the nucleon goes in the forward direction,
i.e. in TAPS (θN < 20◦) or the forward part of the CB (θN < 25◦). It was shown
[56] that the simulation of the proton efficiency is extremely sensitive to the material
and geometry of this tunnel region of the CB and the transition from the CB to TAPS
(15◦ < θN < 25◦). In this region, the proton efficiency from simulation is overesti-
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Figure 8.6: Nucleon detection efficiency correction f corr as a function of the kinetic en-
ergy TN and the reconstructed polar angle θN of the recoil nucleon in the lab frame. The
neutron detection efficiency for the CBELSA/TAPS data was not applied due to unknown
contamination of protons in CBB.

mated for low kinetic energies. For the neutron, the angular region where the neutron
is detected in TAPS is more critical since the signal shapes of photons and neutrons
differ stronger in BaF2 crystals than in NaI(Tl) crystals. This leads to a different re-
sponse of the applied thresholds for neutrons and photons and an overestimation of
the neutron efficiency from simulation for low energetic neutrons.

For the proton in the CBELSA/TAPS data, the FP (12◦ < θN < 30◦) and the tran-
sition from the CBB to the FP around θN ∼ 30◦ seems to be most critical. In that
angular region, the proton efficiency from simulation is overestimated for low ener-
getic protons. This may be caused by geometrical inconsistencies between data and
simulation, since in that region the nucleons have to pass through many of different
materials. A part of the problem may also originate from the fact that no exact thresh-
olds for the Inner Detector and the FP vetoes could be determined since neither of
them provides energy information. The detection efficiency correction was also deter-
mined for the neutron in the CBELSA/TAPS data and is shown in the fourth figure
of Fig. 8.6. However, as mentioned, the neutron efficiency correction was not applied
due to a insufficient identification of charged pions.

The nucleon detection efficiency correction was evaluated at the angle θN and the
kinetic energy TN , which have been determined by kinematical reconstruction. When
no correction factor was available for the current θN and TN values, the factor from
the closest filled bin was taken (with a maximum distance of two bins), otherwise the
value was set to unity.

The influence of the nucleon detection efficiency correction for the quasi-free pro-
ton data from the CBELSA/TAPS experiment can be seen in Fig. 8.7. The most drastic
improvements could be achieved in the region of the S11(1535), whereas the contribu-
tion is negligible for energies above W = 1.6 GeV. After the correction, the obtained
cross section is in good agreement with former results on the free proton target by
McNicoll et al. [110] in most parts of the energy range. However, in the top of the
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S11(1535) small deviations persist, which are coming from the most forward and the
second cos (θ∗η) bin in the differential cross section, as shown in the right part of Fig.
8.7. This indicates that the nucleon detection efficiency correction is not perfect for
these points. Corresponding spectra for the A2 deuterium data can be found in Ref.
[56].
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Figure 8.7: Total and differential cross section for γp → ηp on the deuterium target
with (solid blue points) and without (open blue points) nucleon detection efficiency cor-
rection for the CBELSA/TAPS data. The results are compared to former MAMI-C data by
McNicoll et al. on the free proton target [110].

8.8.2 Software Trigger

To get correct detection efficiencies, it is crucial to apply the conditions of the experi-
mental trigger to the simulated events. The used triggers have already been explained
in Sec. 2.5. The software trigger was implemented in a way that only the decay pho-
tons from the η meson could contribute to the trigger decision, the nucleon was not
considered. The idea behind this implementation is that the protons and neutrons
have a very different detector response, which can lead to different trigger decisions
and thus induce systematic effects. Hence, this software trigger allows for the com-
parison of proton and neutron cross sections.

The multiplicity trigger was modelled in the same way as the decision was done
in the hardware. The crystals of the CB, TAPS and MiniTAPS were assigned to logical
units with a corresponding threshold. For the CBB and the FP, the number of clusters
were counted as it was done online by FACE, see Sec. 2.5.2. To reduce electromagnetic
background, the inner two rings of TAPS/MiniTAPS were not allowed to contribute
to the trigger decision.

The CB energy sum trigger for the A2 experiment required a more precise imple-
mentation. As mentioned in Sec. 2.5, the experimental trigger checked the analogue
sum of all NaI(Tl) crystals, which had to be above a certain threshold. In the soft-
ware trigger, the analogue sum was realised by first de-calibrating the energy of each
crystal of the experimental and simulated data with the help of an average conversion
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Figure 8.8: CB energy sum (left side) for the different event classes of experimental data
(black) and simulation (red) for the July 2013 beamtime. The data were normalised to
the simulation between 400–700 MeV for the η → 2γ decay and 600–900 MeV for the
η → 6γ. The ratio of data and simulation (dashed histogram) is shown on the right
together with the determined CDF (solid line). To reduce statistical fluctuations at low
energies, a lower threshold of 100 MeV for η → 2γ and 200 MeV η → 6γ (green line)
was applied.

gain and then summing up the energies of the decay photons in the CB. The energy
sum was calculated for the data and the simulation. Since the energy sum depends on
the energy and angular distribution of the η meson, the corresponding distributions
are slightly dependent on the reaction channel. Fig. 8.8 shows the corresponding CB
energy sum distributions for the July 2013 beamtime (dButanol), the distributions for
the 3He data can be found in Ref. [129], and the distributions for the deuterium data
are shown in Ref. [56]. The histogram from experimental data (black) was normalised
to the simulation (red) in the descending slope and the ratio of both was calculated
(dashed line, right picture). For the experimental data, events with a low energy sum
are clearly suppressed compared to the simulated events for the η → 2γ decay due to
the hardware trigger. As expected, the energy sum trigger had basically no influence
on the η → 6γ events, since the hardware trigger was always fulfilled due to the six
photons final state.

To account for fluctuations in the tail of the distribution, the ratio of the experimen-
tal and simulated data was set to one after it first crosses unity. The corresponding
function is referred to as cumulative distribution function (CDF) and is shown as the
solid line in Fig. 8.8. In addition, a lower threshold of 100 MeV (η → 2γ) or 200 MeV
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(η → 6γ) was set to reduce the scattering at low CB energy sums. The energy sum
trigger was applied to the simulation by sampling a weighting factor fMC according
to the CDF.

8.8.3 Summary of Efficiencies

Having applied all cuts, the nucleon detection efficiency correction, and the software
trigger, the detection efficiency was determined as given in Eq. 8.40. The same vari-
able energy bins and number of cos (θ∗η) bins as for the extraction of the yields were
used: five cos (θ∗η) bins were used for the polarised (dButanol) A2 efficiencies and eight
cos (θ∗η) bins were used for the unpolarised (LD2) CBELSA/TAPS efficiencies. For the
polarised (dButanol) CBELSA/TAPS data total (angle independent) efficiencies were
determined to have the same binning as in the experimental data. To check whether
the efficiency correction is enough accurate in that case, the unpolarised cross sections
were also determined by applying total efficiency and were compared to the standard
binning. The results were in agreement, demonstrating that the an angular correction
was not necessary. The efficiencies for the 3He target are not shown here, but can be
found in Ref. [129].

To get a more clear comparison, Figs. 8.9 and 8.10 show detection efficiencies,
which were integrated over the full angular range. Efficiencies on the LD2 target are
shown as closed circles, open circles indicate the efficiencies on the dButanol target.
The same software thresholds and cuts were applied to the analysis of both targets
(LD2 and dButanol) to be able to compare the efficiencies. The efficiencies for the LD2

target are a factor ∼ 1.4 to ∼ 1.6 larger than the efficiencies for the dButanol target.
This difference mainly comes from the conversion and loss of photons, protons, and
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Figure 8.9: Detection efficiencies for the A2 experiment for the LD2 target (closed sym-
bols) and the dButanol target (open symbols). (a) shows the efficiencies for the η → 2γ
decay channel and (b) for the η → 6γ decay channel as a function of the incident photon
energy Eγ.
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Figure 8.10: Detection efficiencies as a function of the incident photon energy Eγ for
the CBELSA/TAPS experiment. The efficiencies for the LD2 target are shown as closed
symbols and the efficiencies for the dButanol target as open symbols. (a) shows the effi-
ciencies for the exclusive channels and (b) shows the efficiencies for the quasi-free inclusive
(γN → η(N)) and the inclusive neutron channel (γn→ η(n)).

neutrons inside the dButanol target, which has a high density and contains material
with high atomic number Z. In addition to the efficiencies for the exclusive reactions,
Fig. 8.10 shows efficiencies for the inclusive reactions, which were only examined in
the CBELSA/TAPS data.

In general, the efficiencies rise from threshold to a near constant value between
900 and 1400 MeV. The efficiencies for the CBELSA/TAPS setup decrease for energies
above 1400 MeV. This is most likely caused by the experimental trigger, which is not
a 4π trigger as in the A2 experiment, but strongly forward directed (three or four
clusters in FP and MiniTAPS). At higher energies, more photons go in the backward
direction and hence such events do not always fire the experimental trigger.

The efficiencies for the η → 6γ decay are smaller than for the η → 2γ reaction. The
detection efficiency of a photon is approximately 98%, thus inducing only a decrease
of ∼ 7.5% in total efficiency for η → 6γ compared to η → 2γ. The remaining part can
be explained by combinatorics and increased cluster overlap for higher multiplicities.

The corresponding angular efficiencies in the cm system of the incident photon
and the nucleon are shown in Appendix C. The angular efficiencies in the cm system
of the final state nucleon and the η meson are shown in Fig. 8.11 for the A2 LD2 target,
in Fig. 8.12 for the A2 dButanol target, and in Fig. 8.13 for the CBELSA/TAPS LD2

target. A strong decrease in the efficiency is visible when the η meson goes in the
forward direction in the cm system. This corresponds to nucleons with small kinetic
energies. Hence, the nucleons do not deposit enough energy in the detectors to be
registered.

As mentioned before, only total efficiencies were determined for the CBELSA/TAPS
dButanol beamtimes. The corresponding efficiencies as a function of the final state en-
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ergy W are shown in Fig. 8.14.
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Figure 8.11: Angular detection efficiency as a function of the final state energy W for the
A2 LD2 target. The distributions are shown for both decay channels, η → 2γ (solid lines)
and η → 6γ (dashed lines), and for the proton (blue) and the neutron (red). Five cos (θ∗η)
bins and a variable energy binning (mean energy indicated) were used.
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Figure 8.12: Angular detection efficiency as a function of the final state energy W for the
A2 dButanol target. The distributions are shown for both decay channels, η → 2γ (solid
lines) and η → 6γ (dashed lines), and for the proton (blue) and the neutron (red). Five
cos (θ∗η) bins and a variable energy binning (mean energy indicated) were used.
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Figure 8.13: Angular detection efficiency as a function of the final state energy W for
the CBELSA/TAPS LD2 target. The distributions are shown for the proton (blue) and the
neutron (red) (η → 6γ). Eight cos (θ∗η) bins and a variable energy binning (mean energy
indicated) were used.

W [MeV]
1500 1600 1700 1800 1900 2000 2100

ε

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

p dBη→pγ

n dBη→nγ

CBELSA/TAPS
γ6

Figure 8.14: Detection efficiency for γp → ηp (blue) and γn → ηn (red) for the
CBELSA/TAPS dButanol target. The distributions are shown as a function of the cm
energy W for the η → 6γ decay. Only one cos (θ∗η) was used.
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8.9 Empty Target Subtraction

For the determination of cross sections, it is crucial to subtract the events that were
generated on the nuclei of the target container (mainly carbon nuclei) and not inside
the target material (LD2, 3He). Usually one measures this contribution in dedicated
runs using an empty target container. Such measurements were done for the A2 deu-
terium and 3He experiments, as explained in Ref. [56] and Ref. [129]. Unfortunately,
such a measurement was not available for the CBELSA/TAPS deuterium beamtime.
However, the carbon background measurement for the dButanol experiment could be
used to estimate the empty target contribution. The cross section on the carbon tar-
get was simply scaled to the number of carbon nuclei inside the target windows of
the deuterium target. According to Table 8.1, the number of carbon nuclei inside the
carbon target is nC

T ' 0.047130 b−1. The two windows of the target cell were made of
Kapton, which has the chemical formula C22H10N2O5 and hence a molar mass of:

MK = 22 ·MC + 10 ·MH + 2 ·MN + 5 ·MO = 382.33 g/mol , (8.46)

where the following molecular masses were used [174]:

MC = 12.011 g/mol (8.47)

MH = 1.008 g/mol (8.48)

MN = 14.0067 g/mol (8.49)

MO = 15.999 g/mol . (8.50)

With the density of Kapton, ρ = 1.42 g/cm3, and the window thickness d = 0.0125 cm,
the number of Kapton molecules dK per barn can be calculated:

dK =
2 · d · ρ · NA

MK
= 0.0000559 b−1 . (8.51)

Treating the hydrogen nuclei inside Kapton like deuterons, the number of carbon nu-
clei dC can be estimated:

dC = 22 + 2(MN/MC)
2/3 + 5(MO/MC)

2/3 = 30.27 , (8.52)

where it was assumed that the η photoproduction cross section scales like A2/3, i.e.
with the nuclear surface of the nuclei, as it was seen in previous results [109]. This
leads to the number of carbon nuclei inside the target windows:

nW = dK · dC = 0.00163 b−1 . (8.53)

Since the carbon target has the same target window thickness as the deuterium target,
the scaling factor to scale the cross section to the carbon target with target surface
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density nC to the windows with nW is given by:

fWC =
nW

nW + nC
= 0.033440 . (8.54)

The resulting relative empty target contribution percentage to the total cross section is
shown in Fig. 8.15. This ratio was used to scale down the energy and angle dependent
yields.

For the determination of the polarisation observable E and the helicity dependent
cross section, the empty target contribution did not need a separate subtraction, since
its contribution is already contained in the carbon subtraction method explained in
Sec. 8.10.
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Figure 8.15: Empty target contribution for the quasi-free inclusive (left), the exclusive
proton (middle), and exclusive neutron (right) cross section for the LD2 target of the
CBELSA/TAPS setup.

8.10 Carbon Subtraction

As illustrated in Fig. 8.16, the dButanol molecule has the chemical formula C4D9OD.
It was previously mentioned that only the deuterium nuclei in the dButanol molecule
are polarised, the spinless carbon and oxygen nuclei are unpolarised and thus dilute
the polarised deuterons. In Sec. 8.2, it was shown that the carbon contribution cancels
out in the difference of the two helicity states, whereas it has to be subtracted from the

C C C C O
DDDD

D D D D
D D

Figure 8.16: The structural formula for the dButanol molecule. The polarised deuterons
are labelled as green D, the unpolarised carbon and oxygen nuclei are indicated in blue.
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sum, as shown in the following equation:

E =
1

pγ pT
· (N1/2 − N3/2)NdB

γ /2

(N1/2 + N3/2 + N0)/NdB
γ /2− D · (NC/NC

γ/2)
, (8.55)

where N1/2 and N3/2 are the yields for the two helicity states, NdB
γ /2 is the corresponding

photon flux, NC are the yields on the carbon target, NC
γ/2 is the corresponding photon

flux, and D is the dilution factor.
An ideally suited method to check the carbon contamination is to look at the miss-

ing mass spectra. There, the contribution from the different nuclei are well separated
due to the different Fermi momentum distributions. The missing mass spectra for the
sum and the difference of the two helicity states are shown in Fig. 8.17. The first and
third column shows the sums of the counts. In these figures, the broadening due to
the Fermi motion of carbon is clearly visible. On the contrary, the difference of the
two helicity states (second and fourth column) show no signs of carbon and are in
agreement with the simulated signals (black lines).

To subtract the unpolarised carbon, it is necessary to know its contribution to the
whole target, i.e. the dilution factor. The dilution of carbon and oxygen nuclei inside
dButanol can be directly found by a simple calculation of the numbers of nucleons.
According to Eq. 8.21, one can find the number of dButanol molecules, KdB, inside the
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Figure 8.17: Missing mass ∆M for dButanol for the difference, N1/2−N3/2, and the sum,
N1/2 + N3/2, of the two helicity states for the reaction on the proton (blue) and the neutron
(red). First row: η → 6γ reaction for CBELSA/TAPS data. Second row: η → 2γ reaction
for A2 data. Third row: η → 6γ for A2 data. The line shape of the simulation is shown
as black line. The influence of the carbon is clearly visible in the sum, whereas for the
difference, the simulation and the experimental data are in agreement.
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target:

KdB =
ρdB · f · LdB · NA

MdB
mol

, (8.56)

where ρdB is the density of dButanol, f is the filling factor, LdB is the length of the
dButanol target, NA is the Avogadro constant, and MdB

mol is the molar mass of dButanol.
The corresponding values can be found in Table 8.1. Hence, the number of deuterons
in the dButanol target ndB

T can be deduced:

ndB
T = 10 · KdB , (8.57)

where the factor 10 comes from the fact that each dButanol molecule contains 10
deuterons. Assuming that the cross section scales with A2/3 [109], the number of
carbon and oxygen nuclei KCO in one dButanol molecule is given by the following
expression:

KCO = 4 + (MO/MC)
2/3 , (8.58)

where MO and MC are the molar masses of oxygen and carbon, respectively. Thus, the
number of carbon and oxygen nuclei nCO inside the dButanol target can be found:

nCO = KdB · KCO . (8.59)

In addition, one has to account for the 3He-4He mixture inside the target, which sur-
rounded the dButanol beads to cool down the target. The helium has a density of
ρHe = 0.14 g/cm3, thus, the number of helium nuclei nHe inside the target is given by
the following equation:

nHe = KHe
ρHe · [(1− f )LdB + Lend] · NA

MHe
mol

, (8.60)

where Lend is the size of the end caps of the targets and helium can be approximated
by carbon with KHe = (MHe/MC)

2/3.

As mentioned before, to get the line-shape of the carbon contribution, dedicated
carbon background measurements were taken. For this purpose, the carbon foam
target, described in Sec. 2.3.4, was used, which had an almost equal target surface
density as the one given in Eq. 8.59.

The yields from the deuterium ND and dButanol target NdB were scaled to the
corresponding photon flux Nγ, the efficiency ε, the number of deuterons nT inside the
target, and the branching ratio Γi/Γ:

σD =
ND

nD
T εD ND

γ Γi/Γ
(8.61)

and

σdB =
NdB

ndB
T εdBNdB

γ Γi/Γ
. (8.62)
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The normalisation of the carbon data of the A2 and CBELSA/TAPS experiment was
slightly different. In the case of the CBELSA/TAPS data, the helium mixture was
inside both targets, carbon and dButanol, whereas for the A2 experiment, the helium
was not inside the carbon target, as mentioned in Sec. 2.3.4. Thus the following cross
sections can be derived:

σCBELSA/TAPS
C =

NC

(nC
T + nHe)εdBNC

γ Γi/Γ
· nCO + nHe

ndB
T

(8.63)

and

σA2
C =

NC

nC
TεdBNC

γ Γi/Γ
· nCO + nHe

ndB
T

, (8.64)

where nC
T is the target surface density of the carbon target as given in Table 8.1, NC are

the yields on the carbon target, and NC
γ is the corresponding flux.

Having properly normalised the data, the spectra obtained on the deuterium tar-
get and the carbon target should add up to the line shape measured with the dButanol
target. The missing mass spectra for the A2 experiment are shown in Fig. 8.18 and
8.19 for η → 2γ and η → 6γ, respectively. The contribution from the carbon target
is shown in blue and the contribution from the deuterium is shown in green. These
two spectra add up to the red histograms, which are more or less in agreement with
the spectra from the A2 dButanol target (black dots). For η → 2γ, shown in Fig. 8.18,
above 1 GeV incident photon energy, additional background occurs at positive miss-
ing mass values in the spectra on the dButanol target (black dots). This background
cannot be reproduced by the sum of carbon and deuterium (red). A possible expla-
nation for this behaviour may originate in the fact that the A2 carbon target was not
operated at identical conditions as the dButanol target. As mentioned in Sec. 2.3.4,
the carbon target was not cooled down with 3He-4He and the magnetic field was not
switched on. Hence, the additional background may originate from events on the he-
lium nuclei, which have a different Fermi momentum distribution or from charged
particle background due to the magnetic field. Due to the bad statistics, it is hard to
tell whether the same problem is present in the η → 6γ spectra in Fig. 8.19. For the
reactions on the proton, seen in Figs. 8.18 (a) and 8.19 (a), one can see an additional
inconsistency in the energy range up to 850 MeV, where the sum of the carbon and
deuterium contribution is slightly higher than the measured dButanol distribution.
As it will be explained in Sec. 9.4.1, this issue can be assigned to an imperfect nucleon
detection efficiency for the frozen spin target. However, for energies above 850 MeV,
the agreement between the dButanol spectrum and the sum of deuterium and carbon
is good within the missing mass cut positions (black vertical lines).

The corresponding missing mass spectra for the CBELSA/TAPS data are shown
in Fig. 8.20. The measured dButanol distributions (black points) and the sum of the
deuterium and carbon contributions (red) are in almost perfect agreement, demon-
strating that the contribution of the carbon in dButanol is well understood. However,
as explained in Sec. 8.6.2 it was necessary to scale the photon flux of the dButanol and
carbon beamtime by a factor of 1.6 due to an issue with the tagger scalers.
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Figure 8.18: Missing mass spectra for the η → 2γ decay for the proton (a) and for the
neutron (b) reaction for A2 data: the contribution from the deuterium target is shown
in green, the contribution from the carbon target in blue, and the dButanol distribution is
shown as black dots. The sum of the deuterium and the carbon is shown in red. The counts
were normalised as described in the text. A variable energy binning was used (mean value
indicated) and only a selection of bins is shown here.
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Figure 8.19: Missing mass spectra for the η → 6γ decay for the proton (a) and for the
neutron (b) reaction for A2 data: the contribution from the deuterium target is shown
in green, the contribution from the carbon target in blue, and the dButanol distribution is
shown as black dots. The sum of the deuterium and the carbon is shown in red. The counts
were normalised as described in the text. A variable energy binning was used (mean value
indicated) and only a selection of bins is shown here.
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Figure 8.20: Missing mass spectra for the η → 6γ decay for the proton (a) and the
neutron (b) reaction for CBELSA/TAPS data: the contribution from the deuterium target
is shown in green, the contribution from the carbon target in blue, and the dButanol
distributions are shown as black dots. The sum of the deuterium and the carbon is shown
in red. The counts were normalised as described in the text, an additional normalisation
factor of 1.6 was necessary for the dButanol and carbon data. A variable energy binning
was used (mean value indicated) and only a selection of bins is shown here.
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8.11 Data Merging

The final results for the present work are statistical averages of several beamtimes. In
addition, the two decay channels of the η meson, η → 2γ and η → 6γ, were merged
(only A2 data) to get results with the smallest available statistical error.

The statistical average was calculated on the cross section level. In particular, for
the polarised data the weighted average was determined separately for the sum σsum

and the difference σdi f f of the two helicity states. For this purpose, the weighted aver-
age 〈σ〉 of n cross sections and the corresponding statistical error 〈∆σ〉 was calculated
according to the following formula:

〈σ〉 =

n
∑

i=1
σi/∆σ2

i

n
∑

i=1
1/∆σ2

i

〈∆σ〉 = 1
n
∑

i=1

√
1/∆σ2

i

, (8.65)

where ∆σi is the statistical error of the cross section σi.

8.12 Systematic Uncertainties

Systematic uncertainties are important to judge the quality of the extracted observ-
ables and hence were determined for the unpolarised cross sections, as well as for the
double polarisation observable E and the helicity dependent cross sections. Sec. 8.12.1
describes how the systematic uncertainties were determined for the unpolarised cross
sections, whereas Sec. 8.12.2 describes the determination of the systematic uncertain-
ties for the double polarisation observable E and the helicity dependent cross sections.

8.12.1 Unpolarised Cross Sections

The systematic uncertainties of the unpolarised cross sections can be divided into two
groups. The first group contains uncertainties of the target surface density, the pho-
ton flux, the empty target subtraction, and the η branching ratio. Theses errors are all
independent of the energy and angle. The second group of uncertainties was deter-
mined as a function of the energy (Eγ and W) and cos (θ∗η). The uncertainties of the
analysis cuts, the nucleon efficiency correction, and the CB energy sum trigger (only
A2 data) were assigned to that group.

Target Surface Density

The systematic uncertainty of the target surface density originates from the uncer-
tainty of the target length and the target density. The latter has a specific pressure and
temperature dependence. The systematic uncertainty for the deuterium target was
estimated to be around 4% [55]. The uncertainty of the 3He target was slightly larger
due to the measurement of the target temperature and a possible deformation of the
target cell. A value of 7% was estimated in Ref. [109].
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Photon Flux

The systematic uncertainty of the A2 photon flux is clearly dominated by the determi-
nation of the tagging efficiency. As explained in Sec. 8.6.1, the time dependent tagging
efficiency was determined by scaling the π0 count rate per run to the tagging efficiency
measurement. Thus, to find the uncertainty of this determination, the count rate was
scaled in a way that it either fitted the minimum or maximum tagging efficiency val-
ues. Doing this, a systematic uncertainty of the flux of 5% [55] was found for the A2
3He experiment.

The main systematic uncertainty in the CBELSA/TAPS flux determination is com-
ing from the GIM efficiency, which was estimated to be 7% [125]. Additionally, an
error of 3.8% was estimated [125] coming from the trigger electronics. Adding them
in quadrature, leads to a total systematic uncertainty of approximately 8%.

Empty Target

The systematic uncertainty for the empty target subtraction for the determination of
the unpolarised cross sections, was very conservatively estimated to be in the order of
half the empty target contribution, i.e. 3.5% for the CBELSA/TAPS deuterium target
and 2.5% for the A2 3He target.

η-Decay Branching Ratio

The systematic uncertainties for the branching ratios are given in the very beginning
of this Sec. 8.1. The values are 0.2% of 39.41% for the η → 2γ and 0.26% of 32.10%
for the η → 6γ decay. Thus, of the systematic uncertainty for the branching ratio a
maximum value of 0.8% can be assumed.

Analysis Cuts

A different choice of the analysis cut positions can possibly change the event selection
significantly. Choosing loose cuts can allow more background to enter the desired
reaction channel. On the other hand, more stringent cuts can select certain kinematical
constellations. In general, cuts may also have a different influence on simulation and
data, when the line shapes are not exactly identical. In addition, statistical fluctuations
in the determination of the cut position can induce changes in the cross sections.

Hence, to account for the uncertainty induced by the applied cuts, cross sections
were calculated by varying the most important cut positions by a value of ±3%. The
±3% variation was seen as a reasonable change. Two analyses were done, one with a
loose coplanarity, missing mass and invariant mass cut, a second one with strict cuts.
The systematic uncertainty was then calculated from the difference of the obtained
cross sections as a function of the energy and cos (θ∗η).
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Nucleon Detection Efficiency

For the exclusive analysis, the accuracy of the detection efficiency of the nucleon is an
important contribution to the total systematic uncertainty. To get a feeling for the cor-
responding systematic uncertainty, the quasi-free inclusive channel, γN → η(N), was
analysed. In an ideal case, neglecting coherent contribution, see Sec. 7.1, the obtained
cross section should be equal to the sum of the exclusive cross section of the proton
and of the neutron:

σ(γN → η(N)) = σ(γp→ ηp) + σ(γn→ ηn) (8.66)

Since in the inclusive case, no recoil nucleon is required in the final state, the deviation
of the inclusive cross section from the sum of the two exclusive cross sections is due to
the uncertainty of the nucleon detection. Thus, half of this difference was assigned to
the systematic uncertainty of the proton detection efficiency and the other half to the
uncertainty of the neutron detection efficiency.

CB Energy Sum Trigger

The A2 CB energy sum trigger was explained in Sec. 8.8.2. The applied CDF had a
major influence on the cross sections at CB energy sums below 400 MeV. For higher
energies, no change was seen for the cross section. Hence, to determine the induced
systematic uncertainty, cross sections were produced with applying the CDF shown
in Fig. 8.8 and by using a fixed cut at ECB > 400 MeV. The induced deviations were in
the order of 2− 3% percent depending on the energy and cos (θ∗η).

Combining the Systematic Uncertainties

The various systematic uncertainties ∆σi(E, cos θ∗η), where E is either the incident pho-
ton energy Eγ, or the final state energy W, were combined to a total systematic uncer-
tainty ∆σ(E, cos θ∗η). This calculation was done individually for each reaction channel.

The energy and angle independent errors from the empty target ∆σe.t., the branch-
ing ratio ∆σb.r., the photon flux ∆σf ., and the target surface density ∆σt.d., were added
quadratically to an overall uncertainty, since it was assumed that the individual errors
are independent:

∆σtot =
√

∆σ2
e.t. + ∆σ2

b.r. + ∆σ2
f . + ∆σ2

t.d. (8.67)

The corresponding values for the A2 3He and CBELSA/TAPS LD2 experiments are
summarised in Table 8.3.

∆σe.t. ∆σb.r. ∆σf . ∆σt.d. ∆σtot
3He (A2) 2.5% 0.8% 5% 7% ∼ 9%

LD2 (CBELSA/TAPS) 3.5% 0.8% 8% 4% ∼ 10%

Table 8.3: The energy and angle independent systematic uncertainties for the A2 3He and
CBELSA/TAPS deuterium experiments.
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The remaining systematic uncertainties, namely the uncertainty of the cuts ∆σcuts,
the nucleon efficiency ∆σn.e., and the uncertainty from the CB energy sum trigger
∆σCBE (only A2 data) were added to an energy and angle dependent value:

∆σ(E, cos (θ∗η)) =
√

∆σ2
cuts + ∆σ2

n.e. + ∆σ2
CBE (8.68)

The quadratic addition is motivated by the fact that the two uncertainties are indepen-
dent and hence cancellation effects may play a role.

The relative systematic uncertainties for the analysis cuts and the nucleon effi-
ciency for the unpolarised cross section on the deuterium target from CBELSA/TAPS
experiment are shown in Fig. 8.21 and Fig. 8.22. The corresponding systematic un-
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Figure 8.21: Relative systematic uncertainties from the analysis cuts (blue) and the nu-
cleon efficiency (red) for the γ + p → η + p cross section for the CBELSA/TAPS LD2
target (only η → 6γ). The systematic uncertainties were determined as described in the
text. The same variable energy binning as for the cross sections and eight cos (θ∗η)-bins
were used (mean value indicated).
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certainties for the for the A2 3He cross sections are shown in Appendix D and the
uncertainties for the A2 LD2 cross sections can be found in Ref. [56].

The error bands given in the final results of Chapter 9 are only the energy and
angle dependent systematic uncertainties ∆σ(E, cos (θ∗η)). To get the total uncertainty,
∆σtot has to be added.
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Figure 8.22: Relative systematic uncertainties from the analysis cuts (blue) and the nu-
cleon efficiency (red) for the γ + n → η + n cross section for the CBELSA/TAPS LD2
target (only η → 6γ). The systematic uncertainties were determined as described in the
text. The same variable energy binning as for the cross sections and eight cos (θ∗η)-bins
were used (mean value indicated).
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8.12.2 Double Polarisation Observable E and Helicity Dependent Cross
Sections

The systematic uncertainties described in Sec. 8.12.1 also affect the polarised experi-
ments. However, in the determination of E, most of these systematic uncertainties,
such as the uncertainty coming from the flux and the analysis cuts, cancel out since
they appear in the numerator and denominator of the fraction. Systematic uncertain-
ties, which do not cancel out, such as the uncertainties coming from the carbon sub-
traction and different nucleon detection efficiencies of the polarised and unpolarised
experiments, were estimated by simply building the difference between the two ex-
traction versions for the double polarisation observable E:

∆E = |Evers 1 − Evers 2| . (8.69)

For the helicity dependent cross sections, the systematic uncertainty of the unpo-
larised cross section was neglected and the systematics were found by building the
maximum difference between the three extraction versions:

∆σ1/2 = Max
(

∆σ1
1/2, ∆σ2

1/2, ∆σ3
1/2

)
, (8.70)

where ∆σ1
1/2 = |σvers 1

1/2
− σvers 2

1/2
|, ∆σ2

1/2 = |σvers 2
1/2

− σvers 3
1/2
|, and ∆σ3

1/2
= |σvers 3

1/2
− σvers 1

1/2
|.

The systematic uncertainties for σ3/2 were determined analogously:

∆σ3/2 = Max
(

∆σ1
3/2, ∆σ2

3/2, ∆σ3
3/2

)
, (8.71)

where ∆σ1
3/2 = |σvers 1

3/2
− σvers 2

3/2
|, ∆σ2

3/2 = |σvers 2
3/2

− σvers 3
3/2
|, and ∆σ3

3/2
= |σvers 3

3/2
− σvers 1

3/2
|.

This systematic uncertainty accounts for uncertainties due to the carbon subtraction,
differences in the nucleon detection efficiency, flux, and analysis cuts compared to the
unpolarised measurement. In addition, the uncertainties coming from the polarisation
degrees of target and incident photon beam have to be considered.

Photon Polarisation

The systematics for the electron polarisation extracted from the Mott measurement at
MAMI were discussed in Sec. 3.2.1. A total relative systematic uncertainty of 2.7% was
estimated.

The systematic uncertainty of beam polarisation extracted from the Møller mea-
surement in the CBELSA/TAPS experiment is explained in detail in [81]. The error
consists of the uncertainties in the Møller target polarisation (main contribution), the
angle of the Møller foil, the count rate asymmetry and the error of the asymmetry
coefficient. In total this yields to a most probable relative systematic uncertainty of
0.99% and a maximum possible uncertainty of 2.89%.
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Target Polarisation

As mentioned in Sec. 3.4, a problem with the target polarisation of the A2 dButanol
experiments was observed. The corresponding systematic uncertainty was estimated
from the re-normalisation of the double polarisation E to unity in S11(1535) under the
assumption that FSI can be neglected (as it was seen in the CBELSA/TAPS results).
The double polarisation observable E was scaled to the maximum and minimum pos-
sible height to match unity in the region of the S11(1535) and the difference was taken
as the systematic uncertainty. With this procedure, a systematic uncertainty of ±10 %
was found.

The systematic uncertainty of the target polarisation of the CBELSA/TAPS dBu-
tanol target was estimated to be 5% [175]. The uncertainty mainly comes from deter-
mination of the fit parameters of the deuteron signals, as shown in Fig. 3.7.

Combining the Systematic Uncertainties

The systematic uncertainties of the degree of the target polarisation, ∆PT, and of the
photon polarisation, ∆Pγ, were added in quadrature to get the total polarisation un-
certainty:

∆P =
√

∆P2
T + ∆P2

γ (8.72)

Hence, the systematic uncertainty of the polarisation for A2 data is given by:

∆PA2 =
√

0.12 + 0.0272 ' 10.4% (8.73)

For the CBELSA/TAPS data the following value for the systematic uncertainty of the
polarisation can be determined:

∆PCBELSA/TAPS =
√

0.052 + 0.02892 ' 6% (8.74)

The systematic uncertainties from the different extraction versions and the uncertain-
ties of the polarisation were combined to a common uncertainty by adding them in
quadrature:

∆Etot =
√

∆E2 + ∆P2 , (8.75)

where ∆E is defined in Eq. 8.69 and ∆P is given by Eq. 8.73 or Eq. 8.74 , respectively.
The uncertainties for the helicity dependent cross sections were determined anal-

ogously by the following equations:

∆σtot
1/2 =

√
∆σ2

1/2
+ ∆P2 , (8.76)

∆σtot
3/2 =

√
∆σ2

3/2
+ ∆P2 , (8.77)

where ∆σ1/2 and ∆σ1/2 are given by Eqs. 8.70 and 8.71, respectively
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Chapter 9

Results and Conclusions

In this chapter, the final results that were obtained in this work will be presented.
The first two sections will concentrate on the results on the unpolarised cross sections
for η photoproduction from quasi-free nucleons bound in 3He (A2 data) and deu-
terium (CBELSA/TAPS data). Sections 9.3 and 9.4 summarise the results of the dou-
ble polarisation observable E and the helicity dependent cross sections σ1/2 and σ3/2 for
CBELSA/TAPS and A2 data. Results as a function of the incident photon energy Eγ

and the final state energy W were extracted. The cm frame for the results as a function
of the incident photon energy was constructed under the assumption that the initial
state nucleon was at rest, which leads to a smearing of narrow structures. Especially
close to threshold, effects from Fermi motion are not negligible, as explained in Sec.
8.5. For the results as a function of the final state energy, the cm frame was constructed
event-by-event from the invariant mass of the η meson and the reconstructed nucleon.
As explained in Sec. 8.5, the nucleon momentum was determined either via kinemat-
ical reconstruction or a TOF measurement. Thus, cross sections as a function of the
final state energy are dominated by the resolution of this reconstruction, as seen in
Figs. 8.1 and 8.2. Sec. 9.5 gives a summary of all polarised results and discusses some
important information deduced from the results. Finally, Sec. 9.6 gives a conclusion of
all the obtained results in the present work.

9.1 Unpolarised Cross Section from 3He (A2)

η photoproduction was measured for quasi-free protons and neutrons bound in 3He
from threshold (Eγ ' 608 MeV) up to Eγ = 1.4 GeV. The experiment was performed
by the A2 collaboration at MAMI in Mainz. Both decay channels, η → 2γ and η →
3π0 → 6γ, were analysed for the two exclusive reactions on the proton (σp) and neu-
tron (σn) and for the quasi-free inclusive reaction (σincl). Results have been extracted
as a function of the incident photon energy Eγ, as discussed in Sec. 9.1.1, and for the
final state energy W, as discussed in Sec. 9.1.2.
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9.1.1 Incident Photon Energy Eγ

The cross sections as a function of the incident photon energy were extracted for all
three reactions, exclusive on the proton σp, exclusive on the neutron σn, and inclusive
σincl . The total cross sections as a function of the incident photon energy are shown in
Fig. 9.1 (a). For the two exclusive reactions, σp and σn, both decay channels η → 2γ

(closed symbols) and η → 3π0 → 6γ (open symbols) are shown. The competing
background contributions, as well as the systematic uncertainties from the efficiency,
and the response to the trigger are completely different for the two decay modes. The
cross sections of both decay channels are in good agreement, hence, the background
was sufficiently rejected and the efficiency correction was done adequately. Further-
more, the comparison of the inclusive cross section, σincl , and the sum of the two exclu-
sive cross sections, σp + σn, allows to check the nucleon detection efficiency correction,
since they should be equal. The largest deviations occur at high incident photon en-
ergies but they are below 10%, which is within the systematic uncertainties. These
deviations are most likely caused by residual background (ηπ), which is more promi-
nent at high energies and is rejected more efficiently in the exclusive analyses by the
cut on the coplanarity angle, as explained in Sec. 7.4.2.

Comparing the proton and neutron cross sections, one sees that for the neutron,
the slope on the right side of the S11(1535), around Eγ ∼ 1 GeV, is less steep than for
the proton, which was also observed in other deuterium measurements [51, 55]. In
contrast to the deuterium cross sections, no distinct structure around Eγ = 1 GeV is
visible. However, this is expected since the much larger Fermi motion in 3He com-
pared to the deuteron smears all narrow structures. The corresponding differential
cross sections are presented in Fig. 9.2. Again, both decay channels of the η meson are
shown for the proton and neutron cross sections, whereas the inclusive cross section is
the weighted average of both channels. The agreement between the two decay chan-
nels is good, demonstrating the consistency of the results. All angular distributions
show a steep rise at backward angles close to threshold, which is a result of the choice
of the cm frame. Fermi momenta with negative z-direction (anti-parallel nucleon and
photon momentum) are favoured since they lead to higher cm energies. This means
that the boost into the cm system is too strong into the negative z-direction, inducing
backward boosted η mesons in the cm frame. In contrast, the angular distributions for
the free proton are rather flat close to threshold. At higher incident photon energies,
the Fermi momentum causes only a slight smearing of the structures.

Quasi-free inclusive η photoproduction off other nuclei has been intensively stud-
ied regarding η-nucleus interactions and in-medium effects in the energy range of
the S11(1535) [176, 177]. It was found that for heavier nuclei, the cross sections scale
with A2/3 (where A is the atomic mass number), indicating strong absorption of the
η-meson by nuclei. The cross section data obtained by Mertens et al. [177] are com-
pared in Fig. 9.1 (b) to the present results on 3He. The cross sections were scaled by
Ae f f = Np + (2/3)Nn, where Np and Nn are the number of protons and neutrons, re-
spectively. This scaling is motivated by the fact that the cross sections for the proton
and neutron scale like σp/σn = 3/2. Ref. [31] explains this effect as a result of domi-
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9.1. UNPOLARISED CROSS SECTION FROM 3HE (A2)

nant isovector excitation of the S11(1535). As can be seen in the insert in Fig. 9.1 (b), the
3He data fits nicely to the A2/3

e f f scaling of the heavier nuclei. However, the peak of the
S11(1535) shifts to higher incident photon energies for heavier nuclei, which is mainly
an effect of the higher Fermi momenta in heavier nuclei. For energies above 800 MeV,
the cross sections deviate from the A2/3

e f f scaling, which is partly caused by residual
background from ηπ reactions. For heavier nuclei, the separation of η reactions from
ηπ reactions is more challenging due to the larger Fermi momenta.
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Figure 9.1: (a) Total cross sections as a function of incident photon energy for 3He. Closed
symbols indicate the results for the two-photon decay and open symbols show the results
for the six-photon decay. For the inclusive cross section and the sum σp + σn, only the
average of both decay channels is shown. (b) Total inclusive cross section σincl for different
nuclei. The cross sections are scaled by Ae f f = Np + (2/3)Nn, in the insert by A2/3. The
results from this work (3He) are compared to results on 2H [55] and other nuclei [177].
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Figure 9.2: Differential cross sections for 3He for different bins of incident photon energy
Eγ. Shown are results for the reaction on the neutron σn, where the η meson decays into
two photons (closed red circles) and into six photons (open red circles). The reaction on
the proton σp is shown as closed (2γ) and open (6γ) blue squares. The quasi-free inclusive
reaction σincl is indicated by black triangles (average of two- and six-photon decay) and
the magenta stars show the reconstructed inclusive 2σp + σn.
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9.1. UNPOLARISED CROSS SECTION FROM 3HE (A2)

9.1.2 Final State Energy W

The cross sections as a function of the final state energy W were reconstructed as ex-
plained in Sec. 8.5. Fig. 9.3 (a) shows the total cross section for the proton and neu-
tron, where the recoil nucleon, and hence W = m(Nη) were reconstructed using a
kinematical reconstruction. In contrast, Fig. 9.3 (b), shows the cross section from the
TOF reconstruction and thus is limited to the region where the recoil nucleon is de-
tected in the TAPS detector (cos (θ∗η) < −0.4). In both figures, the cross section on
the neutron (red circles) was scaled by a factor of 3/2 to match the proton cross sec-
tion (blue squares) in the region of the S11(1535). The results of both reconstruction
techniques are in nice agreement and show a bump-like structure around 1.68 GeV.
The cross sections were fitted with a sum of three Breit-Wigner curves (solid line). The
dash-dotted line shows the Breit-Wigner fit for the S11(1535) resonance, the dashed
line shows a Breit-Wigner fit for the narrow structure around 1.68 GeV, and the dot-
ted line represents the Breit-Wigner function for other resonances and non-resonant
background contributions. Furthermore, the open circles show the data points when
the contribution from the S11(1535) and the broad Breit-Wigner have been subtracted.
The corresponding fit parameters are summarised in Table 9.1. The values given in
this table are effective quantities, including the experimental resolution of the recoil
nucleon. The fit parameters for the narrow structure on the neutron are comparable
for both reconstruction methods. However, as seen in Fig 8.1, the TOF reconstruction
has a much worse W resolution (FWHM ' 45 MeV) than the reconstruction via kine-
matics (FWHM ' 35 MeV). An approximation for the intrinsic width of the narrow
structure in 3He can be found by subtracting quadratically the corresponding exper-
imental resolution from the fitted width. This leads to an intrinsic width of about 40
MeV for the TOF reconstruction and 45 MeV for the extraction via kinematics. Due to
the kinematical approximations that have been used (no relative momentum between
the two spectator nucleons), the latter value is only an upper limit, as explained in Sec.
7.5.4.

WR [MeV] Γ [MeV]
√

bη An
1/2

[10−3GeV1/2]

kin.
narrow state 1675± 2 62± 8 (46± 8) 11.9± 1.2

S11(1535) 1536± 1 162± 4 66± 1

TOF
narrow state 1671± 2 61± 10 -

S11(1535) 1541± 2 174± 10 -

Table 9.1: Fit parameters of the fits shown in Fig. 9.3. The values for the kinematical
reconstruction are indicated with kin., the results for the TOF reconstruction with TOF.
The position WR, the width ΓR, and the electromagnetic coupling

√
bη An

1/2 are given for
the narrow state and the S11(1535) resonance. The width in the parentheses was extracted
from a fit, which has been convoluted with experimental resolution. The indicated errors
are pure statistical errors.
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Figure 9.3: Total cross sections as a function of the final state energy W for 3He. The
results on the proton (blue squares) are compared to the scaled neutron results (red closed
circles). A Breit-Wigner fit of the neutron cross section is indicated by the solid black
line. The contribution from the S11(1535) is shown as dash-dotted line, the background
contribution is shown as dotted line, and the line shape for the narrow structure as a long-
dashed line. The red open circles is the neutron cross section after subtraction of S11 and
background fit. Compared are the results, where (a) the recoil nucleon was reconstructed
from kinematics and (b) from TOF measurement for cos (θ∗η) < −0.4 (b).
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Figure 9.4: (a) Total cross sections as a function of the final state energy W for 3He,
compared to results from LD2 by Werthmüller et al. [55]. (b) Ratio of neutron and proton
cross section for 3He (red dots) compared to previous results from the LD2 target from Ref.
[55] (green squares) and Ref. [51] (black triangles).
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Fig. 9.4 compares the present results from 3He to previous results from the deuteron
[56]. The hatched histograms indicate the systematic uncertainty. However, the results
on 3He and the deuteron were obtained with an identical setup, such that a large part
of the uncertainties cancel when comparing them to each other. The cross section on
the neutron σn,3 He was scaled by a factor of 3/2 to fit the height of the proton. As can be
seen, the deuterium cross sections had to be scaled by a factor of 0.75 to agree with the
3He cross sections. However, apart from this 0.75 factor, the cross section in the region
of the narrow structure are in agreement with the deuteron data. This factor must
originate from different nuclear effects in η photoproduction off 3He and deuteron
nuclei. A major part of this factor can likely be attributed to Final State Interaction
(FSI). Fig. 9.1 shows that such effects are important for 3He nuclei. A second part of
the deviation between deuterium and 3He cross sections can be assigned to the kine-
matical approximations in the case of 3He. The assumption that there is no relative
momentum between the two spectator nucleons may decrease the magnitude of the
cross sections, since the same approximation was also done for the folding of the pho-
ton flux with nuclear Fermi motion. A non-vanishing relative momentum between
the two spectator nucleons reduces the available energy in the meson-participant nu-
cleon system and thus suppresses η photoproduction. This leads to an overestimation
of the photon flux and hence to smaller cross sections. Figs. 9.5 and 9.6 show the cor-
responding angular distributions of 3He. The results are again compared to the scaled
deuterium cross sections. To obtain the total cross sections, the angular distributions
were fitted with third order Legendre polynomials (solid lines). The systematic un-
certainties, except for 9% overall normalisation, are indicated by the histograms at the
bottom. Apart from the overall factor of 0.75, the angular distribution above W = 1.6
GeV agree quite well with the deuteron distributions. Deviations may originate from
FSI or residual Fermi motion effects, as explained earlier.
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Figure 9.5: Differential cross sections as a function of the final state energy W for γn→
ηn. Data from present 3He measurement (red closed circles) are compared to data from
the deuterium target [55] scaled down by factor 0.75 (open black circles). The Legendre
fits are indicated by solid lines. The systematic uncertainties are indicated by the hatched
histograms at the bottom, except for 9% total normalisation uncertainty.

180



9.1. UNPOLARISED CROSS SECTION FROM 3HE (A2)

1496 MeV 1504 MeV 1511 MeV 1518 MeV 1526 MeV 1534 MeV

1544 MeV 1555 MeV 1565 MeV 1575 MeV 1585 MeV 1595 MeV

1605 MeV 1615 MeV 1625 MeV 1635 MeV 1645 MeV 1655 MeV

1665 MeV 1675 MeV 1685 MeV 1695 MeV 1705 MeV 1715 MeV

1725 MeV 1735 MeV 1745 MeV 1755 MeV 1765 MeV 1775 MeV

1785 MeV 1795 MeV 1805 MeV 1815 MeV 1825 MeV 1835 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 -0.5 0 0.5 1 -0.5 0 0.5 1

0.5

1

1.5

0.5

1

1.5

0.2

0.4

0.6

0.8

0.1

0.2

0.3

0.1

0.2

0.3

0

0.1

0.2

0.3

)*ηθcos(

b/
sr

]
µ [

Ω
/d

σd

Figure 9.6: Differential cross sections as a function of the final state energy W for γp→
ηp. Data from present 3He measurement (blue closed squares) are compared to data from
the deuterium target [55] scaled down by factor 0.75 (open black squares). The Legendre
fits are indicated by solid lines. The systematic uncertainties are indicated by the hatched
histograms at the bottom, except for 9% total normalisation uncertainty.
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Finally, Fig. 9.7 shows the neutron cross section for different polar angle bins. The
data were fitted with a broad background Breit-Wigner and two energy-dependent
Breit-Wigner functions for the S11(1535) and the narrow structure. To account for the
experimental resolution, the Breit-Wigner distribution was implemented by a convo-
lution with the resolution given in Fig. 8.1. The convolution was realised by a numeri-
cal integration, as explained in Ref. [56]. The energy dependent Breit-Wigner function
is given by the following equation [178]:

σ(W) =
q∗η

q∗ηR
· k∗R

k∗
·

2mN · A2
1/2 ·WR · bη · ΓR[

(W2
R −W2)2 + W2

RΓ(W)2x2
] (9.1)

where WR is the resonance position, ΓR is the energy dependent width, k∗, q∗η , q∗π are
the cm momenta of incident photon, η meson and pion, respectively, the subscript R
refers to the evaluation at the resonance position, x = bη

q∗η
q∗ηR

+ bπ
q∗π

q∗πR
+ bππ, and bη , bπ

and bππ are the branching ratios of the resonance.
The structure around W = 1.6 GeV in the cross section is visible for all angular

ranges, but is less pronounced for the very forward and backward angles. The non-
trivial shape changes across the angular range was also seen by Werthmüller et al. [56]
in the deuteron data, as shown in Fig. 1.13. A fit of the 3He data using a Breit-Wigner
folded with experimental resolution yields a width of (46± 8) MeV for the narrow
structure, as shown in Table 9.1 in parenthesis.
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Figure 9.7: Differential cross sections as a function of the final state energy W for different
angular bins for 3He. The total fit is indicated by the solid green line. The short dashed
magenta line is the contribution from the S11(1535), the long dashed magenta line is the
phenomenological background, the solid red line is the sum of the latter two. The Breit-
Wigner fit for the narrow structure is shown as solid blue line.
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9.2 Unpolarised Cross Section from LD2 (CBELSA/TAPS)

For the CBELSA/TAPS deuterium data, differential and total cross sections were ex-
tracted as a function of the incident photon energy Eγ and the final state energy W.
Since the reconstruction of the final state energy using the TOF technique has a much
worse resolution, and only a very small angular range is covered by MiniTAPS, only
the kinematical reconstruction was used to extract W = m(Nη).

9.2.1 Incident Photon Energy Eγ

Fig. 9.8 summarises the results of the total cross sections for the deuterium data ob-
tained with the CBELSA/TAPS experiment. Shown are the cross sections for the case
where the η meson was detected in coincidence with a recoil proton (σp) or neutron
(σn), and the cross section without a condition for the recoil nucleon (σincl). Further-
more, to check the nucleon identification, the sum of the two exclusive cross sections is
shown in magenta. Due to the hardware trigger configuration, only the η → 3π0 → 6γ

decay was used to extract the results and the η → 2γ decay could not be used. The
cross sections are compared to former results on the deuterium target from Ref. [55]
(open symbols). It can be seen that all cross sections are in agreement with the previ-
ous results. For the neutron, as well as for the sum of the proton and neutron cross
sections, a small deviation in the very top of the S11(1535) resonance is visible. This
region of the S11(1535) peak is very sensitive to the nucleon detection efficiency. As
explained in Sec. 8.8.1, no detection efficiency correction for the neutron could be ex-
tracted from hydrogen data as it was done for the proton. Hence, the deviations may
originate from a less realistic neutron detection efficiency. However, in the energy
region of interest for this work, i.e. above Eγ = 900 MeV, this effect is no more ex-
istent and the cross section agrees with the previous results, and the sum matches
the inclusive cross section. This shows the quality of the reconstruction and that the
background contributions, as well as trigger efficiencies, are well under control. For a
better visibility, the exclusive results are also shown in Fig. 9.9 together with the cor-
responding systematic uncertainties (indicated at the bottom). In contrast to the 3He
data, the shoulder on the right side of the S11(1535) in the cross section on the neutron
is more pronounced due to the smaller Fermi motion of deuterium.

The corresponding differential cross sections are shown in Fig. 9.10. Similar to the
3He data, close to threshold (Eγ ' 630 MeV), the angular distributions are backward
peaking due to the nuclear Fermi motion. Already above Eγ = 800 MeV, the distri-
butions are rather flat. However, between 800 and 900 MeV, the proton and neutron
distributions are slightly curved into opposite directions, which is an effect coming
from the interference of the S11(1535) and the D13(1520) resonance. The A3/2 helicity
coupling for the D13(1520) resonance has a different sign for the proton and the neu-
tron (Ap

3/2
' 0.140± 0.010 GeV−1/2, An

3/2
' −0.115± 0.010 GeV−1/2 [6]). Apart from the

energies below 900 MeV the inclusive cross section is in reasonable agreement with
the sum of the exclusive angular distributions.
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Figure 9.8: Total cross sections as a function of incident photon energy for LD2. Shown
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Figure 9.9: Total cross sections as a function of the incident photon energy Eγ for LD2.
The results on the neutron (red circles) are shown in (a), the results on the proton (blue
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Figure 9.10: Differential cross sections for LD2 for bins of incident photon energy Eγ.
Shown are results for the reaction on the neutron σn (red circles) and on the proton σp
(blue squares). The quasi-free inclusive reaction σincl is indicated by black triangles and
the magenta stars show the reconstructed inclusive σp + σn cross sections.
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9.2.2 Final State Energy W

Analogous to the 3He data, cross sections were extracted as a function of the final
state energy W using the kinematical reconstruction of the recoil nucleon to eliminate
effects from Fermi motion. The total cross sections are shown in Fig. 9.11 together with
the corresponding systematic uncertainties, and are compared to previous results on
the deuteron target from Ref. [51, 55] (open symbols). The total cross sections were
extracted from the angular distributions using third order Legendre polynomial fits.
Within the statistical and systematic uncertainties, the total cross section on the neu-
tron, shown in Fig. 9.11 (a), agrees with the measurement by Werthmüller et al. [55]
(open red circles). The narrow structure around 1.68 GeV is clearly beyond statistical
fluctuations and in agreement with the results by Werthmüeller et al. However, both
peak structures, the S11(1535) and the narrow bump, are slightly sharper. This may
be an effect coming from the better W resolution in the CBELSA/TAPS experiment,
as shown in Fig. 8.2. As already mentioned, for the S11(1535), this effect may also
be caused by a less realistic neutron detection efficiency. However, in the region of
the narrow structure, the nucleon efficiency correction has essentially no influence. In
contrast, when comparing the present results to the former results by Jaegle et al., it
is quite striking that the whole flank on the right side of the S11(1535) is significantly
lower than measured by Jaegle et al. [51].

Fig. 9.12 compares the corresponding angular distributions. Apart from the very
forward and backward bin, the shape and magnitude of the cross sections is consistent
with the angular distributions by Werthmüller et al. As seen for the angular distribu-
tions of the neutron shown in Fig. 8.13, the most forward and backward bins have a
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Figure 9.11: Total cross sections as a function of the final state energy W for LD2. The
results on the neutron (red circles) are shown in (a), the results on the proton (blue squares)
are shown in (b). The systematic uncertainties are indicated at the bottom, not including
10% overall normalisation uncertainty. The results are compared to former results from
Ref. [55] (green closed triangles), and from Ref. [51] (black open triangles).
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very small detection efficiency and are thus very sensitive, leading to a larger system-
atic uncertainties than the other bins. This is even more apparent in the differential
cross sections on the proton, shown in Fig. 9.13. There, for energies between 1515
MeV and 1555 MeV, the most forward bin is always slightly too low, inducing a small
deviation in the total cross section in the peak of the S11(1535) resonance, as seen in
Fig. 9.11 (b). However, for all other energy ranges the agreement with the former re-
sults is almost perfect, demonstrating that the systematic uncertainties are well under
control.
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Figure 9.12: Differential cross sections as a function of the final state energy W for γn→
ηn. Data from present LD2 measurement (red closed circles) are compared to data from
the deuterium target from Ref. [55] (red open circles) and Ref. [51] (green open triangles).
The Legendre fits are indicated by solid lines. The systematic uncertainties are indicated
at the bottom, not including 10% overall normalisation uncertainty.
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Figure 9.13: Differential cross sections as a function of the final state energy W for γp→
ηp. Data from present LD2 measurement (blue closed squares) are compared to data from
the deuterium target from Ref. [55] (blue open circles) and Ref. [51] (green open triangles).
The Legendre fits are indicated by solid lines. The systematic uncertainties are indicated
at the bottom, not including 10% overall normalisation uncertainty.

To further investigate the narrow structure on the neutron, the cross section as a
function of the final state energy W was fitted with the same function that was used in
Fig. 9.3. The result is compared to the fit of the former deuterium data by Werthmüller
et al. in Fig. 9.14. Shown are the contributions from the S11(1535) (dash-dotted line)
resonance, from the broad background Breit-Wigner (dotted line), and from the Breit-
Wigner of the narrow structure (dashed line). The total fit function (solid line) nicely
describes the data. The insert shows the ratio of the neutron and proton cross section,
and compares it to the former results by Jaegle et al. The ratio depicts that the position
and width of the structure are in agreement for all measurements. However, the ratio
for the results by Jaegle et al. is slightly larger, which is caused by the more pronounced
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structure in the cross section on the neutron. The fit parameters for the present data
and the data by Werthmüller [52] are summarised in Table 9.2. For the present data,
the position was determined to be (1667 ± 3) MeV and the width is (35 ± 3) MeV,
which is consistent with the former results. Accounting for the experimental resolu-
tion in the fit, the width is reduced to only (23± 2) MeV.

WR [MeV] Γ [MeV]
√

bη An
1/2

[10−3GeV1/2]

this work
narrow state 1667± 3 35± 3 (23± 2) 13.4± 2

S11(1535) 1525± 2 146± 13 82± 4

Werthmüller et al. [52]
narrow state 1670± 1 50± 2 (29± 3) 12.3± 0.8

S11(1535) 1529± 1 188± 12 90± 3

Table 9.2: Fit parameters of the fits shown in Fig. 9.14. The position WR, the width
ΓR, and the electromagnetic coupling

√
bη An

1/2 are given for the narrow state and the
S11(1535) resonance. The width in the parentheses was extracted from a fit, which has
been convoluted with experimental resolution. The indicated errors are pure statistical
errors.
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Figure 9.14: Total cross sections as a function of the final state energy W for LD2. (a) The
results from this work are fitted with Breit-Wigner functions. The parameters are given
in Table 9.2. The results are compared to previous results on the free proton target [110].
The insert compares the ratio of the neutron and proton cross section to results on LD2 by
Jaegle et al. [51] (closed triangles) (b) The same as in (a) for the former results from Ref.
[52]. Figure (b) taken from [52].

To investigate the angular dependence of the narrow structure, the cross section
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was determined for twelve different bins of polar cm angle and fitted with Breit-
Wigner distributions, as shown in Fig. 9.15. The corresponding integrals of the three
Breit-Wigner distributions are shown for different angular bins in Fig. 9.16 together
with the previous results by Werthmüller et al. [55]. The distribution of the integral
for the S11 and the broad background Breit-Wigner is very similar to the previous re-
sults by Werthmüller et al. However, the integral of the narrow Breit-Wigner peaks
more at backward angles and the distribution is flatter than in the previous results by
Werthmüller et al.

Figs. 9.15 and 9.16 show that the narrow structure is less pronounced at very for-
ward angles as it was already seen by Werthmüller et al. [55]. At backward angles, the
structure is still distinct, which is somehow contradictory to the situation observed by
Werthmüller et al. As mentioned in Sec. 1.4.1, in the new model by the BnGA group,
the neutron cross section of Werthmüller et al. can be reproduced by an interference of
the S11(1535) and the S11(1650) resonances. This interference leads to the effect that
the narrow structure at 1.68 GeV almost disappears at very forward and backward
angles. Fits with a narrow resonance N(1685) would lead to an anti-symmetric an-
gular distribution with a bump at backward angles and no sign at forward angles (or
vice-versa) and hence were ruled out in Ref. [48]. However, the present data is not in
contradiction to such a scenario, as can also be seen in Fig. 9.17, where the results of
this work are compared to the three different fits by BnGa from Ref. [48]. The fit with
the narrow resonance and a positive A1/2 coupling (P11, pos, green solid line) repro-
duces the data quite well, whereas the narrow structure in the fit with the negative A1/2

(P11, neg, blue dotted line) coupling is too strong at forward angles. The description
of the experimental data with the fit without the narrow resonance (S11, red dashed
line) seems do be inferior especially at forward angles.
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Figure 9.15: Differential cross sections as a function of the final state energy W for differ-
ent angular bins for LD2. The total fit is indicated by the solid green line, the short dashed
magenta line is the contribution from the S11(1535), the phenomenological background
is indicated by the long dashed magenta line, and the red solid line shows the sum of the
latter two. The Breit-Wigner fit for the narrow structure is shown as a solid blue line.
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FIG. 21. (Color online) Contributions from S11 BW (open,
black squares), background function (open, blue triangles),
and narrow BW (red dots) for different angular bins inte-
grated over excitation energy. (The most extreme angles have
been omitted because of unstable fit results due to lack of
statistics.)

lar distribution, which (see Figs. 20,21) is only a rough
approximation, but the results are in fair agreement with
the other analysis. The smaller width is surprising since
the W resolution of the TOF reconstruction was esti-
mated to be twice that of the kinematic reconstruction,
although this is probably too pessimistic. The reason for
the different parameter values will be discussed below.
The fits of the data from the analyses with narrower cuts
are less reliable due to poorer statistics. Therefore, as
for the kinematic reconstruction method, only the type
I data were used to deduce a total best estimate of the
parameters.

WR ΓR

√
bηAn

1/2

[MeV] [MeV] [10−3GeV−1/2]
Kin. I 2γ 1670±1 27±3 (50±3) 12.1±0.8
Kin. II 2γ 1669±1 25±6 (44±5) 11.8±1.0
Kin. I 3π0 1669±1 30±5 (49±4) 12.9±0.8
Kin. II 3π0 1665±3 53±17 (66±14) 15.6±2.7
Best estimate 1670±5 28±5 (50±10) 12.3±0.8
TOF I 2γ 1658±2 (42±4) 13.2±0.7
TOF II 2γ 1651±3 (45±8) 18.1±1.7
TOF I 3π0 1658±3 (41±9) 13.9±1.5
TOF II 3π0 1663±3 (20±9) 11.3±2.0
Best estimate 1658±7 (42±10) 13.3±2.0

TABLE II. Overview of the extracted parameters from the
phenomenological fits shown in Fig. 19: The values in paren-
theses correspond to the fits where the W resolution was not
taken into account via convolution with the signal parame-
terization. Uncertainties are statistical only, except for the
couplings of the kinematic reconstruction and the ‘best esti-
mates’ which reflect also the scatter between the different fits
and analyses, respectively.

In Fig. 20 the differential cross sections are presented
as a function of Wkin for different bins of cos(θ∗

η). The
same phenomenological fits as discussed above were per-
formed to reveal the angular dependence of the struc-
ture. The position varies between WR = 1665 MeV at
backward angles and WR = 1680 MeV at forward an-
gles. Also the width is reduced at backward angles. This
explains the lower values for position and width also ob-
served in the results of the TOF reconstruction where
−1 < cos(θ∗

η) < −0.5. On the one hand, the shifting
position disfavors the scenario of a single resonance. On
the other hand, it could also be caused by the simplified
ansatz for the phenomenological fitting (which does of
course not include any interference effects). The angu-
lar dependence of the strength of the narrow structure
is shown in Fig. 21. Due to the simplified ansatz this
is only a qualitative indication for the variation of the
strength over the angular distribution. The figure shows
the contributions of the three fit components integrated
over the excitation energy. The ‘S11’ contribution shows
the expected behavior (since only one BW function was
used this reflects effectively the contribution from the
S11 and the S11-D13 interference, which peaks at for-
ward and backward angles and has a minimum around
cos(θ∗

η) = 0). The phenomenological background sub-
sumes contributions from higher lying P - and D-states,
their interferences, and non-resonant background and has
therefore no simple interpretation. The angular depen-
dence of the narrow structure does not agree with the
most simple scenarios for its nature, e.g., not with a nar-
row P11 state interfering with the broad S11 states. The
angular distribution of a P11 state is isotropic and the
interference term between P11 and S11 is proportional to
cos(θ∗

η). The resulting angular distribution would thus
have a maximum at forward angles and a minimum at
backward angles or vice versa (depending on the sign of
the interference). However, Figs. 20,21 show that the
structure almost vanishes at extreme forward angles and
is also small at extreme backward angles. Its largest con-
tribution lies between cos(θ∗

η) ± 0.5. A recent fit of the
Bonn-Gatchina partial wave analysis [64] reproduced the
peak-like structure in the total cross section and also the
angular distributions in the corresponding energy range.
In this solution the bump in the total cross section is
caused by interference effects in the S11 partial wave.
This interpretation requires a sign change (relative to the
value given by PDG [1]) of the electromagnetic coupling
of the S11(1650) for the neutron.

Finally, a comparison of the Legendre coefficients Ai is
shown in Fig. 22. The Ai were obtained by fitting the an-
gular distributions with a series of Legendre polynomials
Pi up to fourth order

dσ

dΩ
(W, cos(θ∗

η)) =
q∗
η(W )

k∗
γ(W )

4∑

i=0

Ai(W )Pi(cos(θ∗
η)) , (8)

where q∗
η and k∗

γ are the η and photon momenta in the
center-of-mass frame, respectively. The data from the

Werthmüller et al.

(b)

Figure 9.16: Integral of the Breit-Wigner (BW) fits shown in Fig. 9.15 for different an-
gular bins. The integral of the S11 BW is shown as open, black squares, the integral of the
background function is shown as open, blue triangles, and the integral of the narrow BW
is shown as red dots. The fits of the first and fourth angular bins did not converge, hence
the errors could not be calculated. The results from this work (a) are compared to previous
results by Werthmüller et al. (b). Figure (b) taken from [55].
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Figure 9.17: Differential cross sections as a function of the final state energy W for differ-
ent angular bins for LD2 compared to different BnGa model predictions: fit with a narrow
N(1685) resonance with positive (green solid line) or negative (blue dotted line) A1/2 cou-
pling, and fit without a narrow resonance (red dashed line).
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9.3 Polarisation Observable E from CBELSA/TAPS Data

The double polarisation observable E and the helicity dependent cross sections were
extracted for the quasi-free proton and neutron targets using CBELSA/TAPS data.
Due to a fire incident in the experimental hall, the experiment had to be aborted.
Hence, the available statistics is very limited and allowed only the reaction on the
proton to be measured in an exclusive way. The reaction on the neutron was mea-
sured inclusively to improve statistics, as mentioned in Sec. 7.1. Since in the inclusive
reaction the recoil neutron is not detected, the observables for the neutron could only
be determined as a function of the incident photon energy Eγ and not as a function
of the final state energy W. Hence, the resulting observables show effects from Fermi
motion. However, for the case of the proton, the polarisation observable E, and the
helicity dependent cross sections σ1/2 and σ3/2 were also extracted as a function of the
final state energy and thus are not affected by Fermi motion. The final results are
shown in Sec. 9.3.2. First, some consistency checks will be explained in Sec. 9.3.1 to
demonstrate the quality of the obtained results.

9.3.1 Consistency Checks

Different consistency checks were performed, namely investigating the inclusive reac-
tion, evaluating the quality of the carbon subtraction, and checking the robustness of
the measured asymmetry. The results of these checks will be discussed in this section.

Inclusive Reaction on the Neutron

The inclusive reconstruction of the reaction γn → η(n), i.e. not requiring the recoil
neutron, may lead to additional background, hence the identification had to be thor-
oughly checked. As explained in Sec. 7.1, the background from charged particles was
sufficiently reduced by requiring no hit in the charge sensitive detectors. To verify the
final reaction identification, the unpolarised inclusive cross section for η photoproduc-
tion off the neutron bound in deuterium was measured and compared to the exclusive
results, shown in Fig. 9.18 (a). The corresponding angular distributions are shown in
Fig. 9.18 (a). Furthermore, the obtained cross sections are compared to Fermi folded
model predictions by BnGa [48]. The systematic uncertainties are indicated by the red
shaded areas, not including 10% overall normalisation uncertainty. The inclusive cross
section (closed circles) is in agreement with the exclusive measurement (open circles)
and the Fermi folded model prediction by BnGa (solid black line). Small deviations
appear in the very top of the S11(1535) resonance, which originate from the most for-
ward cos (θ∗η) bin in the angular distributions. Overall the angular distributions are
much smoother than for the exclusive case, which can be partly assigned to the better
statistics, but also to the less sensitive detection efficiency.
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Figure 9.18: Total cross section (a) and angular distributions (b) for inclusive η photo-
production on the neutron for CBELSA/TAPS data (closed circles) for different bins of Eγ.
The data are compared to the exclusive analysis (open circles) and BnGA model predic-
tions [48] that were folded with Fermi motion (black line). The systematic uncertainties
for the inclusive reaction are indicated at the bottom (very small), not including 10%
overall normalisation uncertainty (identical for both data sets).
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Carbon Subtraction

As explained in Sec. 8.2 the sum of the two helicity states, σsum = σ1/2 + σ3/2, is equal
to twice the unpolarised cross section:

σsum = 2σ (9.2)

Eq. 9.2 is only valid if the carbon was properly subtracted previously, as described
in Sec. 8.10. Hence, this condition was used to verify the carbon subtraction. Fig.
9.19 compares σsum after the carbon subtraction to twice the unpolarised cross section
on deuterium. The results are shown for the proton (a) and the neutron (b). The
flux normalisation factor of 1.6, introduced in Sec. 8.6.2, was used to get a correct
normalisation. Within the statistical uncertainties, the results are consistent, which
demonstrates the reliability of the carbon subtraction.
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Figure 9.19: The sum of the two helicity states σsum obtained with the carbon subtraction
method (closed symbols) is compared to twice the unpolarised cross section (open symbols).
The sum was normalised by a factor of 1.6 to account for the flux normalisation issue
mentioned in Sec. 8.6.2. The results are shown for (a) the recoil proton and (b) the recoil
neutron.

Positive and Negative Target Polarisation

Experimental data were taken with the target polarisation in the positive and negative
z-direction. Hence, there are always two ways to get a parallel σ3/2 or an anti-parallel
σ1/2 configuration of the nucleon and photon spin. Using correct polarisation values
and normalisations, the following two ways should yield identical results:

E =
σ+− − σ++

σ+− + σ++
=

σ−+ − σ−−
σ−+ + σ−−

, (9.3)
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where the first of the two signs stands for the z-direction of the target polarisation,
and the second sign represents the photon helicity. Hence, σdi f f and σsum should be
independent of the target polarisation direction. Fig. 9.20 shows σdi f f (a) and σsum (b)
for the reaction on the proton using experimental data with positive (closed symbols)
and negative (open symbols) target polarisation direction. Only small deviations can
be seen, which are well within the statistical uncertainties. This comparison empha-
sises that the measured asymmetry is robust against changes of the target polarisation
and is stable over time. For the recoil neutron, the check is not very informative due
to the poor statistics. However, since the identical polarisation values and the same
analysis technique was used, Eq. 9.3 must hold for the case of the neutron as well.
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Figure 9.20: (a) σdi f f and (b) σsum for positive (closed squares) and negative (open
squares) direction of the target polarisation for quasi-free protons.

9.3.2 Results

As mentioned in Sec. 8.2, the double polarisation observable E was extracted via two
different methods, one using the carbon subtraction (version 1) and one by normalising
with the unpolarised cross section (version 2). For the CBELSA/TAPS data, version
2 could only be used when the flux was corrected with a factor of 1.6, which was
explained in Sec. 8.6.2. However, this factor does not play a role in version 1 since it
cancels there. To normalise the asymmetry in version 2, the unpolarised cross sections,
which were presented in Sec. 9.2, were used.

The results for the double polarisation observable E for both versions as a func-
tion of the incident photon energy are shown in Fig. 9.21 together with Fermi folded
model predictions by MAID [179] and BnGa [48] (fit without narrow N(1685)). For a
better visibility, the values of the points from version 2 were shifted by +5 MeV. The
systematic uncertainties were determined as explained in Sec. 8.12.2 and are indicated
by the shaded areas.

For both reactions (proton and neutron recoil), the results from the carbon subtrac-
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tion (vers. 1) and the direct measurement (vers. 2) are consistent, which demonstrates
that the cross sections were normalised correctly.
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Figure 9.21: Polarisation observable E extracted from CBELSA/TAPS data. The results
are shown for the exclusive reaction on the proton (a) and the inclusive reaction on the
neutron (b) as a function of the incident photon energy. The results are compared to Fermi
folded model predictions by MAID [179] (dashed line) and BnGa [48] (solid line). The
systematic uncertainties are indicated by the gray shaded areas. For a better visibility, the
points from version 2 (normalisation with the unpolarised cross section) were shifted by
+5 MeV with respect to version 1 (carbon subtraction method).

The polarisation observable E for the proton, shown in Fig. 9.21 (a), is unity close
to threshold, as predicted by the models due to the dominance of the S11 resonances.
Both, the S11(1535) and S11(1650) resonance only couple to σ1/2 due to their spin struc-
ture. Hence, over a wide energy range, σ1/2 is larger than σ3/2, which is also confirmed
by the experimental results shown in Figs. 9.22 (a) and (b). However, above 1 GeV
incident photon energy, the measured double polarisation observable E is lower than
predicted by the MAID and BnGa models. Around 1.8 GeV photon energy, E becomes
negative, and hence σ3/2 is larger than σ1/2. The models have no predictions for these
high energies.

For the neutron, shown in Fig. 9.21 (b), the measured observable is in agreement
with the model predictions by BnGa, which predicts a slow falloff to higher energies.
The falloff implies a moderate increase of the σ3/2 cross section, as seen in Fig. 9.22 (d).
The BnGa group has found small contributions from resonances with spin-parity 3/2+,
3/2−, and 5/2+. In contrast, the MAID model predicts a distinct dip for E around an
incident photon energy of 1 GeV on the neutron, and a peak in the σ3/2 cross section,
which corresponds to a large contribution of the D15(1675) resonance. According to
the PDG [6], the D15(1675) resonance has a larger coupling to the 3/2 than to the 1/2
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helicity state:

An
1/2 = (−0.060± 0.005) GeV−1/2 Ap

1/2
= (0.019± 0.008) GeV−1/2 (9.4)

An
3/2 = (−0.085± 0.010) GeV−1/2 Ap

3/2
= (0.020± 0.005) GeV−1/2 (9.5)

Furthermore, the contribution of the D15(1675) to σ1/2 is much smaller than the con-
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Figure 9.22: Helicity dependent cross sections extracted from CBELSA/TAPS data. The
results are shown for the exclusive reaction on the proton (a), (b), and the inclusive reac-
tion on the neutron (c),(d), as a function of the incident photon energy. The results are
compared to Fermi folded model predictions by MAID [179] (dashed line) and BnGa [48]
(solid line). The systematic uncertainties are indicated by the gray shaded areas. For a
better visibility, the points from version 2 (normalisation with the unpolarised cross sec-
tion) and version 3 (only polarised data) were shifted by ±5 MeV with respect to version
1 (E via carbon subtraction, helicity dependent cross sections with the unpolarised cross
sections, as given in Eqs. 8.15 and 8.16).
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tribution of the two strong S11 resonances. In the MAID model, the influence of the
D15(1675) resonance to the proton cross section is much smaller than to the neutron
cross section. However, as mentioned in Sec. 1.4.1, the PDG predicts a branching ratio
for ηN of almost zero percent. The results obtained from this work cannot reproduce
the peak-like structure in σ3/2, as seen in Fig. 9.22 (d). However, the interpretation of
the experimental results is not straightforward due to the limited statistics.

In addition to the results as a function of the incident photon energy, the observ-
ables were extracted as a function of the final state energy W for the proton. The results
are shown in Figs. 9.23 and 9.24, and are compared to the model predictions for the
free proton. Up to a final state energy of W = 1.75 GeV, the results are in agreement
with both models. The worse statistical quality of the data for higher energies makes
an interpretation of the results more difficult.

W [MeV]
1500 1600 1700 1800 1900 2000 2100

E

-0.5

0

0.5

1

1.5

E
pη→pγ

vers 1 MAID
vers 2 BnGa

Figure 9.23: Polarisation observable E extracted from CBELSA/TAPS data for the exclu-
sive reaction on the proton as a function of the incident photon energy. The results are
compared to model predictions by MAID [179] (dashed line) and BnGa [48] (solid line)
for the free proton. The systematic uncertainties are indicated by the gray shaded areas.
For a better visibility, the points from version 2 (normalisation with the unpolarised cross
section) were shifted by +5 MeV with respect to version 1 (carbon subtraction).
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Figure 9.24: Helicity dependent cross sections σ1/2 (a) and σ3/2 (b) extracted from
CBELSA/TAPS data. The results are shown for the exclusive reaction on the proton as
a function of the final state energy. The results are compared to model predictions by
MAID [179] (dashed line) and BnGa [48] (solid line) for the free proton. The systematic
uncertainties are indicated by the gray shaded areas. For a better visibility, the points from
version 2 (normalisation with the unpolarised cross section) and version 3 (only polarised
data) were shifted by±5 MeV with respect to version 1 (E via carbon subtraction, helicity
dependent cross sections with the unpolarised cross sections, as given in Eqs. 8.15 and
8.16).
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9.4 Polarisation Observable E from A2 Data

Fig. 9.25 shows the preliminary results obtained by the measurement of the double
polarisation observable E with the A2 experiment. As can be seen, the measured dou-
ble polarisation observable E is missing a factor of ∼ 1.5 close to threshold compared
to the expected value of E = 1 for both, proton and neutron. The small asymmetry E
is correlated with a large contribution of the σ3/2 cross section and a too small σ1/2 cross
section. To find the origin of this issue, consistency checks were performed, which are
explained in Sec. 9.4.1. The final results will then be presented in Secs. 9.4.2 and 9.4.3
as a function of the incident photon energy and the final state energy.
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Figure 9.25: Double polarisation observable E and helicity dependent cross sections for
the proton (first row) and for the neutron (second row) using the measured target polar-
isation values. The experimental asymmetry is a factor of ∼ 1.5 lower than predicted by
the models and seen in the CBELSA/TAPS results. For a better visibility, the points from
version 2 and version 3 were shifted by ±5 MeV with respect to version 1.

9.4.1 Consistency Checks

There are various reasons, which can cause too small double polarisation observable
E, which manifests either in the sum of the two helicity states, σsum, or the difference
of the two helicity states, σdi f f . Essentially, a too small double polarisation observable
E may be caused by a too large σsum or a too small σdi f f or a combination of the latter
two.

The carbon subtraction has a large influence on σsum and hence was checked first.
Furthermore, the carbon subtraction was used to verify the overall normalisation.
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9.4. POLARISATION OBSERVABLE E FROM A2 DATA

However, as explained in Sec. 8.2.1, the overall normalisation should not have an in-
fluence on the results, which were extracted according to version 1.

On the other hand, the magnitude of σdi f f depends predominantly on the polarisa-
tion degree of the target and the incident photon beam. Whereas there is no possibility
to check the target polarisation using the data (except the double polarisation observ-
able E for η photoproduction), the beam polarisation could be checked using the beam
helicity asymmetry I� in double pion production.

A third possibility is that an error in the analysis may be the origin of the problem.
However, the latter was essentially ruled out by the fact that the CBELSA/TAPS data
was processed using the same analysis procedures, and yielded the expected results.
Furthermore, for the verification of the analysis, A2 HButanol data was analysed to
extract results for the free proton. In addition, the stability of the extracted asymmetry
over time was checked.

All these checks will be discussed in detail in the following section.

Carbon Subtraction

As it was done for the CBELSA/TAPS data, the quality of the carbon subtraction in
the A2 data was checked by comparing the carbon subtracted sum of the two helic-
ity states, σsum, to twice the unpolarised cross section. The results are shown in Fig.
9.26 as a function of the final state energy W. Both decay channels of the η meson,
η → 2γ and η → 6γ, and the weighted average are shown. They are consistent over
the whole energy range. For the proton, shown in Fig. 9.26 (a), deviations of σsum from
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Figure 9.26: σsum obtained with the carbon subtraction method (coloured symbols), is
compared to twice the unpolarised cross section (black stars) of Ref. [55]. The results are
shown for both decay channels η → 2γ and η → 6γ, and for (a) the recoil proton and (b)
the recoil neutron. The deviation for the cross section on the proton must originate from
an imperfect proton detection efficiency correction.
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twice the unpolarised cross section occur in the maximum of the S11(1535) around
1500− 1600 MeV, which can be assigned to an imperfect proton detection efficiency
correction. In Sec. 8.8.1, it was shown that the cross section in this energy range is
very sensitive to the proton detection efficiency, since the protons in that energy range
are low energetic protons. The relative nucleon detection efficiency correction for the
dButanol experiment was extracted from a hydrogen measurement of April 2009, as
it was done in Ref. [56]. The hydrogen target had a length of 10 cm and a completely
different construction than the dButanol target, which may lead to a different proton
efficiency. Since this problem with the nucleon detection efficiency is also present in
σdi f f , it cancels in the double polarisation observable E. Even more, a correction of this
effect by fitting the carbon contribution would yield a less correct double polarisation
observable E. The systematics of this effect were checked by the different methods
used to extract the double polarisation observable E and the helicity dependent cross
sections (version 1-3). However, above W = 1.6 GeV, σsum is consistent with the unpo-
larised cross section, since there, the nucleon efficiency correction has no big influence.

For the neutron, as seen in Fig. 9.26 (b), the nucleon efficiency correction seems to
be fine and σsum is in agreement with twice the unpolarised cross section.

Fig. 9.27 shows σsum for each dButanol beamtime for the η → 2γ reaction on the
proton. As can be seen, the result from all different beamtimes are consistent and
all beamtimes are exhibiting the proton efficiency problem mentioned before. This
can also be seen in Fig. 9.28, where the angular distributions are shown. The proton
efficiency problem is more prominent at forward directions in the cm, which was also
seen by Werthmüller et al.[56]. The results for the neutron are not shown here for each
beamtime, since the statistics was very poor and an interpretation is not possible.

In summary, it was shown that the carbon subtracted sum is consistent with twice
the unpolarised cross section on deuterium for the neutron. For the proton, an issue
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Figure 9.27: σsum for the γp→ ηp reaction, where the η meson decays into two photons.
The result for each beamtime is compared to twice the unpolarised cross section of Ref. [55]
(black stars).
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with the proton efficiency correction was found, which only affects the cross sections
up to W = 1.6 GeV. This problem does not originate from the carbon subtraction itself.
In addition, it was demonstrated that the two decay channels η → 2γ and η → 6γ are
in agreement, as well as the cross sections from the different beamtimes.
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Figure 9.28: Angular distributions for σsum for the γp→ ηp reaction, where the η meson
decays into two photons. The result for each beamtime (same colours as in Fig. 9.27) is
compared to twice the unpolarised cross section of Ref. [55] (black stars). Only a selection
of bins is shown here.

Results from HButanol data

As previously mentioned, to rule out the possibility that the discrepancy in E was
caused by an error in the analysis, A2 HButanol data from November 2013 were anal-
ysed to verify the analysis procedure. As can be seen from the results in Fig. 9.29, the
inconsistency which occurred in the dButanol data could not be found in the HButanol
data. The deviations from E = 1 close to threshold can be explained by the prelimi-
nary analysis (no total normalisation, carbon contribution was fitted) and the fact that
also data runs with linear photon polarisation were used to gain enough statistics.

In summary, these results on the free proton, together with the results obtained
from CBELSA/TAPS data, show that it is very unlikely that an error in the analysis
code is the origin of the problem.

Check of the Photon Polarisation

As mentioned in the beginning of this section, the photon polarisation was checked
using the beam helicity asymmetry observable I� for double π0 photoproduction. The
beam helicity asymmetry is given by the following equation:

I�(Φ) =
σ+ − σ−

σ+ + σ−
=

1
Pγ

N+ − N−

N+ + N−
, (9.6)

where σ± are the cross sections for the two photon helicity states, N± are the corre-
sponding yields, Pγ is the degree of circular photon polarisation, and Φ is the angle

203



CHAPTER 9. RESULTS AND CONCLUSIONS

between the plane of the incident photon and recoil nucleon, and the plane spanned
by the two pions. First, I� was extracted for the deuterium target (black circles in Fig.
9.30) and compared to previous measurements by Oberle et al. [180], the results were
in good agreement (not shown). Hereby, the analysis procedure was checked. Fur-
thermore, I� was extracted using the dButanol and HButanol data, the corresponding
results are shown as blue and green circles in Fig. 9.30. The comparison of the dBu-
tanol and Hbutanol data to the results on deuterium is not straightforward due to the
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Figure 9.29: Results for the double polarisation observable E for the free proton (green
circles). The results are compared to model predictions by MAID [179] (dashed line) and
BnGa [48] (solid line).
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Figure 9.30: Helicity asymmetry I� for 2π0 photoproduction on the quasi-free proton.
Shown are the results for the deuterium target (black), the dButanol (blue) target and the
HButanol (green) target.
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different Fermi momentum distribution (the carbon contribution was not subtracted
to have better statistics). However, the results are consistent and show no sign that
the factor of ∼ 1.5 may originate from the photon polarisation. This could also be
confirmed by the ratio of the asymmetry from dButanol and HButanol, shown in Fig.
9.31, which was integrated over the whole energy range. The average ratio is around
unity, hence showing that the beam polarisation of the dButanol and HButanol ex-
periment are in agreement. As explained in the previous section, the HButanol data
did not show the same discrepancy in E as the dButanol results. Therefore, it can be
concluded that the photon polarisation cannot be the cause of the problem.
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Figure 9.31: Integrated ratio of the helicity asymmetry I� extracted from the HButanol
and dButanol target. The average ratio is 0.95 and shows that the measurement on HBu-
tanol and dButanol are in agreement.

Stability over Time and Correction of the Target Polarisation

To investigate the problem on E, it was crucial to look at the time dependence of the
asymmetry. Since the available statistics for η photoproduction was not sufficient for
that purpose, it was done using single π0 photoproduction by M. Dieterle [181]. The
asymmetry

A =
1

pe pT

P− A
P + A

, (9.7)

where P stands for the yields for parallel photon and nucleon spins, A stands for yields
for anti-parallel photon and nucleon spins, and pe, pT are the polarisation degree of
the electron beam and the target, respectively. The polarisation values shown in Figs.
3.3 and 3.8 were used. The asymmetry was integrated over all energies and is shown
as a function of the run number in Fig. 9.32. The different beam times, July 2013,
February 2014, and March 2015 are colour coded. The March 2015 beamtime is divided
into two parts, since the target polarisation direction was flipped after a certain time
from negative to positive polarisation. The average and median asymmetry value for
each beamtime is indicated in the figure as solid and dashed line, respectively. As
can be seen, the average asymmetry of the July 2013 (red) and February 2014 (blue)
beamtimes are equal and stable over time (apart from small fluctuations). Hence, it
can be excluded that the problem is caused by beam heating, a sudden change of the
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Figure 9.32: Asymmetry as a function of the run number for single π0 photoproduction.
The different beamtimes are colour coded. The target polarisation problem was investigated
during the last two blocks (yellow and magenta). The helicity asymmetry from the incident
photon beam was already adjusted before. Figure taken from Ref. [181].

polarisation degree during data taking, or effects due to the different direction of the
target polarisation (since the target polarisation was positive in July 2013 and negative
in February 2014).

As mentioned in Sec. 3.4.2, the March 2015 beamtime was used to perform several
target polarisation checks and it was found that the polarisation in the middle of the
target was significantly lower than in the outer parts. In this beamtime, the polarisa-
tion in the center of the target could be increased by tuning the polarisation frequency.
Hence, the measured asymmetry was larger than for the other beamtimes, as seen in
Fig. 9.32.

The average asymmetry was A ' 0.02284 for the July 2013 and February 2014
beamtime, A ' 0.02431 for the first part of March 2015, and A ' 0.02934 for the sec-
ond part. With these asymmetries, the data sets from March 2015 were normalised to
the July 2013 and February 2014 data sets. Hence, a factor of 0.02431/0.02284 ' 1.06
was used to normalise the first part of the March 2015 beamtime to the July 2013 and
February 2014 beamtimes, and a factor of 0.02934/0.02284 ' 1.28 was necessary to
scale the second part of March 2015. The relative target correction factors are sum-
marised in Table 9.3.

beamtime factor
July 2013: 1.00
February 2014: 1.00
March 2015, negative: 1.06
March 2015, positive: 1.28

Table 9.3: Relative target polarisation correction factors for the different beamtimes. The
values were determined using the asymmetry shown in Fig. 9.32.
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Having normalised the different data sets relative to each other, the final target po-
larisation values were found by scaling the double polarisation observable E to unity
in the region of the S11(1535) with a factor of 1.5. The normalisation was checked for
the reaction from the proton and from the neutron to get consistent results. The rel-
ative correction values from Table 9.3 together with the absolute value of 1.5 yielded
the following overall correction constants for the target polarisation:

beamtime factor
July 2013 1.50/1 = 1.50

February 2014: 1.50/1 = 1.50
March 2015, negative: 1.50/1.06 ' 1.41
March 2015, positive: 1.50/1.28 ' 1.17

Table 9.4: Overall target polarisation correction factors for the different beamtimes, which
were found by the re-normalisation of the double polarisation observable E for η photopro-
duction.

Hence, from the experimental extracted double polarisation observable E it was
found that the measured (with the surface coil) target polarisation values of the July
2013 and February 2014 experiment were a factor of 1.5 off, whereas the target polari-
sation values of March 2015 were a factor of 1.41 and 1.17 off for negative and positive
target polarisation, respectively. This finding is consistent with the values given in
Table 3.2: the measured target polarisation before the start of the March 2015 beam-
time (with similar settings as for July 2013 and February 2014) was a factor of 1.4 –
1.47 smaller in the center of the target than on the surface, which is comparable to the
factor of 1.5, which was determined from the double polarisation observable and a
weighting with the surface coil values. The factor of 1.41 and 1.17 from March 2015
can be explained by the fact that the asymmetry was weighted with the average target
polarisation values of the in-beam and the surface coil, hence with a too small polarisa-
tion value compared to the in-beam value. Hence, the correction factors for the target
polarisation values are consistent with the values determined from the measurement
with the two coils. However, it seems that the values measured with the in-beam coil
are still higher than the real target polarisation value, which can be explained by the
inhomogeneities.

Summary of all Consistency Checks

With the help of all consistency checks and the investigations of the target polarisation
of March 2015, the problem in the double polarisation observable E could be attributed
to a reduced target polarisation in the center of the target. All other causes such as an
error in the analysis, carbon subtraction, overall normalisation, helicity asymmetry
of the flux, photon polarisation, and beam heating could be ruled out by the checks
explained in this section. A major advantage in the finding of the cause can also be
assigned to the parallel analysis of A2 and CBELSA/TAPS data.

An overall correction of the target polarisation was found by a re-normalisation of
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the double polarisation observable E to unity in the region of the S11(1535). The values
shown in Table 9.4 are consistent with the measured target polarisation values from
March 2015 and hence all the results shown in the following sections were obtained
using these correction factors.

9.4.2 Results as a Function of the Incident Photon Energy Eγ

The final results for the double polarisation observable E for η photoproduction from
the proton and the neutron are shown in Fig. 9.33 for the A2 data as a function of
the incident photon energy. The results, which were extracted via the two different
methods described in Sec. 8.2, are compared to Fermi folded model predictions by
MAID [179] and BnGa [48] (fit without narrow N(1685)). Both decay channels of the
η meson, η → 2γ and η → 6γ, were statistically averaged as mentioned in Sec. 8.11.
For a better visibility, the points from version 2 were shifted by +5 MeV with respect
to version 1. The indicated systematic errors (gray shaded areas) were determined
from the deviation of the two different extraction versions and the uncertainty of the
polarisation values, as explained in Sec. 8.12.2.

For the proton, shown in Fig. 9.33 (a), the experimental results from version 1 are
consistent with the model predictions at low energies and start to differ around 1 GeV,
where the experimentally determined E is significantly lower than the model predic-
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Figure 9.33: Double polarisation observable E extracted from A2 data. The results were
averaged over both decay channels η → 2γ and η → 6γ and are shown as a function
of the incident photon energy Eγ for the proton (a) and the neutron (b). The results are
compared to Fermi folded model calculations by BnGa [48] and MAID [179]. For a better
visibility, the points from version 2 (normalisation with the unpolarised cross section)
were shifted by +5 MeV with respect to version 1 (carbon subtraction method). The
systematic uncertainties are indicated by the gray shaded areas. The discrepancy between
the different extraction versions at Eγ ≤ 850 MeV for the proton is caused by the unideal
nucleon detection efficiency correction.
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tions. Extraction version 2 is slightly lower than unity in the region of the S11(1535),
which can be explained by the imperfect nucleon detection efficiency correction, men-
tioned in Sec. 9.4.1, which cancels only in version 1, but not in version 2. For the
case of the neutron, shown in Fig. 9.33 (b), within statistical and systematic uncer-
tainties, the experimental results from both extraction versions are in agreement with
the model predictions by BnGa over the whole energy range. As already seen in the
CBELSA/TAPS data in Fig. 9.21, the dip in E seen by the MAID model cannot be
reproduced.

Figs. 9.34 and 9.35 show the corresponding helicity dependent cross sections for
the proton and neutron, respectively. The three extraction versions introduced in Sec.
8.3 are compared to Fermi folded model predictions by MAID [179] and BnGa [48].
For a better visibility, the points from version 2 and version 3 were shifted by ±5 MeV
with respect to version 1.

The shape of the σ1/2 cross section on the proton, shown in Fig. 9.34 (a), is very sim-
ilar to the model results. However, the overall magnitude of the experimental result
is approximately 12% smaller than the models. At least part of this effect is caused by
the fact that the unpolarised cross section as a function of Eγ from Ref. [55], which was
used for the normalisation of version 1, is slightly lower than the Fermi folded model
predictions. Extraction version 2 and version 3 are even lower, which is mainly due to
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Figure 9.34: Helicity dependent cross sections σ1/2 (a) and σ3/2 (b) extracted from A2 data.
The results were averaged over both decay channels η → 2γ and η → 6γ and are shown
as a function of the incident photon energy Eγ for the proton. The results are compared
to Fermi folded model calculations by BnGa [48] and MAID [179]. For a better visibility,
the points from version 2 (normalisation with the unpolarised cross section) and version
3 (only polarised data) were shifted by ±5 MeV with respect to version 1 (E via carbon
subtraction, helicity dependent cross sections with the unpolarised cross sections, as given
in Eqs. 8.15 and 8.16). The systematic uncertainties are indicated by the gray shaded
areas. The discrepancy between the different extraction versions at Eγ ≤ 850 MeV for the
proton is caused by the unideal nucleon detection efficiency correction.
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the previously mentioned proton efficiency problem. This is also the reason for the
deviations at low energies in σ3/2 and the larger systematic uncertainties in the region
of the S11(1535). However, this effect can not fully account for the stronger contribu-
tion of the σ3/2 cross section above 1 GeV incident photon energy than expected from
the models, as can be seen in Fig. 9.34 (b).

As shown in Fig. 9.35, the situation for the neutron is similar. The shape of the ex-
perimentally measured σ1/2 cross section is nicely reproduced by the models, which are
only marginally higher. Within statistical uncertainties, the σ3/2 for the neutron is con-
sistent with the model results by BnGa and the large contribution from the D15(1675)
resonance in the MAID model can be clearly ruled out. The three different versions
for the extraction are in good agreement, demonstrating that the neutron efficiency is
well understood.
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Figure 9.35: Helicity dependent cross sections σ1/2 (a) and σ3/2 (b) extracted from A2 data.
The results were averaged over both decay channels η → 2γ and η → 6γ and are shown
as a function of the incident photon energy Eγ for the neutron. The results are compared
to Fermi folded model calculations by BnGa [48] and MAID [179]. For a better visibility,
the points from version 2 (normalisation with the unpolarised cross section) and version
3 (only polarised data) were shifted by ±5 MeV with respect to version 1 (E via carbon
subtraction, helicity dependent cross sections with the unpolarised cross sections, as given
in Eqs. 8.15 and 8.16). The systematic uncertainties are indicated by the gray shaded
areas.

9.4.3 Results as a Function of the Final State Energy W

The double polarisation observable E and the helicity dependent cross sections were
also extracted as a function of the final state energy W. The resulting double polari-
sation observable E is shown in Fig. 9.36 (a) for the proton and in (b) for the neutron.
The two different extraction versions are shown by different colours and for a better
visibility, the points from version 2 were shifted by +5 MeV with respect to version 1.
As for the results as a function of the incident photon energy, the two decay channels

210



9.4. POLARISATION OBSERVABLE E FROM A2 DATA

of the η meson, η → 2γ and η → 6γ, were statistically averaged as mentioned in
Sec. 8.11. The indicated systematic errors (gray shaded areas) were determined from
the deviation of the two different extraction versions and the uncertainty of the pho-
ton polarisation, as explained in Sec. 8.12.2. The uncertainty of the target polarisation
is not included in that calculation. The experimental results are compared to model
predictions by MAID [179] and BnGa [48] for the free proton and neutron.

The results for the double polarisation observable E for the proton are very similar
to the results as a function of the incident photon energy. Again, extraction version
2 is slightly lower than version 1 due to the nucleon efficiency problem, which also
leads to a larger systematic uncertainty in this energy range. For both versions, the
measured double polarisation observable E is approximately unity close to threshold,
as it is also predicted by the models. The observed modulation close to threshold
can be partly assigned to the proton efficiency and the quasi-free kinematics. Fermi
motion effects might play a role since the calculation of the Fermi folded photon flux
close to threshold is very sensitive. Still, in this energy range the deviation from the
model predictions are clearly within the systematic uncertainties. Around a final state
energy of 1.6 GeV, the measured double polarisation observable E starts to drop and
exhibits a dip at W = 1710 MeV, which is much more pronounced than in the results
as a function of the incident photon energy since there are no effects of Fermi motion.
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Figure 9.36: Double polarisation observable E extracted from A2 data. The results were
averaged over both decay channels η → 2γ and η → 6γ and are shown as a function of the
incident photon energy Eγ for the proton (a) and the neutron (b). The results are compared
to model calculations by BnGa [48] and MAID [179]. For a better visibility, the points
from version 2 (normalisation with the unpolarised cross section) were shifted by +5 MeV
with respect to version 1 (carbon subtraction method). The systematic uncertainties are
indicated by the gray shaded areas. The discrepancy between the different extraction ver-
sions at W < 1.6 GeV for the proton is caused by the unideal nucleon detection efficiency
correction.
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The models also predict a dip structure, however, it is situated at lower energies and
is much less distinct. In the BnGa model the dip structure at W = 1685 MeV was
traced back to the opening of the KΣ threshold [48]. On the other hand, the MAID
model has contributions from several different resonances in that energy range, the
S11(1650), D15(1675), F15(1680), D13(1700), P11(1710), and P13(1720). However, the
PDG η branching ratio of the D15(1675), F15(1680), and the D13(1700) resonances is
almost zero.

The corresponding helicity dependent cross sections for the proton are shown in
Fig. 9.37. As can be seen, the peak of the S11(1535) in σ1/2 is slightly lower than both
model predictions and consequently the σ3/2 cross section has a larger contribution.
The contribution in σ3/2 is the largest for extraction version 2 and hence is caused by
the proton efficiency. At higher energies, around W = 1.7 GeV, the dip structure in
σ1/2 predicted by the models is not seen in the experimental results, but a stronger
contribution of σ3/2 is visible. This dip structure was not perfectly reproduced by the
unpolarised cross sections from quasi-free protons by Werthmüller et al. [55], however,
the dip was nicely seen in the quasi-free proton cross sections from this work using
CBELSA/TAPS data, as seen in Fig. 9.11. Resolution effects might play a certain role
here, since the resolution is better for the CBELSA/TAPS data than for A2 data. A
possible candidate for the enhancement around W ∼ 1720 in the σ3/2 cross section is
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Figure 9.37: Helicity dependent cross sections σ1/2 (a) and σ3/2 (b) extracted from A2
data. The results were averaged over both decay channels η → 2γ and η → 6γ and
are shown as a function of the incident photon energy Eγ for the proton. The results are
compared to model calculations by BnGa [48] and MAID [179]. For a better visibility,
the points from version 2 (normalisation with the unpolarised cross section) and version
3 (only polarised data) were shifted by ±5 MeV with respect to version 1 (E via carbon
subtraction, helicity dependent cross sections with the unpolarised cross sections, as given
in Eqs. 8.15 and 8.16). The systematic uncertainties are indicated by the gray shaded areas.
The discrepancy between the different extraction versions at W < 1.6 GeV is caused by
the unideal nucleon detection efficiency correction.
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the N(1720)3/2+ resonance. The PDG has no prediction for the A3/2 coupling of this
resonance.

The double polarisation observable E for the neutron as a function of the final state
energy W is shown in Fig. 9.36 (b). The results show the same slow falloff as it was
already seen in the results as a function of the incident photon energy in Fig. 9.33. For
the neutron, both extraction versions are in good agreement and the measured polar-
isation observable is consistent with the results predicted by the BnGa model. The
results are in clear contradiction to the MAID model, which was already seen by the
CBELSA/TAPS results, shown in Sec. 9.3.2. Besides the double polarisation observ-
able E, the helicity dependent cross sections were extracted. The results are shown in
Fig. 9.38 for the neutron. The results are very interesting, since as seen in Fig. 9.38 (a),
the narrow structure around 1.68 GeV is clearly a feature of the σ1/2 and not of the σ3/2

cross section. This is also predicted by the BnGa model by the constructive interfer-
ence of the S11(1535) and the S11(1650) resonance. On the contrary, for the proton, a
destructive interference of these resonances was seen by BnGa. The model calculation
found the electromagnetic couplings for the two resonances given in Table 9.5. From
these couplings one would expect the interference to be constructive for the proton
and destructive for the neutron. However, the hadronic phase for the decay of the
resonance into Nη is positive for the S11(1535) and negative for the S11(1650). Hence,
the interference of the two resonances is constructive for the neutron and destructive
for the proton. [48]
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Figure 9.38: Helicity dependent cross sections σ1/2 (a) and σ3/2 (b) extracted from A2 data.
The results were averaged over both decay channels η → 2γ and η → 6γ and are shown
as a function of the incident photon energy Eγ for the neutron. The results are compared to
model calculations by BnGa [48] and MAID [179]. For a better visibility, the points from
version 2 (normalisation with the unpolarised cross section) and version 3 (only polarised
data) were shifted by±5 MeV with respect to version 1 (E via carbon subtraction, helicity
dependent cross sections with the unpolarised cross sections, as given in Eqs. 8.15 and
8.16). The systematic uncertainties are indicated by the gray shaded areas.
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channel S11(1535) S11(1650)
[GeV−1] [GeV−1]

p (0.114± 0.008) (0.032± 0.007)
n (−0.095± 0.006) (0.019± 0.006)

Table 9.5: Helicity Breit-Wigner couplings from the BnGa model. Values taken from [48].

In summary, the BnGa model nicely describes the results from the neutron over
the whole energy range. The MAID model fails to describe the narrow structure and
the overall shape of the double polarisation observable E and the helicity dependent
cross sections for the case of the neutron.

9.5 Discussion of the Polarisation Observables

In this section, some additional aspects of the polarised results, i.e. the double polar-
isation observable E and the helicity dependent cross sections, will be discussed and
the results from the CBELSA/TAPS and the A2 experiment will be compared.

9.5.1 Angular Distributions

The results for the helicity dependent cross sections obtained from A2 data, shown in
Sec. 9.4, were calculated by fitting the angular distributions with Legendre polynomi-
als of third order, as given by the following equation:

dσ

dΩ
(W, cos θ∗η) =

q∗(W)

k∗(W)

3

∑
i=0

Ai(E)Pi(cos θ∗η) , (9.8)

where Ai are the Legendre coefficients as already introduced in Eq. 8.5, Pi(cos θ∗η) are
the Legendre polynomials, q∗(E) and k∗ are the momenta of the η meson and the inci-
dent photon beam in the cm frame, respectively, and q∗(E)/k∗ is the phasespace factor.
The extracted Legendre coefficients for extraction version 1 are shown in Fig. 9.39 for
σ1/2 and σ3/2. Extraction version 1 is considered to give the most reliable results, since
in the corresponding determination of E almost all systematic effects cancel out and
the helicity dependent cross sections were calculated using published cross sections,
as mentioned in Secs. 8.2 and 8.3. The experimental results are compared to the model
predictions by MAID (dashed green line) and by BnGa. For the neutron, three different
BnGa solutions are shown, which show significant differences. Two predictions with
a narrow N(1685) resonance are shown, one solution has a positive (dotted line) and
one has negative (dash-dotted line) A1/2 coupling. The third prediction is the solution
without a narrow resonance (solid line), which was favoured in Ref. [48].

For the neutron, the BnGa models describe the experimental data for σ1/2 better
than the MAID model. A distinction between the three different BnGa predictions is
not straightforward due to the statistical quality of the experimental data. However,
the A1 coefficient of σ1/2 has a distinct dip around W ∼ 1685 MeV, which is also seen
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Figure 9.39: Legendre Coefficients A0 – A3 (rows) as defined in Eq. 9.8, which were
extracted from the A2 data (extraction version 1). First column: coefficients for the 1/2

helicity state (closed circles) for the reaction on the proton. Second column: coefficients
for the 3/2 helicity state (open circles) for the reaction on the proton. Third and fourth
column: same for the reaction on the neutron. The experimental results (blue and red
markers) are compared to the coefficients extracted from model predictions by MAID [179]
(dashed green line) and BnGa [48]. Three different BnGa models predictions are shown for
the neutron: fit with a narrow N(1685) resonance with positive (dotted line) or negative
(dash-dotted line) A1/2 coupling, and fit without a narrow resonance (solid line). The po-
sition of the narrow structure at W = 1685 MeV in the neutron cross section is indicated
by a dashed vertical line.

in the BnGa model with the narrow N(1685) resonance with the positive helicity cou-
pling (dotted line). The BnGa model without the narrow resonance (solid line) has a
step-like structure around the same energy. The BnGa prediction with the negative
helicity coupling (dashed-dotted line) shows the opposite behaviour in A1 than seen
in the experimental data. An interpretation of the σ3/2 coefficients for the neutron is
not easy due to the error bars, however, the MAID model seems to fit better for A1 –
A3.
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For the proton, the MAID model is in better agreement with the experimental data
than the BnGa model at energies below W = 1800 MeV. At higher energies, the exper-
imental results are closer to the BnGa model, which is most obvious in A1 of σ1/2. In A3

of σ1/2, the BnGa model is already above W = 1680 MeV in better agreement with the
experimental data than the MAID model. The discrepancies in A1 – A3 for the proton
below W = 1650 MeV can be partly attributed to the issues with the proton efficiency,
as it was already seen by D. Werthmüller [56]. The coefficients σ3/2 for the proton are
very small and an interpretation is hard due to the quite large experimental error bars.

The angular distributions for the polarisation observable E, as well as for the he-
licity dependent cross sections for the proton are shown in Figs. 9.40 – 9.42 and for the
neutron in Figs. 9.43 – 9.45. Here, the results are shown for different bins of the final
state energy W. The angular distributions for bins of the incident photon energy are
shown in App. E. As mentioned before, two different extraction versions were used
for the polarisation observable E and three versions for the helicity dependent cross
sections. For a better visibility, the points of the angular distributions of version 2 and
version 3 were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1. The angular
distributions of the σ1/2 and σ1/2 cross section from extraction version 1 were fitted with
Legendre polynomials of third order, the function is indicated by a green line. The
experimental results are compared to the model predictions by BnGa (only the model
without the narrow resonance, solid lines) and MAID (dashed lines). For the experi-
mental data, five cos (θ∗η) bins were chosen and the systematic uncertainty is indicated
by the gray area.
The angular distributions of the double polarisation observable E for the proton, shown
in Fig. 9.40, are flat at low energies up to W ∼ 1620 MeV. At higher energies, a mod-
ulation occurs, which cannot be reproduced by the BnGa model. In the energy region
of the dip, around 1700 MeV, the measured asymmetry is forward peaking, whereas
the BnGa model is peaking in the backward direction. In that energy range, the ex-
perimental data is better reproduced by the MAID model. The angular shape of the
corresponding helicity dependent cross section σ1/2 for the proton, shown in Fig. 9.41,
is similar for the BnGa and MAID model, however, the models are slightly higher than
the experimental data. The σ3/2 differential cross section is almost zero, as seen in Fig.
9.42 and hence has quite large statistical and systematic error bars. At medium ener-
gies, around 1700 MeV, the angular distributions from the experiment of σ3/2 show a
peak structure, which is neither predicted by the BnGa model nor the MAID model.

The angular distributions for the polarisation observable E for the neutron, shown
in Fig. 9.43, are in agreement with the model predictions by BnGa within the statistical
and systematic uncertainties. Above 1600 MeV, the MAID model shows a falloff for
E to forward angles, which is not seen in the experimental data. Also for the σ1/2

cross section, shown in Fig. 9.44, the BnGa model describes the experimental data
better than the MAID model. The angular modulation is almost identical to the BnGa
predictions. The corresponding angular distributions for the helicity dependent cross
section σ3/2, shown in Fig. 9.45, are very small, as it was also seen for the proton, the
statistical and systematic errors make an interpretation not straightforward. However,
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the MAID model exhibits a large excess between 1700 and 1800 MeV, which is not seen
in the experimental results.
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Figure 9.40: Angular distributions for the double polarisation observable E extracted
from A2 data for the proton. The results are shown in the cm of the η meson and the
final state nucleon. For a better visibility, the points of version 2 (blue) were shifted by
∆ cos (θ∗η) = +0.05 with respect to version 1 (green). The systematic uncertainties are
indicated by the gray shaded areas. The model predictions by BnGa [48] and MAID [179]
are indicated as solid and dashed line, respectively.
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Figure 9.41: Angular distributions for the helicity dependent cross section σ1/2 extracted
from A2 data for the proton. The results are shown in the cm of the η meson and the final
state nucleon. For a better visibility, the points of version 2 (blue) and version 3 (red)
were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1 (green). The systematic
uncertainties are indicated by the gray shaded areas. The model predictions by BnGa [48]
and MAID [179] are indicated as solid and dashed line, respectively. The Legendre fit for
version 1 is shown as a green line.
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Figure 9.42: Angular distributions for the helicity dependent cross section σ3/2 extracted
from A2 data for the proton. The results are shown in the cm of the η meson and the final
state nucleon. For a better visibility, the points of version 2 (blue) and version 3 (red)
were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1 (green). The systematic
uncertainties are indicated by the gray shaded areas. The model predictions by BnGa [48]
and MAID [179] are indicated as solid and dashed line, respectively. The Legendre fit for
version 1 is shown as a green line.
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Figure 9.43: Angular distributions for the double polarisation observable E extracted
from A2 data for the neutron. The results are shown in the cm of the η meson and the
final state nucleon. For a better visibility, the points of version 2 (blue) and version 3 (red)
were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1 (green). The systematic
uncertainties are indicated by the gray shaded areas. The model predictions by BnGa [48]
and MAID [179] are indicated as solid and dashed line, respectively.
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Figure 9.44: Angular distributions for the helicity dependent cross section σ1/2 extracted
from A2 data for the neutron. The results are shown in the cm of the η meson and the
final state nucleon. For a better visibility, the points of version 2 (blue) and version 3 (red)
were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1 (green). The systematic
uncertainties are indicated by the gray shaded areas. The model predictions by BnGa [48]
and MAID [179] are indicated as solid and dashed line, respectively. The Legendre fit for
version 1 is shown as a green line.
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Figure 9.45: Angular distributions for the helicity dependent cross section σ3/2 extracted
from A2 data for the neutron. The results are shown in the cm of the η meson and the
final state nucleon. For a better visibility the points of version 2 (blue) and version 3 (red)
were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1 (green). The systematic
uncertainties are indicated by the gray shaded areas. The model predictions by BnGa [48]
and MAID [179] are indicated as solid and dashed line, respectively. The Legendre fit for
version 1 is shown as a green line.
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9.5.2 Cross Sections for Different Polar Angles

Cross sections for five bins of the cm polar angle were extracted and are shown in
Fig. 9.46. The first row shows the σ1/2 results for the proton (blue), the second row
shows the σ3/2 cross sections for the proton (blue), the third and fourth row show the
corresponding cross sections for the neutron (red). The results are compared to the
BnGa and MAID model predictions. The overall agreement for σ1/2 and σ3/2 is quite
nice for the proton and the neutron. For the proton, the largest deviations occur in
the angular range of −0.6 < cos (θ∗η) < 0.2. In that range, the σ1/2 is smaller than
the model predictions and hence σ3/2 is larger. The agreement between experimental
and model results for the two most forward bins is striking. As it was already seen
in Sec. 9.4, the agreement between BnGa model prediction and experimental data is
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Figure 9.46: Cross sections for the two helicity components (extraction version 1) for the
proton (blue) and neutron (red) for five bins of the cm polar angle extracted from A2 data.
The experimental results (open circles and squares) are compared to the model predictions
by BnGa [48] and MAID [179]. For the neutron three different BnGa solutions are shown:
fit with a narrow N(1685) resonance with positive (dotted line) or negative (dash-dotted
line) A1/2 coupling, and fit without a narrow resonance (solid line).
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even better for the neutron. The narrow structure around W = 1.68 GeV is visible
over the whole angular range in σ1/2, as predicted by the BnGa model and shown
in the third row of Fig. 9.46. However, the structure in the experimental results for
σ1/2 is more pronounced for backward angles. The σ3/2 cross section is very small in
all angular bins. The BnGa solution without the narrow resonance (solid line) seems
to fit the best, however, also the solution with narrow N(1685) resonance shows a
similar behaviour. The BnGa solution with the negative helicity coupling is inferior
and the MAID model completely fails to describe the σ1/2 and σ3/2 cross sections for the
neutron.

9.5.3 Comparison of A2 and CBELSA/TAPS Results

Finally, the results obtained from the A2 and CBELSA/TAPS data are compared in
Fig. 9.47. The results from the CBELSA/TAPS data (open symbols) have of course
much inferior statistical quality than the A2 results (closed symbols). However, the
CBELSA/TAPS results cover an energy range up to Eγ = 1.85 GeV, whereas the A2
data are only available up to 1.4 GeV incident photon energy. Over the whole energy
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Figure 9.47: Comparison of the polarisation observable E (a,d) and the helicity dependent
cross sections σ1/2 (b,e) and σ3/2 (c,f) as a function of the incident photon energy from A2
(closed circles) and CBELSA/TAPS data (open circles). The results for the reaction on the
proton are shown in (a) – (c) and the results on the neutron are shown in (d) – (f) for
extraction version 1.
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range, the results from the different experiments are in nearly perfect agreement. This
can not only be seen in the polarisation observable E, but also in the helicity depen-
dent cross sections σ1/2 and σ3/2. The deviation of the two points in the peak of the σ1/2

cross section for the neutron is most probably caused by remaining background in the
inclusive cross section. As seen in Sec. 9.3.1, this issue is only present for incident pho-
ton energies below 850 MeV. The results as a function of the final state energy can only
be compared for the proton, since for the CBELSA/TAPS data the neutron could only
be extracted inclusively. The results are shown in Fig. 9.48. Also here, the agreement
is very good, some small deviations can be assigned to statistical fluctuations.
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Figure 9.48: Comparison of the double polarisation observable E and the helicity depen-
dent cross sections as a function of the final state energy W from A2 (closed circles) and
CBELSA/TAPS data (open circles). The results are shown for the reaction on the proton
(the neutron was extracted only as a function of Eγ for CBELSA/TAPS data).
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9.6 Conclusions

A precise investigation of the nucleon excitation spectrum is crucial for the under-
standing of the nucleon structure and the properties of the underlying strong inter-
action. However, the excitation spectrum is complex, consisting of many broad and
overlapping resonances. As a consequence, significant discrepancies between model
predictions and experimentally observed states were found. To clarify the situation,
a complete set of observables is necessary, which can be used for a model indepen-
dent partial wave analysis. A complete set of observables consists of the four single
polarisations observables and at least four double polarisation observables. The dou-
ble polarisation observables are sensitive to small contributions from resonances and
hence allow to access new information.

In the present work, unpolarised cross sections and the double polarisation ob-
servable E was measured for η photoproduction from protons and neutrons. In the
last years, η photoproduction has drawn some attention, since previous experiments
have shown a narrow structure on the neutron, which is not visible on the proton.
The main aim of the present work was to examine the robustness of this structure and
restrict its quantum numbers.

For this purpose, unpolarised cross sections were extracted from quasi-free pro-
tons and neutrons bound in a 3He and a deuterium target using the A2 and CBELSA/
TAPS experiment, respectively. The narrow structure could be confirmed in both mea-
surements. The existence of the structure in two fundamentally different nuclear en-
vironments excludes the possibility that the structure is caused by nuclear effects as
re-scattering of mesons or FSI. The extracted width and position of the observed struc-
ture are consistent with previous results by Werthmüller et al. [52] and are given in
Table 9.6.

WR [MeV] Γ [MeV]
√

bη An
1/2

[10−3GeV1/2]
3He, this work 1675± 2 62± 8 (46± 8) 11.9± 1.2
LD2, this work 1667± 3 35± 3 (23± 2) 13.4± 2

LD2, Werthmüller [52] 1670± 1 50± 2 (29± 3) 12.3± 0.8

Table 9.6: Parameters of the narrow structure from the present work compared to previous
results from Ref. [52]. The values in the parentheses were obtained from a fit, which was
folded with experimental resolution.

The properties of the narrow structure were further investigated via the double
polarisation observable E and the helicity dependent cross sections σ1/2 and σ3/2. The
helicity dependent cross sections are ideally suited to reveal the spin structure of
resonances. In general, resonances with spin 1/2 couple only to σ1/2, whereas reso-
nances with spin ≥ 3/2 couple also to σ3/2. For this work, double polarisation data
were taken with the CBELSA/TAPS and the A2 experiments using a longitudinally
polarised dButanol target and a circularly polarised photon beam. The double polar-
isation observable E obtained in this work are the first available data for the neutron
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and show that the narrow structure on the neutron is only visible in σ1/2 and not in
σ3/2, indicating that the structure must be related to S11 or P11 partial waves. The BnGa
model [48] is able to describe this behaviour quite well using the interference of the
two well-known resonances S11(1535) and S11(1650). However, this fit induces a sign
change of the electromagnetic A1/2 coupling of the S11(1650) resonance for the neu-
tron with respect to the current PDG value and is in contradiction with quark model
predictions. The BnGa solution with a narrow N(1685) resonance with positive A1/2

coupling, which had a worse χ2 in Ref. [48], shows a similar behaviour and hence can-
not be rejected by this work. The MAID model, which predicts the large contribution
of the D15(1675) resonance, does not describe the measured asymmetries.

For the proton, currently only the CLAS collaboration has recently published first
results on the double polarisation observable E for the free proton [68]. However,
the results do not cover the full angular range and have broader energy bins than the
results of this work. A comparison of the quasi-free proton results of the current work
to model predictions by BnGa and MAID has shown some discrepancies above a final
state energy of 1650 MeV, which need further investigations from the theoretical side.
The results of this work contribute to the world database on the complete experiment
in η photoproduction and give input for new partial wave analyses. Furthermore,
the first results on the double polarisation observable E for η photoproduction on the
neutron could clarify the origin of the narrow structure on the neutron.
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Appendix A

Hadron Multiplets

Hadrons are bound states of quarks. They can be divided into two groups, the mesons
with integer spin and the baryons with half-integer spin. According to the quark
model, originally proposed by M. Gell-Mann [9, 10] and G. Zweig [11], hadrons with
u,d, and s quarks can be organised in flavour SU(3) multiplets. The motivation for
this symmetry is that the strong interaction is not depending on the quark flavour
(not an exact symmetry since ms > mu ∼ md).

A.1 Meson Multiplets

Mesons consist of a quark and an antiquark. If one takes into account the three lightest
quark flavours u, d and s, nine combinations are possible. They can be grouped into
an octet and a singlet according to the symmetry of the states

3⊗ 3̄ = 8⊕ 1 (A.1)

Depending on the spin coupling of the quarks one gets the pseudoscalar JP = 0−

and vector meson JP = 1− nonet. Each nonet is composed of one isospin triplet, two
doublets and two singlets. The multiplets are shown in meson Figure A.1.
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Figure 1: (a) The lowest-lying pseudoscalar meson states (JP = 0−). (b) The
vector meson nonet (JP = 1−).

1

Figure A.1: The nonets of pseudoscalar mesons with JP = 0− (left) and vector mesons
with JP = 1−) (right). The third component of the isospin I3 is plotted on the x-axis,
while the y-axis is the strangeness S.
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A.2 Baryon Multiplets

With a similar argumentation as for the mesons, the light baryons made of three
quarks can be assigned to multiplets:

3⊗ 3⊗ 3 = 1⊕ 8⊕ 8⊕ 10 (A.2)

Protons and neutrons are members of the octet [182]. The weight diagrams for the
baryons in shown in Figure A.2 and A.3.
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Figure A.2: The mixed symmetric baryon octet of SU(3)
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Figure A.3: The symmetric baryon decuplet of SU(3)

A.3 Antidecuplet of Pentaquarks

Already in 1964 M. Gell-Mann suggested the existence of a bound state of five quarks.
As mentioned in section 1.4.1, χQSM predicts the existence of the exotic antidecuplet
of pentaquarks with JP = 1/2+. The antidecuplet is shown in Figure A.4. The red
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member is the tentative N(1710) state, which is a possible candidate for the narrow
structure observed in η photoproduction on the neutron.

ddssu
Ξ0π+ or Σ+K0

uussd
Ξ−π− or Σ−K−

Ξ3/2(2070)

Σ(1890)

N(1710)

uudds

Θ+(1530)nK+ or pK0

1

Figure A.4: Baryon antidecuplet of pentaquarks. Red indicated is the non-strange mem-
ber, which has been assigned to the N(1710).
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Appendix B

Polarisation Observables

B.1 General Form of the Cross Section

The most general form of the cross section including higher order terms can be written
as follows [183]:

dσB,T,R(~Pγ, ~PT , ~PR) =
1
2

{
dσ0

[
1− Pγ

L PT
y PR

y′ cos(2φγ)
]

+Σ̂
[
−Pγ

L cos(2φ) + PT
y PR

y′
]

+T̂
[

PT
y − Pγ

L PR
y′ cos(2φγ)

]

+P̂
[

PR
y′ − Pγ

L PT
y cos(2φγ)

]

+Ê
[
−Pγ

c PT
z + Pγ

L PT
x PR

y′ sin(2φγ)
]

+Ĝ
[

Pγ
L PT

z sin(2φ) + Pγ
c PT

x PR
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+F̂
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Pγ
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x + Pγ
L PT

z PR
y′ sin(2φγ)

]

+Ĥ
[

Pγ
L PT

x sin(2φ)− Pγ
c PT

z PR
y′
]

+Ĉx′
[

Pγ
c PR

x′ − Pγ
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y PR
z′ sin(2φγ)

]

+Ĉz′
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y PR
x′ sin(2φγ)
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+Ôz′
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z′ cos(2φγ)
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PT
x PR

z′ + Pγ
L PT

z PR
x′ cos(2φγ)

]}
. (B.1)

”Each single polarization observable has another higher order term that depends on two polar-
ization quantities, and each double has another term dependent on three polarizations.” [38]
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B.2 Complete Set of Observables

The following table summarises all the possible combinations for a set of complete
observables as suggested by Chiang and Tabakin [40].

G X X X X X X X X X X X X X X X X X X X X X X X X
H X X X X X X X X BT
E X X X X X X X X
F X X X X X X X X

Ox X O O O O O X O O O O O O O X O O O
Oz X O O O O O O X O O O O O O X O O O BR
Cx O X O O O O O O X O O O O O O X O O
Cz O X O O O O O O O X O O O O O X O O

Tx O O O O X O O O O O O O X O O O X O
Tz O O O O O X O O O O O O X O O O X O T R
Lx O O O O O O X O O O O O O X O O O X
Lz O O O O O O O X O O O O O X O O O X

G
H X X X X X X X X X X X X X X X X BT
E X X X X X X X X X X X X X X X X
F X X X X X X X X X X X X X X X X

Ox X O O O X O O O O O O O X O O O O O
Oz X O O O O X O O O O O O X O O O O O BR
Cx O X O O O O X O O O O O O X O O O O
Cz O X O O O O O X O O O O O X O O O O

Tx O O X O O O O O X O O O O O X O O O
Tz O O X O O O O O X O O O O O O X O O T R
Lx O O O X O O O O O X O O O O O O X O
Lz O O O X O O O O O X O O O O O O O X

G X O O O O O X O O O O O O O X O O O
H X O O O O O O X O O O O O O X O O O BT
E O X O O O O O O X O O O O O O X O O
F O X O O O O O O O X O O O O O X O O

Ox X X X X X X X X X X X X X X X X X X X X X X X X
Oz X X X X X X X X BR
Cx X X X X X X X X
Cz X X X X X X X X

Tx O O O O X O O O O O O O X O O O X O
Tz O O O O O X O O O O O O O X O O O X T R
Lx O O O O O O X O O O O O X O O O X O
Lz O O O O O O O X O O O O O X O O O X

Table B.1: All possible combinations for a complete set of observables needed to unam-
biguously determine the amplitudes. The ‘X’ indicate three initially selected measure-
ments, and ‘O’ indicate the possible choices for fourth observable. [40]
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Appendix C

Efficiencies

Fig. C.1 and Fig. C.2 show the angular efficiencies for the A2 deuterium and dButanol
target, respectively. The efficiencies were determined for the cm system of the incident
photon beam and the target, assuming the nucleon at rest. The reaction on the proton
is shown in blue, whereas the reaction on the neutron is shown in red. The η → 2γ

decay channels is shown as a solid line, the η → 6γ decay channels is shown as a
dashed line.
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Figure C.1: Detection efficiency for γp→ ηp (blue) and γn→ ηn (red) for the A2 LD2
target. The cos (θ∗η) distribution is shown is shown as a function of the incident photon
energy Eγ for both decay channels, η → 2γ (solid line) and η → 6γ (dashed line).
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Figure C.2: Detection efficiency for γp → ηp (blue) and γn → ηn (red) for the A2
dButanol target. The cos (θ∗η) distribution is shown as a function of the incident photon
energy Eγ for both decay channels, η → 2γ (solid line) and η → 6γ (dashed line).
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Fig. C.3 shows the angular efficiency in the cm system of the incident photon beam
and the target for the CBELSA/TAPS deuterium target. The reaction on the proton is
shown in blue, whereas the reaction on the neutron is shown in red.
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Figure C.3: Detection efficiency for γp → ηp (blue), γn → ηn (red) and γN →
η(N) (black) for the CBELSA/TAPS LD2 target. The cos (θ∗η) distribution is shown as a
function of the incident photon energy Eγ.
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Appendix D

Systematic Uncertainties for the 3He
Cross Sections

Figs. D.1 and D.2 show the relative systematic uncertainties for the 3He cross sec-
tions. Shown are the systematic uncertainties from the analysis cuts (blue), the nu-
cleon efficiency (red) and the CB energy sum (green) for the γ + p → η + p and the
γ+ n→ η + n reaction for both decay channels of the η meson. The uncertainties were
determined as explained in Sec. 8.12.1. However, the uncertainties from the nucleon
detection efficiency were determined using different cut positions in the analysis of
the free proton data, as described in Ref. [56].
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Figure D.1: Relative systematic uncertainties from the analysis cuts (blue), the nucleon
efficiency (red), and from the CB energy sum (green) for the γ + p→ η + p cross section
for the A2 3He target. The systematic uncertainties for the η → 2γ decay channel are
shown as solid lines, the uncertainties for the η → 6γ decay channel are shown as dashed
lines. The systematic uncertainties were determined as described in Sec. 8.12.1. However,
the uncertainties from the nucleon detection efficiency were determined using different
analysis cuts as described in Ref. [56]. The same variable energy binning as for the cross
sections and eight cos (θ∗η)-bins were used (mean value indicated).
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Figure D.2: Relative systematic uncertainties from the analysis cuts (blue), the nucleon
efficiency (red), and from the CB energy sum (green) for the γ + n→ η + n cross section
for the A2 3He target. The systematic uncertainties for the η → 2γ decay channel are
shown as solid lines, the uncertainties for the η → 6γ decay channel are shown as dashed
lines. The systematic uncertainties were determined as described in Sec. 8.12.1. However,
the uncertainties from the nucleon detection efficiency were determined using different
analysis cuts as described in Ref. [56]. The same variable energy binning as for the cross
sections and eight cos (θ∗η)-bins were used (mean value indicated).

241



APPENDIX D. SYSTEMATIC UNCERTAINTIES FOR THE 3HE CROSS . . .

242



Appendix E

Angular Distributions for the
Polarisation Observables

Figs. E.1 – E.6 show the angular distributions in the cm system of the incident photon
beam and the target, assuming the nucleon at rest. Figs. E.1, E.1, E.3 show the results
for the proton and Figs. E.4, E.5, E.6 show the results for the neutron. All cross sections
are shown for different bins of incident photon energy Eγ.
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Figure E.1: Angular distributions for the double polarisation observable E for different
bins of incident photon energy for the reaction on the proton. The two different extraction
versions, explained in Sec. 8.2 are shown. For a better visibility the points of version 2
(blue) were shifted by ∆ cos (θ∗η) = +0.05 with respect to version 1 (green). The sys-
tematic uncertainties are indicated by the gray shaded areas. The experimental results are
compared to model predications by BnGa [48] (solid line) and MAID (dashed line) [179].
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Figure E.2: Angular distributions for the helicity dependent cross section σ1/2 for different
bins of incident photon energy for the reaction on the proton. The two different extraction
versions, explained in Sec. 8.2 are shown. For a better visibility the points of version 2
(blue) and version 3 (red) were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1
(green). The systematic uncertainties are indicated by the gray shaded areas. The exper-
imental results are compared to model predictions by BnGa [48] (solid line) and MAID
(dashed line) [179].

245



APPENDIX E. ANGULAR DISTRIBUTIONS FOR THE POLARISATION . . .

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

725 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

755 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

785 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

815 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

845 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

875 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

905 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

935 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

965 MeV

-1 -0.5 0 0.5 1-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

995 MeV

-1 -0.5 0 0.5 1

-0.2

-0.1

0

0.1

0.2

0.3

0.4

1025 MeV

-1 -0.5 0 0.5 1

-0.2

-0.1

0

0.1

0.2

0.3

0.4

1055 MeV

-1 -0.5 0 0.5 1

-0.2

-0.1

0

0.1

0.2

0.3

0.4

1085 MeV

-1 -0.5 0 0.5 1

-0.2

-0.1

0

0.1

0.2

0.3

0.4

1120 MeV

-1 -0.5 0 0.5 1

-0.2

-0.1

0

0.1

0.2

0.3

0.4

1160 MeV

-1 -0.5 0 0.5 1-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1200 MeV

-1 -0.5 0 0.5 1-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1240 MeV

-1 -0.5 0 0.5 1-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1280 MeV

-1 -0.5 0 0.5 1-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1320 MeV

-1 -0.5 0 0.5 1-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1360 MeV

-1 -0.5 0 0.5 1

-0.1

0

0.1

0.2

0.3

0.4

1400 MeV

-1 -0.5 0 0.5 1

-0.1

0

0.1

0.2

0.3

0.4

-1 -0.5 0 0.5 1

-0.1

0

0.1

0.2

0.3

0.4

-1 -0.5 0 0.5 1

-0.1

0

0.1

0.2

0.3

0.4

vers 1
vers 2
vers 3
MAID
BnGa

-1 -0.5 0 0.5 1

-0.1

0

0.1

0.2

0.3

0.4

pη→pγ

-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 -0.5 0 0.5 1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

-0.2

-0.1

0

0.1

0.2

0.3

-0.1
-0.05

0
0.05

0.1
0.15
0.2

0.25
0.3

0.35

-0.1

0

0.1

0.2

0.3

)*ηθcos(

b/
sr

]
µ [

Ω
 /d

3/
2

σd

Figure E.3: Angular distributions for the helicity dependent cross section σ3/2 for different
bins of incident photon energy for the reaction on the proton. The two different extraction
versions, explained in Sec. 8.2 are shown. For a better visibility the points of version 2
(blue) and version 3 (red) were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1
(green). The systematic uncertainties are indicated by the gray shaded areas. The exper-
imental results are compared to model predictions by BnGa [48] (solid line) and MAID
(dashed line) [179].
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Figure E.4: Angular distributions for the double polarisation observable E for different
bins of incident photon energy for the reaction on the proton. The two different extraction
versions, explained in Sec. 8.2 are shown. For a better visibility the points of version 2
(blue) were shifted by ∆ cos (θ∗η) = +0.05 with respect to version 1 (green). The sys-
tematic uncertainties are indicated by the gray shaded areas. The experimental results are
compared to model predictions by BnGa [48] (solid line) and MAID (dashed line) [179].
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Figure E.5: Angular distributions for the helicity dependent cross section σ1/2 for different
bins of incident photon energy for the reaction on the neutron. The two different extrac-
tion versions, explained in Sec. 8.2 are shown. For a better visibility the points of version
2 (blue) were shifted by ∆ cos (θ∗η) = ±0.05 with respect to version 1 (green). The sys-
tematic uncertainties are indicated by the gray shaded areas. The experimental results are
compared to model predictions by BnGa [48] (solid line) and MAID (dashed line) [179].
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Figure E.6: Angular distributions for the helicity dependent cross section σ3/2 for dif-
ferent bins of incident photon energy for the reaction on the neutron. The two different
extraction versions, explained in Sec. 8.2 are shown. For a better visibility the points of
version 2 (blue) and version 3 (red) were shifted by ∆ cos (θ∗η) = ±0.05 with respect to
version 1 (green). The systematic uncertainties are indicated by the gray shaded areas.
The experimental results are compared to model predictions by BnGa [48] (solid line) and
MAID (dashed line) [179].
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Appendix F

Data Tables

The following tables contain all measured polarisation observables and cross sections
together with the corresponding statistical and systematic uncertainties. Appendix F.1
summarises the data from the differential and total cross sections for η photoproduc-
tion for the 3He target (A2 data). Appendix F.2 contains the data from the differential
and total cross sections using the LD2 target of the CBELSA/TAPS collaboration. In
Appendix F.3 and F.4, the data of the double polarisation observable E and the helicity
dependent cross sections are summarised for CBELSA/TAPS and A2 data, respec-
tively. Only the results from extraction version 1 (see Sec. 8.2) are given since they are
considered as the most reliable results. For the polarised CBELSA/TAPS data, only
the total distributions are given since no angular distributions were determined.
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APPENDIX F. DATA TABLES

F.1 Unpolarised Cross Sections from 3He (A2)

F.1.1 γN → η(N) as a Function of Eγ

Angular Distributions

Eγ=(655.0±25.0)MeV Eγ=(690.0±10.0)MeV Eγ=(710.0±10.0)MeV Eγ=(730.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6388 0.0043 0.0616 1.2074 0.0090 0.1319 1.6309 0.0137 0.1961 1.8741 0.0123 0.2272
−0.70 0.3647 0.0035 0.0397 0.8416 0.0079 0.1039 1.2269 0.0123 0.1592 1.5006 0.0111 0.1972
−0.50 0.2626 0.0032 0.0311 0.7073 0.0074 0.0901 1.0931 0.0119 0.1450 1.3789 0.0108 0.1917
−0.30 0.1927 0.0029 0.0257 0.5870 0.0071 0.0801 0.9768 0.0116 0.1367 1.2523 0.0107 0.1805
−0.10 0.1484 0.0027 0.0231 0.4873 0.0066 0.0710 0.8802 0.0110 0.1264 1.1455 0.0102 0.1679

0.10 0.1038 0.0025 0.0206 0.3938 0.0063 0.0645 0.7386 0.0105 0.1120 1.0501 0.0099 0.1609
0.30 0.0573 0.0022 0.0121 0.3116 0.0059 0.0554 0.6398 0.0101 0.1032 0.9324 0.0095 0.1498
0.50 0.0398 0.0020 0.0082 0.2236 0.0053 0.0422 0.5414 0.0093 0.0893 0.8389 0.0091 0.1336
0.70 0.0240 0.0017 0.0034 0.1676 0.0048 0.0288 0.4488 0.0088 0.0689 0.6727 0.0083 0.0963
0.90 0.0145 0.0015 0.0005 0.1204 0.0043 0.0120 0.3550 0.0079 0.0365 0.5898 0.0078 0.0572

Eγ=(747.5±7.5)MeV Eγ=(762.5±7.5)MeV Eγ=(777.5±7.5)MeV Eγ=(792.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 2.0126 0.0143 0.2537 2.0399 0.0168 0.2851 1.9424 0.0169 0.2347 1.8045 0.0167 0.2493
−0.70 1.6864 0.0135 0.2310 1.8130 0.0159 0.2572 1.7911 0.0164 0.2224 1.7781 0.0165 0.2222
−0.50 1.6181 0.0132 0.2283 1.7512 0.0159 0.2502 1.8157 0.0167 0.2401 1.8289 0.0165 0.2135
−0.30 1.5195 0.0131 0.2082 1.7134 0.0157 0.2543 1.7647 0.0165 0.2376 1.8504 0.0165 0.2116
−0.10 1.3911 0.0127 0.1935 1.5831 0.0153 0.2394 1.7287 0.0164 0.2269 1.7892 0.0164 0.2068

0.10 1.3186 0.0124 0.2001 1.5043 0.0149 0.2186 1.6539 0.0160 0.2179 1.7834 0.0163 0.2228
0.30 1.2125 0.0119 0.1929 1.4573 0.0146 0.2314 1.6005 0.0155 0.2179 1.6981 0.0158 0.2303
0.50 1.0984 0.0114 0.1760 1.3212 0.0141 0.2121 1.4783 0.0153 0.2062 1.6065 0.0153 0.2171
0.70 0.9563 0.0108 0.1351 1.1464 0.0132 0.1573 1.3482 0.0145 0.1775 1.4917 0.0146 0.1876
0.90 0.8280 0.0100 0.0759 1.0447 0.0129 0.0950 1.2266 0.0137 0.1329 1.3561 0.0141 0.1472

Eγ=(807.5±7.5)MeV Eγ=(822.5±7.5)MeV Eγ=(837.5±7.5)MeV Eγ=(852.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.7340 0.0169 0.1843 1.6694 0.0177 0.1557 1.5973 0.0187 0.1574 1.5862 0.0187 0.1200
−0.70 1.7805 0.0173 0.1945 1.7225 0.0180 0.1629 1.7037 0.0187 0.1561 1.6769 0.0188 0.1717
−0.50 1.8304 0.0171 0.2062 1.8300 0.0182 0.1775 1.7693 0.0190 0.1697 1.7837 0.0191 0.1917
−0.30 1.8971 0.0173 0.2109 1.8907 0.0181 0.1864 1.8887 0.0195 0.1864 1.8561 0.0194 0.1732
−0.10 1.8500 0.0167 0.1888 1.9239 0.0183 0.1997 1.8776 0.0191 0.1781 1.8768 0.0190 0.1779

0.10 1.8630 0.0168 0.1886 1.8972 0.0179 0.1960 1.8712 0.0189 0.1895 1.8837 0.0189 0.1914
0.30 1.7824 0.0166 0.1947 1.8293 0.0174 0.1944 1.8091 0.0186 0.1952 1.7858 0.0185 0.1876
0.50 1.7217 0.0163 0.1975 1.6849 0.0157 0.1891 1.7261 0.0181 0.1973 1.6873 0.0180 0.2003
0.70 1.5849 0.0153 0.1810 1.6025 0.0164 0.1867 1.5681 0.0174 0.1859 1.5655 0.0175 0.2019
0.90 1.4126 0.0149 0.1502 1.4285 0.0160 0.1636 1.4142 0.0169 0.1699 1.3909 0.0164 0.1736

Eγ=(867.5±7.5)MeV Eγ=(882.5±7.5)MeV Eγ=(897.5±7.5)MeV Eγ=(912.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.4755 0.0174 0.1085 1.4482 0.0164 0.1163 1.3557 0.0176 0.0992 1.2763 0.0173 0.1161
−0.70 1.5867 0.0177 0.1486 1.5361 0.0166 0.1365 1.4706 0.0181 0.1197 1.4031 0.0178 0.1287
−0.50 1.7268 0.0178 0.1643 1.6438 0.0171 0.1511 1.5802 0.0187 0.1361 1.5325 0.0184 0.1357
−0.30 1.7985 0.0176 0.1625 1.7011 0.0173 0.1442 1.6807 0.0184 0.1593 1.6155 0.0187 0.1565
−0.10 1.8429 0.0180 0.1633 1.7811 0.0176 0.1597 1.6875 0.0183 0.1656 1.6351 0.0179 0.1573

0.10 1.8177 0.0177 0.1649 1.7328 0.0171 0.1769 1.6937 0.0185 0.1591 1.5770 0.0180 0.1443
0.30 1.7505 0.0173 0.1802 1.6851 0.0161 0.1717 1.6137 0.0176 0.1445 1.5492 0.0179 0.1546
0.50 1.6296 0.0167 0.1850 1.5935 0.0166 0.1660 1.4604 0.0172 0.1496 1.4071 0.0165 0.1470
0.70 1.4582 0.0163 0.1729 1.4289 0.0157 0.1727 1.3398 0.0168 0.1733 1.2569 0.0167 0.1512
0.90 1.3037 0.0155 0.1771 1.2709 0.0153 0.1815 1.1537 0.0160 0.1605 1.0804 0.0158 0.1629
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F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

Eγ=(927.5±7.5)MeV Eγ=(942.5±7.5)MeV Eγ=(957.5±7.5)MeV Eγ=(972.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2798 0.0166 0.0950 1.1492 0.0165 0.0859 1.0827 0.0174 0.0746 1.0252 0.0155 0.0732
−0.70 1.3218 0.0170 0.1136 1.2531 0.0166 0.1086 1.1858 0.0175 0.0975 1.0857 0.0157 0.0765
−0.50 1.4138 0.0172 0.1260 1.3331 0.0168 0.1230 1.2494 0.0180 0.1051 1.1743 0.0161 0.0943
−0.30 1.5067 0.0168 0.1332 1.4499 0.0173 0.1353 1.3217 0.0183 0.1135 1.2652 0.0161 0.1150
−0.10 1.5479 0.0172 0.1481 1.4429 0.0171 0.1311 1.3593 0.0183 0.1126 1.2718 0.0161 0.1114

0.10 1.4825 0.0169 0.1469 1.4144 0.0166 0.1230 1.3180 0.0175 0.1151 1.2637 0.0157 0.1099
0.30 1.4145 0.0168 0.1416 1.3408 0.0162 0.1284 1.2650 0.0172 0.1181 1.1513 0.0148 0.1088
0.50 1.3074 0.0156 0.1445 1.1863 0.0160 0.1228 1.1243 0.0165 0.1122 1.0557 0.0148 0.1048
0.70 1.1133 0.0153 0.1405 1.0329 0.0152 0.1315 0.9991 0.0158 0.1317 0.8974 0.0140 0.1110
0.90 0.9416 0.0143 0.1537 0.8605 0.0140 0.1412 0.7893 0.0150 0.1282 0.7139 0.0133 0.1194

Eγ=(987.5±7.5)MeV Eγ=(1002.5±7.5)MeV Eγ=(1017.5±7.5)MeV Eγ=(1032.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9273 0.0153 0.0643 0.8819 0.0156 0.0697 0.8156 0.0153 0.0522 0.7306 0.0150 0.0568
−0.70 1.0015 0.0154 0.0762 0.9399 0.0155 0.0718 0.8877 0.0154 0.0648 0.8004 0.0149 0.0555
−0.50 1.0702 0.0156 0.0932 1.0110 0.0155 0.0842 0.9682 0.0152 0.0812 0.8583 0.0151 0.0671
−0.30 1.1801 0.0160 0.1153 1.0925 0.0160 0.0970 0.9888 0.0155 0.0879 0.9171 0.0153 0.0760
−0.10 1.1788 0.0159 0.1073 1.0966 0.0159 0.0883 1.0119 0.0155 0.0858 0.9671 0.0153 0.0857

0.10 1.1528 0.0155 0.0943 1.1002 0.0156 0.0875 1.0465 0.0154 0.0871 0.9852 0.0154 0.0796
0.30 1.0958 0.0152 0.1028 1.0372 0.0151 0.0962 0.9676 0.0150 0.0881 0.9067 0.0148 0.0759
0.50 0.9817 0.0143 0.1134 0.9452 0.0145 0.0990 0.8699 0.0147 0.0861 0.8522 0.0146 0.0908
0.70 0.7967 0.0141 0.1075 0.7659 0.0146 0.1057 0.7528 0.0141 0.1017 0.7149 0.0141 0.1070
0.90 0.6371 0.0132 0.1123 0.5883 0.0130 0.1047 0.5362 0.0128 0.1007 0.5133 0.0131 0.0988

Eγ=(1047.5±7.5)MeV Eγ=(1062.5±7.5)MeV Eγ=(1077.5±7.5)MeV Eγ=(1092.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7163 0.0156 0.0669 0.6308 0.0148 0.0450 0.6130 0.0147 0.0387 0.6071 0.0161 0.0403
−0.70 0.7648 0.0154 0.0586 0.6980 0.0145 0.0528 0.6684 0.0145 0.0492 0.6455 0.0154 0.0468
−0.50 0.8330 0.0156 0.0664 0.7602 0.0148 0.0625 0.7153 0.0144 0.0588 0.7098 0.0152 0.0586
−0.30 0.8812 0.0157 0.0753 0.8744 0.0154 0.0707 0.7831 0.0146 0.0693 0.7601 0.0156 0.0671
−0.10 0.9191 0.0157 0.0800 0.8874 0.0153 0.0729 0.8459 0.0148 0.0672 0.8535 0.0158 0.0711

0.10 0.9347 0.0155 0.0726 0.8933 0.0149 0.0776 0.8674 0.0148 0.0738 0.8264 0.0151 0.0614
0.30 0.9049 0.0156 0.0693 0.8448 0.0146 0.0881 0.8570 0.0147 0.0928 0.8509 0.0154 0.0646
0.50 0.8265 0.0147 0.0858 0.7897 0.0144 0.0888 0.7961 0.0142 0.1096 0.7912 0.0151 0.0838
0.70 0.7176 0.0148 0.1168 0.7156 0.0146 0.1077 0.6502 0.0141 0.1160 0.6621 0.0154 0.1040
0.90 0.4988 0.0132 0.1040 0.4838 0.0134 0.1087 0.4889 0.0138 0.1152 0.4420 0.0138 0.1026

Eγ=(1110.0±10.0)MeV Eγ=(1130.0±10.0)MeV Eγ=(1150.0±10.0)MeV Eγ=(1170.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5486 0.0156 0.0330 0.4944 0.0128 0.0292 0.4723 0.0136 0.0312 0.4080 0.0129 0.0284
−0.70 0.5932 0.0140 0.0516 0.5465 0.0121 0.0404 0.5271 0.0128 0.0395 0.4580 0.0117 0.0368
−0.50 0.6735 0.0146 0.0604 0.6020 0.0121 0.0508 0.5936 0.0130 0.0539 0.5455 0.0123 0.0576
−0.30 0.7418 0.0144 0.0691 0.6872 0.0126 0.0602 0.6493 0.0128 0.0635 0.6450 0.0127 0.0687
−0.10 0.7744 0.0143 0.0689 0.7755 0.0129 0.0690 0.7185 0.0131 0.0677 0.7166 0.0128 0.0638

0.10 0.8340 0.0143 0.0739 0.8132 0.0128 0.0751 0.7915 0.0133 0.0799 0.7624 0.0127 0.0694
0.30 0.8182 0.0143 0.1013 0.8113 0.0127 0.0893 0.8245 0.0135 0.0918 0.8049 0.0129 0.0862
0.50 0.7787 0.0141 0.1093 0.7741 0.0127 0.1077 0.7719 0.0134 0.0998 0.7618 0.0133 0.1041
0.70 0.6633 0.0142 0.1062 0.7160 0.0135 0.1268 0.6993 0.0134 0.1198 0.6774 0.0134 0.1287
0.90 0.4609 0.0133 0.1172 0.4688 0.0120 0.1050 0.4630 0.0123 0.1124 0.4398 0.0122 0.1245
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APPENDIX F. DATA TABLES

Eγ=(1190.0±10.0)MeV Eγ=(1210.0±10.0)MeV Eγ=(1230.0±10.0)MeV Eγ=(1250.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3940 0.0133 0.0238 0.3491 0.0136 0.0248 0.3293 0.0137 0.0291 0.3124 0.0136 0.0088
−0.70 0.4363 0.0119 0.0356 0.4147 0.0124 0.0293 0.3538 0.0120 0.0340 0.3995 0.0129 0.0241
−0.50 0.5295 0.0127 0.0483 0.5153 0.0133 0.0371 0.4707 0.0132 0.0448 0.4617 0.0136 0.0368
−0.30 0.6147 0.0128 0.0529 0.5895 0.0133 0.0506 0.5780 0.0137 0.0502 0.5721 0.0143 0.0558
−0.10 0.6889 0.0129 0.0633 0.6680 0.0133 0.0592 0.6620 0.0139 0.0579 0.6196 0.0140 0.0677

0.10 0.7441 0.0131 0.0801 0.7305 0.0136 0.0650 0.7133 0.0141 0.0808 0.6835 0.0143 0.0734
0.30 0.7643 0.0131 0.1052 0.7417 0.0136 0.0846 0.7511 0.0144 0.1018 0.7220 0.0149 0.0900
0.50 0.7600 0.0137 0.1266 0.7324 0.0144 0.1060 0.7150 0.0146 0.0996 0.7286 0.0151 0.1059
0.70 0.6951 0.0145 0.1309 0.6371 0.0145 0.1238 0.6591 0.0160 0.1241 0.6515 0.0158 0.1309
0.90 0.4682 0.0127 0.1271 0.4718 0.0133 0.1395 0.4734 0.0146 0.1466 0.4381 0.0145 0.1495

Eγ=(1270.0±10.0)MeV Eγ=(1290.0±10.0)MeV Eγ=(1310.0±10.0)MeV Eγ=(1330.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2785 0.0123 0.0234 0.2764 0.0135 0.0133 0.2825 0.0124 0.0206 0.2487 0.0126 0.0124
−0.70 0.3620 0.0114 0.0369 0.3175 0.0119 0.0269 0.3061 0.0110 0.0218 0.2727 0.0109 0.0228
−0.50 0.4176 0.0121 0.0375 0.4151 0.0134 0.0358 0.3991 0.0119 0.0330 0.3597 0.0121 0.0382
−0.30 0.5212 0.0127 0.0399 0.4933 0.0139 0.0457 0.4687 0.0125 0.0422 0.4672 0.0129 0.0491
−0.10 0.5759 0.0127 0.0505 0.5614 0.0140 0.0578 0.5469 0.0126 0.0575 0.5180 0.0131 0.0557

0.10 0.6413 0.0131 0.0687 0.6662 0.0147 0.0649 0.6208 0.0131 0.0929 0.5940 0.0136 0.0742
0.30 0.6983 0.0134 0.0960 0.6880 0.0149 0.0832 0.6401 0.0130 0.1191 0.6239 0.0140 0.0963
0.50 0.6750 0.0142 0.1099 0.6711 0.0156 0.1099 0.6280 0.0139 0.1262 0.6149 0.0144 0.1194
0.70 0.6118 0.0144 0.1239 0.6189 0.0170 0.1417 0.6051 0.0144 0.1371 0.5716 0.0150 0.1336
0.90 0.4492 0.0136 0.1331 0.4132 0.0164 0.1375 0.4419 0.0148 0.1489 0.4188 0.0144 0.1359

Eγ=(1350.0±10.0)MeV Eγ=(1370.0±10.0)MeV Eγ=(1390.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2494 0.0117 0.0231 0.2291 0.0118 0.0220 0.2418 0.0133 0.0213
−0.70 0.3013 0.0110 0.0238 0.2938 0.0109 0.0235 0.2781 0.0116 0.0190
−0.50 0.3637 0.0118 0.0342 0.3300 0.0114 0.0274 0.3065 0.0124 0.0224
−0.30 0.4617 0.0126 0.0468 0.4397 0.0125 0.0413 0.3934 0.0133 0.0300
−0.10 0.5058 0.0128 0.0539 0.4967 0.0127 0.0534 0.4706 0.0137 0.0464

0.10 0.5915 0.0136 0.0770 0.5651 0.0128 0.0737 0.5096 0.0137 0.0840
0.30 0.6051 0.0137 0.1022 0.5966 0.0132 0.0946 0.5497 0.0144 0.1111
0.50 0.6210 0.0142 0.1114 0.5956 0.0142 0.1072 0.5525 0.0150 0.1265
0.70 0.5977 0.0156 0.1384 0.5927 0.0149 0.1470 0.5575 0.0175 0.1544
0.90 0.4203 0.0142 0.1503 0.4425 0.0140 0.1700 0.4309 0.0174 0.1569

254



F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

Total Cross Sections

Eγ ∆Eγ σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

655.0 25.0 2.3138 0.0110 0.2822
690.0 10.0 6.3400 0.0263 0.8536
710.0 10.0 10.7189 0.0431 1.4736
730.0 10.0 14.1124 0.0399 1.9614
747.5 7.5 17.1382 0.0492 2.3797
762.5 7.5 19.3104 0.0595 2.7623
777.5 7.5 20.5361 0.0629 2.6539
792.5 7.5 21.3336 0.0631 2.6485
807.5 7.5 21.9195 0.0657 2.3810
822.5 7.5 21.9360 0.0690 2.2745
837.5 7.5 21.6242 0.0735 2.2417
852.5 7.5 21.4590 0.0732 2.2466
867.5 7.5 20.5722 0.0683 2.0442
882.5 7.5 19.8580 0.0659 1.9813
897.5 7.5 18.8717 0.0704 1.8414
912.5 7.5 17.9866 0.0695 1.8263
927.5 7.5 16.7301 0.0651 1.6866
942.5 7.5 15.6386 0.0645 1.5455
957.5 7.5 14.6733 0.0683 1.3928
972.5 7.5 13.6788 0.0605 1.2857
987.5 7.5 12.5710 0.0599 1.2385

1002.5 7.5 11.8677 0.0602 1.1349
1017.5 7.5 11.0968 0.0592 1.0494
1032.5 7.5 10.3425 0.0586 0.9959
1047.5 7.5 10.0312 0.0603 0.9990
1062.5 7.5 9.4978 0.0583 0.9727
1077.5 7.5 9.1382 0.0575 0.9943
1092.5 7.5 8.9634 0.0607 0.8782
1110.0 10.0 8.6370 0.0568 0.9947
1130.0 10.0 8.3822 0.0501 0.9442
1150.0 10.0 8.1653 0.0522 0.9538
1170.0 10.0 7.7947 0.0504 0.9625
1190.0 10.0 7.6346 0.0519 0.9968
1210.0 10.0 7.3340 0.0538 0.9045
1230.0 10.0 7.1437 0.0557 0.9676
1250.0 10.0 7.0031 0.0569 0.9331
1270.0 10.0 6.5602 0.0517 0.9066
1290.0 10.0 6.4156 0.0579 0.9000
1310.0 10.0 6.1911 0.0516 1.0062
1330.0 10.0 5.8735 0.0530 0.9274
1350.0 10.0 5.9088 0.0524 0.9565
1370.0 10.0 5.7436 0.0512 0.9567
1390.0 10.0 5.3786 0.0569 0.9730

255



APPENDIX F. DATA TABLES

F.1.2 γp → ηp as a Function of Eγ

Angular Distributions

Eγ=(655.0±25.0)MeV Eγ=(690.0±10.0)MeV Eγ=(710.0±10.0)MeV Eγ=(730.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2477 0.0069 0.0196 0.7091 0.0147 0.0531 1.0738 0.0220 0.0866 1.3102 0.0189 0.1124
−0.70 0.1563 0.0052 0.0114 0.5731 0.0116 0.0380 0.9350 0.0175 0.0692 1.1873 0.0152 0.1029
−0.50 0.1017 0.0044 0.0088 0.4623 0.0102 0.0313 0.8174 0.0158 0.0610 1.0807 0.0141 0.0936
−0.30 0.0651 0.0042 0.0067 0.3465 0.0091 0.0245 0.6838 0.0145 0.0532 0.9674 0.0132 0.0830
−0.10 0.0369 0.0040 0.0040 0.2352 0.0080 0.0185 0.5448 0.0132 0.0447 0.8512 0.0126 0.0756

0.10 0.0255 0.0044 0.0038 0.1531 0.0075 0.0135 0.4142 0.0123 0.0352 0.6800 0.0116 0.0600
0.30 0.0150 0.0046 0.0028 0.1140 0.0077 0.0130 0.3298 0.0123 0.0307 0.5680 0.0115 0.0525
0.50 0.0023 0.0045 0.0009 0.0831 0.0080 0.0093 0.2619 0.0124 0.0281 0.4868 0.0118 0.0468
0.70 −0.0008 0.0042 0.0009 0.0664 0.0084 0.0087 0.2395 0.0135 0.0260 0.4052 0.0121 0.0401
0.90 0.0029 0.0054 0.0012 0.0506 0.0093 0.0134 0.1978 0.0146 0.0192 0.3669 0.0140 0.0347

Eγ=(747.5±7.5)MeV Eγ=(762.5±7.5)MeV Eγ=(777.5±7.5)MeV Eγ=(792.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.4060 0.0209 0.1217 1.4547 0.0228 0.1224 1.4740 0.0218 0.1204 1.5053 0.0207 0.1217
−0.70 1.3661 0.0173 0.1179 1.4379 0.0189 0.1198 1.4349 0.0179 0.1172 1.4027 0.0163 0.1110
−0.50 1.2891 0.0165 0.1117 1.4152 0.0186 0.1177 1.5217 0.0182 0.1250 1.5124 0.0168 0.1160
−0.30 1.2556 0.0163 0.1093 1.3886 0.0186 0.1162 1.4826 0.0183 0.1199 1.5810 0.0176 0.1205
−0.10 1.0965 0.0154 0.0961 1.2881 0.0181 0.1054 1.4741 0.0185 0.1156 1.5307 0.0176 0.1149

0.10 1.0053 0.0151 0.0874 1.1599 0.0175 0.0986 1.3360 0.0179 0.1049 1.4592 0.0174 0.1093
0.30 0.8083 0.0144 0.0739 0.9913 0.0171 0.0844 1.1770 0.0175 0.0932 1.2719 0.0168 0.0965
0.50 0.6591 0.0144 0.0684 0.8657 0.0176 0.0784 1.0042 0.0178 0.0823 1.1226 0.0174 0.0902
0.70 0.5698 0.0150 0.0620 0.6674 0.0177 0.0641 0.8545 0.0194 0.0759 0.9503 0.0191 0.0854
0.90 0.5432 0.0182 0.0532 0.6632 0.0222 0.0571 0.7749 0.0238 0.0754 0.8498 0.0242 0.0832

Eγ=(807.5±7.5)MeV Eγ=(822.5±7.5)MeV Eγ=(837.5±7.5)MeV Eγ=(852.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.4833 0.0205 0.1154 1.4166 0.0208 0.1152 1.3421 0.0211 0.1105 1.3568 0.0211 0.1181
−0.70 1.4168 0.0162 0.1066 1.3705 0.0165 0.1049 1.3310 0.0170 0.1059 1.3084 0.0168 0.1057
−0.50 1.4868 0.0164 0.1093 1.4815 0.0169 0.1126 1.4135 0.0172 0.1105 1.4090 0.0171 0.1103
−0.30 1.6223 0.0175 0.1211 1.5830 0.0177 0.1205 1.5618 0.0182 0.1251 1.4629 0.0175 0.1135
−0.10 1.5874 0.0175 0.1164 1.6208 0.0181 0.1207 1.5720 0.0185 0.1236 1.5284 0.0180 0.1180

0.10 1.5207 0.0174 0.1086 1.5532 0.0180 0.1141 1.5133 0.0183 0.1129 1.5039 0.0179 0.1144
0.30 1.3665 0.0170 0.0983 1.4356 0.0178 0.1043 1.4045 0.0181 0.1052 1.3872 0.0177 0.1053
0.50 1.2208 0.0176 0.0931 1.2023 0.0176 0.0921 1.2188 0.0181 0.0954 1.1918 0.0175 0.0960
0.70 1.0154 0.0193 0.0867 1.0057 0.0195 0.0866 1.0180 0.0200 0.0886 1.0285 0.0196 0.0900
0.90 0.8964 0.0255 0.0770 0.9326 0.0277 0.0829 0.9308 0.0293 0.0909 0.9296 0.0293 0.0825

Eγ=(867.5±7.5)MeV Eγ=(882.5±7.5)MeV Eγ=(897.5±7.5)MeV Eγ=(912.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.2221 0.0189 0.1076 1.1874 0.0180 0.1178 1.1040 0.0189 0.1019 0.9590 0.0178 0.0802
−0.70 1.2202 0.0154 0.1002 1.1643 0.0145 0.0981 1.0927 0.0154 0.0915 1.0181 0.0150 0.0854
−0.50 1.3104 0.0156 0.1059 1.2800 0.0149 0.1044 1.1769 0.0157 0.0969 1.1231 0.0155 0.0927
−0.30 1.4247 0.0163 0.1155 1.3233 0.0151 0.1084 1.2608 0.0162 0.1014 1.2015 0.0159 0.0964
−0.10 1.4890 0.0166 0.1180 1.3584 0.0152 0.1065 1.2694 0.0160 0.1019 1.1997 0.0157 0.0978

0.10 1.4276 0.0163 0.1103 1.2970 0.0149 0.1017 1.2455 0.0159 0.0984 1.1506 0.0153 0.0927
0.30 1.3098 0.0160 0.1008 1.2572 0.0150 0.0997 1.1879 0.0158 0.0928 1.0903 0.0152 0.0911
0.50 1.1624 0.0161 0.0938 1.1147 0.0150 0.0914 1.0399 0.0157 0.0851 0.9696 0.0152 0.0825
0.70 0.9665 0.0175 0.0853 0.9400 0.0163 0.0814 0.8623 0.0167 0.0781 0.8104 0.0161 0.0698
0.90 0.9235 0.0276 0.0813 0.8689 0.0255 0.0732 0.8150 0.0267 0.0742 0.7320 0.0252 0.0607

256



F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

Eγ=(927.5±7.5)MeV Eγ=(942.5±7.5)MeV Eγ=(957.5±7.5)MeV Eγ=(972.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9199 0.0169 0.0829 0.7838 0.0158 0.0657 0.7551 0.0171 0.0692 0.6432 0.0146 0.0602
−0.70 0.9331 0.0138 0.0790 0.8495 0.0134 0.0717 0.7766 0.0140 0.0699 0.7051 0.0123 0.0648
−0.50 1.0139 0.0143 0.0854 0.9113 0.0137 0.0757 0.8503 0.0145 0.0728 0.7899 0.0128 0.0714
−0.30 1.0887 0.0146 0.0894 1.0106 0.0142 0.0848 0.9000 0.0146 0.0783 0.8406 0.0130 0.0752
−0.10 1.0851 0.0143 0.0890 0.9929 0.0139 0.0832 0.9153 0.0145 0.0807 0.8441 0.0127 0.0738

0.10 1.0385 0.0140 0.0857 0.9678 0.0136 0.0813 0.8756 0.0141 0.0769 0.8058 0.0124 0.0725
0.30 0.9818 0.0138 0.0805 0.9045 0.0134 0.0747 0.8283 0.0140 0.0727 0.7470 0.0122 0.0666
0.50 0.9003 0.0140 0.0740 0.8212 0.0135 0.0713 0.7638 0.0141 0.0697 0.6950 0.0123 0.0629
0.70 0.7675 0.0150 0.0650 0.6743 0.0141 0.0623 0.6290 0.0147 0.0618 0.5608 0.0128 0.0523
0.90 0.6305 0.0222 0.0605 0.5905 0.0215 0.0605 0.5330 0.0220 0.0524 0.4906 0.0192 0.0501

Eγ=(987.5±7.5)MeV Eγ=(1002.5±7.5)MeV Eγ=(1017.5±7.5)MeV Eγ=(1032.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5625 0.0140 0.0576 0.5488 0.0143 0.0589 0.4885 0.0138 0.0474 0.4467 0.0135 0.0516
−0.70 0.6385 0.0120 0.0606 0.5745 0.0118 0.0558 0.5134 0.0114 0.0562 0.4796 0.0113 0.0515
−0.50 0.7007 0.0124 0.0644 0.6408 0.0122 0.0601 0.6013 0.0120 0.0644 0.5223 0.0114 0.0554
−0.30 0.7420 0.0125 0.0681 0.7081 0.0125 0.0656 0.6270 0.0119 0.0634 0.5680 0.0115 0.0557
−0.10 0.7528 0.0122 0.0679 0.6944 0.0120 0.0665 0.6374 0.0116 0.0637 0.5805 0.0113 0.0539

0.10 0.7395 0.0121 0.0691 0.6816 0.0119 0.0636 0.6313 0.0115 0.0601 0.6054 0.0114 0.0574
0.30 0.6957 0.0120 0.0647 0.6773 0.0121 0.0621 0.6066 0.0115 0.0560 0.5743 0.0113 0.0534
0.50 0.6353 0.0120 0.0596 0.5826 0.0118 0.0560 0.5323 0.0113 0.0530 0.5173 0.0114 0.0482
0.70 0.4829 0.0121 0.0511 0.4841 0.0124 0.0478 0.4247 0.0116 0.0467 0.4163 0.0117 0.0407
0.90 0.3878 0.0174 0.0418 0.3868 0.0179 0.0452 0.3127 0.0161 0.0351 0.2952 0.0158 0.0302

Eγ=(1047.5±7.5)MeV Eγ=(1062.5±7.5)MeV Eγ=(1077.5±7.5)MeV Eγ=(1092.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4127 0.0137 0.0533 0.3599 0.0129 0.0484 0.3551 0.0130 0.0478 0.3268 0.0137 0.0474
−0.70 0.4398 0.0115 0.0510 0.3996 0.0109 0.0475 0.3631 0.0105 0.0423 0.3447 0.0111 0.0404
−0.50 0.4925 0.0117 0.0532 0.4467 0.0111 0.0468 0.4088 0.0106 0.0425 0.4020 0.0113 0.0406
−0.30 0.5359 0.0117 0.0540 0.5157 0.0113 0.0482 0.4598 0.0107 0.0431 0.4375 0.0111 0.0472
−0.10 0.5604 0.0116 0.0558 0.5228 0.0110 0.0490 0.4986 0.0107 0.0500 0.4837 0.0112 0.0503

0.10 0.5658 0.0115 0.0545 0.5150 0.0108 0.0478 0.5021 0.0105 0.0497 0.4615 0.0107 0.0447
0.30 0.5469 0.0115 0.0501 0.5048 0.0108 0.0483 0.5097 0.0108 0.0509 0.4980 0.0113 0.0489
0.50 0.4761 0.0114 0.0473 0.4709 0.0111 0.0501 0.4590 0.0108 0.0473 0.4300 0.0110 0.0412
0.70 0.3840 0.0116 0.0406 0.3771 0.0113 0.0381 0.3683 0.0111 0.0398 0.3315 0.0112 0.0400
0.90 0.3221 0.0173 0.0333 0.2721 0.0158 0.0267 0.2314 0.0146 0.0331 0.2001 0.0146 0.0353

Eγ=(1110.0±10.0)MeV Eγ=(1130.0±10.0)MeV Eγ=(1150.0±10.0)MeV Eγ=(1170.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2987 0.0129 0.0357 0.2813 0.0107 0.0452 0.2381 0.0105 0.0325 0.1955 0.0093 0.0288
−0.70 0.3029 0.0102 0.0327 0.2964 0.0088 0.0349 0.2680 0.0089 0.0355 0.2442 0.0083 0.0334
−0.50 0.3844 0.0105 0.0360 0.3371 0.0088 0.0335 0.3333 0.0093 0.0336 0.2953 0.0086 0.0297
−0.30 0.4154 0.0102 0.0386 0.4073 0.0090 0.0364 0.3708 0.0091 0.0337 0.3753 0.0089 0.0303
−0.10 0.4513 0.0101 0.0416 0.4312 0.0088 0.0384 0.4186 0.0091 0.0352 0.4048 0.0087 0.0330

0.10 0.4783 0.0102 0.0471 0.4605 0.0090 0.0410 0.4559 0.0093 0.0378 0.4587 0.0091 0.0362
0.30 0.4692 0.0102 0.0459 0.4554 0.0090 0.0397 0.4727 0.0097 0.0396 0.4498 0.0091 0.0371
0.50 0.4394 0.0105 0.0419 0.4453 0.0095 0.0412 0.4444 0.0099 0.0385 0.4345 0.0095 0.0363
0.70 0.3409 0.0106 0.0392 0.3596 0.0097 0.0380 0.3604 0.0102 0.0338 0.3737 0.0101 0.0337
0.90 0.2057 0.0139 0.0242 0.2596 0.0140 0.0346 0.2503 0.0144 0.0308 0.2246 0.0132 0.0260
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APPENDIX F. DATA TABLES

Eγ=(1190.0±10.0)MeV Eγ=(1210.0±10.0)MeV Eγ=(1230.0±10.0)MeV Eγ=(1250.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2021 0.0095 0.0354 0.1874 0.0097 0.0288 0.1613 0.0094 0.0286 0.1515 0.0093 0.0208
−0.70 0.2358 0.0083 0.0339 0.2214 0.0084 0.0242 0.1898 0.0081 0.0206 0.2005 0.0086 0.0251
−0.50 0.2946 0.0088 0.0304 0.2786 0.0091 0.0270 0.2799 0.0095 0.0252 0.2652 0.0096 0.0287
−0.30 0.3457 0.0088 0.0281 0.3412 0.0092 0.0307 0.3326 0.0095 0.0281 0.3306 0.0098 0.0311
−0.10 0.3905 0.0087 0.0303 0.3779 0.0091 0.0316 0.3927 0.0096 0.0330 0.3627 0.0096 0.0289

0.10 0.4287 0.0090 0.0334 0.4241 0.0095 0.0333 0.4205 0.0097 0.0349 0.3937 0.0097 0.0304
0.30 0.4420 0.0093 0.0367 0.4241 0.0096 0.0328 0.4296 0.0100 0.0355 0.4146 0.0101 0.0323
0.50 0.4335 0.0097 0.0350 0.4100 0.0100 0.0324 0.4216 0.0105 0.0334 0.4180 0.0109 0.0369
0.70 0.3881 0.0105 0.0343 0.3423 0.0104 0.0300 0.3602 0.0111 0.0317 0.3578 0.0115 0.0348
0.90 0.2643 0.0146 0.0237 0.2383 0.0145 0.0265 0.2978 0.0168 0.0248 0.2588 0.0161 0.0249

Eγ=(1270.0±10.0)MeV Eγ=(1290.0±10.0)MeV Eγ=(1310.0±10.0)MeV Eγ=(1330.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1477 0.0084 0.0221 0.1400 0.0090 0.0243 0.1251 0.0078 0.0120 0.1264 0.0081 0.0278
−0.70 0.1792 0.0076 0.0223 0.1762 0.0084 0.0178 0.1786 0.0078 0.0182 0.1576 0.0077 0.0205
−0.50 0.2502 0.0087 0.0280 0.2341 0.0095 0.0208 0.2181 0.0085 0.0220 0.2103 0.0088 0.0201
−0.30 0.3168 0.0090 0.0287 0.3053 0.0100 0.0288 0.2823 0.0089 0.0232 0.2707 0.0091 0.0260
−0.10 0.3482 0.0087 0.0275 0.3433 0.0098 0.0303 0.3340 0.0089 0.0278 0.3159 0.0090 0.0271

0.10 0.3815 0.0089 0.0296 0.3859 0.0101 0.0319 0.3624 0.0090 0.0314 0.3377 0.0091 0.0279
0.30 0.4057 0.0093 0.0305 0.4081 0.0106 0.0323 0.3795 0.0094 0.0317 0.3671 0.0096 0.0331
0.50 0.3852 0.0097 0.0308 0.3956 0.0110 0.0328 0.3729 0.0099 0.0290 0.3716 0.0102 0.0330
0.70 0.3749 0.0109 0.0318 0.3428 0.0118 0.0309 0.3543 0.0112 0.0311 0.3384 0.0113 0.0306
0.90 0.2705 0.0153 0.0258 0.2697 0.0171 0.0294 0.2643 0.0157 0.0273 0.2583 0.0160 0.0319

Eγ=(1350.0±10.0)MeV Eγ=(1370.0±10.0)MeV Eγ=(1390.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1159 0.0077 0.0159 0.1071 0.0073 0.0229 0.1084 0.0081 0.0182
−0.70 0.1634 0.0078 0.0210 0.1584 0.0075 0.0224 0.1442 0.0079 0.0170
−0.50 0.2054 0.0087 0.0190 0.2029 0.0087 0.0187 0.1953 0.0095 0.0237
−0.30 0.2625 0.0090 0.0217 0.2562 0.0087 0.0215 0.2413 0.0093 0.0255
−0.10 0.2938 0.0088 0.0241 0.3002 0.0088 0.0250 0.2795 0.0093 0.0250

0.10 0.3427 0.0092 0.0301 0.3278 0.0088 0.0287 0.3096 0.0095 0.0278
0.30 0.3632 0.0095 0.0315 0.3434 0.0091 0.0293 0.3366 0.0099 0.0294
0.50 0.3695 0.0103 0.0317 0.3674 0.0101 0.0311 0.3461 0.0108 0.0279
0.70 0.3530 0.0117 0.0296 0.3293 0.0111 0.0326 0.3535 0.0127 0.0277
0.90 0.2706 0.0162 0.0227 0.2740 0.0161 0.0253 0.2726 0.0178 0.0274
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F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

Total Cross Sections

Eγ ∆Eγ σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

655.0 25.0 0.8184 0.0192 0.0748
690.0 10.0 3.5211 0.0386 0.2807
710.0 10.0 6.9163 0.0601 0.5705
730.0 10.0 9.9293 0.0543 0.8818
747.5 7.5 12.5382 0.0653 1.1327
762.5 7.5 14.1966 0.0753 1.2094
777.5 7.5 15.6877 0.0761 1.2901
792.5 7.5 16.4644 0.0731 1.3111
807.5 7.5 16.9974 0.0736 1.2904
822.5 7.5 16.9347 0.0758 1.3131
837.5 7.5 16.5816 0.0779 1.3316
852.5 7.5 16.3332 0.0766 1.3152
867.5 7.5 15.4992 0.0701 1.2695
882.5 7.5 14.7167 0.0655 1.2267
897.5 7.5 13.7759 0.0688 1.1509
912.5 7.5 12.8142 0.0665 1.0636
927.5 7.5 11.7158 0.0609 0.9891
942.5 7.5 10.6352 0.0585 0.9145
957.5 7.5 9.7923 0.0611 0.8826
972.5 7.5 8.9107 0.0534 0.8128
987.5 7.5 7.9337 0.0511 0.7581

1002.5 7.5 7.4765 0.0513 0.7260
1017.5 7.5 6.7264 0.0487 0.6865
1032.5 7.5 6.2706 0.0479 0.6246
1047.5 7.5 5.9129 0.0490 0.6178
1062.5 7.5 5.4925 0.0465 0.5666
1077.5 7.5 5.2045 0.0451 0.5588
1092.5 7.5 4.9003 0.0465 0.5444
1110.0 10.0 4.7385 0.0435 0.4806
1130.0 10.0 4.6734 0.0388 0.4791
1150.0 10.0 4.5244 0.0400 0.4411
1170.0 10.0 4.3347 0.0379 0.4089
1190.0 10.0 4.3004 0.0391 0.4054
1210.0 10.0 4.0640 0.0399 0.3718
1230.0 10.0 4.1004 0.0419 0.3685
1250.0 10.0 3.9554 0.0424 0.3711
1270.0 10.0 3.8355 0.0390 0.3484
1290.0 10.0 3.7550 0.0433 0.3479
1310.0 10.0 3.6046 0.0394 0.3186
1330.0 10.0 3.4544 0.0401 0.3468
1350.0 10.0 3.4432 0.0403 0.3118
1370.0 10.0 3.3480 0.0391 0.3248
1390.0 10.0 3.2528 0.0429 0.3118
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APPENDIX F. DATA TABLES

F.1.3 γn → ηn as a Function of Eγ

Angular Distributions

Eγ=(655.0±25.0)MeV Eγ=(690.0±10.0)MeV Eγ=(710.0±10.0)MeV Eγ=(730.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1516 0.0111 0.0160 0.3196 0.0184 0.0319 0.4366 0.0255 0.0424 0.5341 0.0217 0.0511
−0.70 0.0982 0.0086 0.0109 0.2547 0.0144 0.0203 0.3337 0.0185 0.0310 0.4133 0.0158 0.0395
−0.50 0.0580 0.0070 0.0060 0.2021 0.0125 0.0151 0.2930 0.0167 0.0290 0.3375 0.0133 0.0329
−0.30 0.0364 0.0064 0.0105 0.1350 0.0108 0.0120 0.2457 0.0153 0.0212 0.2903 0.0121 0.0286
−0.10 0.0079 0.0050 0.0011 0.0900 0.0097 0.0099 0.1784 0.0135 0.0159 0.2439 0.0113 0.0242

0.10 0.0350 0.0080 0.0093 0.0813 0.0106 0.0127 0.1160 0.0122 0.0126 0.2166 0.0114 0.0238
0.30 0.0201 0.0081 0.0056 0.0389 0.0106 0.0075 0.1032 0.0141 0.0119 0.1869 0.0119 0.0216
0.50 0.0099 0.0086 0.0062 0.0190 0.0114 0.0051 0.0912 0.0157 0.0109 0.1424 0.0123 0.0174
0.70 0.0004 0.0055 0.0098 0.0500 0.0151 0.0132 0.0899 0.0187 0.0176 0.1398 0.0145 0.0182
0.90 0.0431 0.0140 0.0198 0.0050 0.0160 0.0040 0.1238 0.0286 0.0155 0.1545 0.0214 0.0202

Eγ=(747.5±7.5)MeV Eγ=(762.5±7.5)MeV Eγ=(777.5±7.5)MeV Eγ=(792.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5738 0.0243 0.0561 0.5991 0.0270 0.0584 0.5714 0.0257 0.0524 0.5767 0.0241 0.0567
−0.70 0.4509 0.0176 0.0437 0.4761 0.0195 0.0490 0.4522 0.0183 0.0439 0.5094 0.0181 0.0449
−0.50 0.4066 0.0153 0.0414 0.4136 0.0165 0.0417 0.4481 0.0163 0.0432 0.4403 0.0151 0.0391
−0.30 0.3556 0.0139 0.0354 0.3688 0.0150 0.0385 0.4027 0.0147 0.0363 0.3935 0.0134 0.0359
−0.10 0.2844 0.0124 0.0280 0.3446 0.0142 0.0331 0.3592 0.0134 0.0332 0.3895 0.0129 0.0359

0.10 0.2673 0.0126 0.0259 0.2660 0.0129 0.0260 0.3471 0.0135 0.0338 0.3693 0.0127 0.0318
0.30 0.2098 0.0122 0.0217 0.2613 0.0138 0.0256 0.3020 0.0135 0.0301 0.3458 0.0130 0.0321
0.50 0.2000 0.0138 0.0218 0.2387 0.0151 0.0281 0.2684 0.0146 0.0293 0.2836 0.0134 0.0254
0.70 0.1767 0.0161 0.0238 0.2199 0.0181 0.0250 0.2516 0.0174 0.0301 0.2682 0.0161 0.0304
0.90 0.1606 0.0215 0.0221 0.2130 0.0249 0.0234 0.2623 0.0254 0.0339 0.2615 0.0233 0.0327

Eγ=(807.5±7.5)MeV Eγ=(822.5±7.5)MeV Eγ=(837.5±7.5)MeV Eγ=(852.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6258 0.0246 0.0641 0.6225 0.0253 0.0599 0.6149 0.0263 0.0631 0.5752 0.0254 0.0587
−0.70 0.5024 0.0177 0.0475 0.4873 0.0181 0.0453 0.5491 0.0202 0.0539 0.4888 0.0189 0.0493
−0.50 0.4554 0.0152 0.0437 0.4854 0.0164 0.0439 0.4869 0.0171 0.0454 0.5076 0.0174 0.0454
−0.30 0.4475 0.0140 0.0409 0.4240 0.0141 0.0394 0.4669 0.0155 0.0471 0.4750 0.0156 0.0426
−0.10 0.4165 0.0131 0.0361 0.4128 0.0133 0.0377 0.3796 0.0133 0.0345 0.4192 0.0138 0.0391

0.10 0.3960 0.0127 0.0358 0.3719 0.0126 0.0325 0.3704 0.0130 0.0327 0.3554 0.0126 0.0329
0.30 0.3264 0.0121 0.0294 0.3473 0.0128 0.0338 0.3152 0.0125 0.0281 0.3384 0.0126 0.0299
0.50 0.3272 0.0138 0.0283 0.2923 0.0131 0.0293 0.3193 0.0140 0.0302 0.3203 0.0136 0.0289
0.70 0.3025 0.0163 0.0290 0.3178 0.0170 0.0342 0.2921 0.0165 0.0327 0.2931 0.0160 0.0307
0.90 0.2758 0.0232 0.0324 0.2798 0.0237 0.0326 0.2747 0.0242 0.0344 0.2953 0.0242 0.0335

Eγ=(867.5±7.5)MeV Eγ=(882.5±7.5)MeV Eγ=(897.5±7.5)MeV Eγ=(912.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5306 0.0232 0.0562 0.5251 0.0221 0.0533 0.5327 0.0242 0.0532 0.5158 0.0241 0.0500
−0.70 0.4598 0.0173 0.0447 0.4174 0.0157 0.0392 0.4495 0.0177 0.0449 0.4303 0.0175 0.0420
−0.50 0.4803 0.0160 0.0450 0.4118 0.0142 0.0392 0.4053 0.0154 0.0381 0.4063 0.0154 0.0420
−0.30 0.4473 0.0143 0.0405 0.3911 0.0127 0.0359 0.4257 0.0145 0.0420 0.3828 0.0137 0.0390
−0.10 0.4021 0.0127 0.0400 0.4254 0.0126 0.0395 0.3867 0.0130 0.0379 0.3859 0.0132 0.0361

0.10 0.3661 0.0119 0.0354 0.3950 0.0119 0.0372 0.3708 0.0125 0.0351 0.3299 0.0118 0.0319
0.30 0.3382 0.0118 0.0322 0.3212 0.0110 0.0305 0.3339 0.0121 0.0330 0.3111 0.0118 0.0316
0.50 0.3269 0.0128 0.0310 0.3249 0.0121 0.0333 0.2882 0.0124 0.0288 0.2762 0.0122 0.0286
0.70 0.3005 0.0150 0.0322 0.2843 0.0139 0.0302 0.2748 0.0148 0.0296 0.2521 0.0142 0.0263
0.90 0.3192 0.0238 0.0332 0.3272 0.0234 0.0371 0.2857 0.0237 0.0292 0.2667 0.0230 0.0272
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F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

Eγ=(927.5±7.5)MeV Eγ=(942.5±7.5)MeV Eγ=(957.5±7.5)MeV Eγ=(972.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5365 0.0237 0.0532 0.5321 0.0238 0.0494 0.4602 0.0239 0.0517 0.4970 0.0229 0.0499
−0.70 0.3769 0.0158 0.0359 0.3893 0.0161 0.0395 0.4026 0.0177 0.0421 0.3492 0.0151 0.0399
−0.50 0.3984 0.0145 0.0380 0.3797 0.0142 0.0346 0.3719 0.0152 0.0373 0.3876 0.0142 0.0432
−0.30 0.3771 0.0130 0.0361 0.3688 0.0129 0.0361 0.3466 0.0135 0.0361 0.3639 0.0127 0.0412
−0.10 0.3762 0.0124 0.0351 0.3548 0.0121 0.0338 0.3495 0.0130 0.0352 0.3356 0.0115 0.0328

0.10 0.3442 0.0115 0.0342 0.3352 0.0114 0.0365 0.3180 0.0120 0.0320 0.3247 0.0111 0.0345
0.30 0.3295 0.0116 0.0333 0.3429 0.0119 0.0336 0.3056 0.0122 0.0317 0.2739 0.0106 0.0286
0.50 0.2561 0.0112 0.0264 0.2566 0.0113 0.0253 0.2609 0.0123 0.0290 0.2864 0.0118 0.0282
0.70 0.2546 0.0137 0.0275 0.2146 0.0126 0.0224 0.2236 0.0139 0.0276 0.2316 0.0130 0.0280
0.90 0.2307 0.0206 0.0302 0.1909 0.0189 0.0271 0.2353 0.0229 0.0255 0.2286 0.0208 0.0287

Eγ=(987.5±7.5)MeV Eγ=(1002.5±7.5)MeV Eγ=(1017.5±7.5)MeV Eγ=(1032.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4772 0.0228 0.0550 0.4216 0.0221 0.0553 0.3923 0.0214 0.0443 0.3645 0.0208 0.0460
−0.70 0.3562 0.0156 0.0384 0.3743 0.0166 0.0395 0.3621 0.0165 0.0413 0.3486 0.0164 0.0432
−0.50 0.3657 0.0141 0.0392 0.3328 0.0139 0.0353 0.3501 0.0144 0.0397 0.3386 0.0143 0.0407
−0.30 0.3793 0.0131 0.0384 0.3486 0.0130 0.0369 0.3186 0.0126 0.0379 0.3302 0.0130 0.0411
−0.10 0.3561 0.0120 0.0369 0.3282 0.0119 0.0350 0.3231 0.0119 0.0363 0.3239 0.0121 0.0339

0.10 0.3155 0.0112 0.0351 0.3152 0.0115 0.0368 0.3256 0.0118 0.0386 0.3195 0.0119 0.0379
0.30 0.2711 0.0108 0.0266 0.2994 0.0116 0.0301 0.3037 0.0117 0.0309 0.2535 0.0109 0.0290
0.50 0.2500 0.0111 0.0268 0.2572 0.0117 0.0292 0.2391 0.0113 0.0291 0.2487 0.0116 0.0262
0.70 0.1974 0.0121 0.0225 0.2012 0.0125 0.0246 0.1575 0.0111 0.0215 0.1716 0.0117 0.0219
0.90 0.1491 0.0171 0.0183 0.1565 0.0183 0.0239 0.1934 0.0201 0.0233 0.1673 0.0188 0.0237

Eγ=(1047.5±7.5)MeV Eγ=(1062.5±7.5)MeV Eγ=(1077.5±7.5)MeV Eγ=(1092.5±7.5)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3666 0.0223 0.0470 0.3416 0.0214 0.0441 0.3484 0.0214 0.0413 0.3389 0.0228 0.0498
−0.70 0.3401 0.0170 0.0422 0.2957 0.0157 0.0382 0.2897 0.0154 0.0322 0.2812 0.0163 0.0338
−0.50 0.3325 0.0149 0.0390 0.2784 0.0136 0.0304 0.2845 0.0137 0.0301 0.2905 0.0146 0.0337
−0.30 0.3165 0.0133 0.0369 0.3107 0.0129 0.0315 0.2945 0.0125 0.0312 0.2811 0.0129 0.0352
−0.10 0.3319 0.0128 0.0357 0.2954 0.0119 0.0318 0.2845 0.0116 0.0311 0.2954 0.0125 0.0350

0.10 0.2847 0.0117 0.0316 0.2853 0.0115 0.0332 0.2807 0.0113 0.0294 0.2539 0.0114 0.0260
0.30 0.2749 0.0118 0.0319 0.2785 0.0117 0.0311 0.2626 0.0113 0.0306 0.2547 0.0118 0.0311
0.50 0.2244 0.0115 0.0295 0.2130 0.0110 0.0225 0.2153 0.0110 0.0228 0.2229 0.0117 0.0247
0.70 0.1785 0.0125 0.0234 0.1753 0.0121 0.0222 0.1820 0.0121 0.0217 0.1742 0.0124 0.0230
0.90 0.1514 0.0190 0.0184 0.1588 0.0188 0.0234 0.1307 0.0169 0.0156 0.1431 0.0185 0.0299

Eγ=(1110.0±10.0)MeV Eγ=(1130.0±10.0)MeV Eγ=(1150.0±10.0)MeV Eγ=(1170.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2816 0.0202 0.0387 0.2848 0.0181 0.0379 0.2813 0.0193 0.0352 0.2562 0.0183 0.0314
−0.70 0.2451 0.0145 0.0272 0.2465 0.0129 0.0253 0.2367 0.0134 0.0337 0.2294 0.0129 0.0314
−0.50 0.2639 0.0133 0.0274 0.2282 0.0110 0.0265 0.2159 0.0111 0.0301 0.2328 0.0112 0.0261
−0.30 0.2558 0.0116 0.0287 0.2644 0.0106 0.0325 0.2325 0.0105 0.0286 0.2144 0.0098 0.0233
−0.10 0.2638 0.0111 0.0288 0.2587 0.0099 0.0301 0.2456 0.0101 0.0268 0.2424 0.0098 0.0244

0.10 0.2458 0.0104 0.0286 0.2709 0.0099 0.0301 0.2380 0.0097 0.0265 0.2457 0.0097 0.0258
0.30 0.2514 0.0109 0.0274 0.2514 0.0098 0.0296 0.2498 0.0102 0.0289 0.2617 0.0101 0.0287
0.50 0.2198 0.0110 0.0246 0.2247 0.0100 0.0259 0.2156 0.0102 0.0227 0.2158 0.0099 0.0248
0.70 0.1920 0.0122 0.0236 0.1729 0.0104 0.0194 0.1654 0.0108 0.0257 0.1548 0.0102 0.0219
0.90 0.1061 0.0152 0.0166 0.1156 0.0139 0.0166 0.1136 0.0142 0.0160 0.1084 0.0135 0.0240
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Eγ=(1190.0±10.0)MeV Eγ=(1210.0±10.0)MeV Eγ=(1230.0±10.0)MeV Eγ=(1250.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2291 0.0182 0.0458 0.2399 0.0196 0.0366 0.2717 0.0215 0.0410 0.2128 0.0205 0.0328
−0.70 0.2295 0.0133 0.0360 0.2073 0.0135 0.0275 0.2128 0.0142 0.0261 0.1827 0.0137 0.0196
−0.50 0.2264 0.0113 0.0271 0.2110 0.0116 0.0254 0.1647 0.0107 0.0179 0.1910 0.0118 0.0183
−0.30 0.1992 0.0097 0.0208 0.2015 0.0102 0.0213 0.2023 0.0106 0.0250 0.1930 0.0108 0.0183
−0.10 0.2323 0.0098 0.0228 0.2333 0.0104 0.0239 0.2126 0.0103 0.0247 0.2017 0.0103 0.0176

0.10 0.2343 0.0096 0.0264 0.2357 0.0102 0.0230 0.2266 0.0104 0.0195 0.2147 0.0105 0.0217
0.30 0.2414 0.0099 0.0260 0.2212 0.0101 0.0202 0.2260 0.0106 0.0169 0.2119 0.0107 0.0198
0.50 0.2332 0.0105 0.0245 0.2310 0.0111 0.0223 0.2132 0.0111 0.0200 0.2140 0.0116 0.0211
0.70 0.1721 0.0109 0.0219 0.1602 0.0111 0.0168 0.1634 0.0116 0.0165 0.1621 0.0120 0.0201
0.90 0.1298 0.0152 0.0147 0.1175 0.0152 0.0155 0.1684 0.0189 0.0174 0.1197 0.0166 0.0172

Eγ=(1270.0±10.0)MeV Eγ=(1290.0±10.0)MeV Eγ=(1310.0±10.0)MeV Eγ=(1330.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1651 0.0173 0.0347 0.2026 0.0212 0.0434 0.1887 0.0186 0.0200 0.1643 0.0186 0.0378
−0.70 0.1917 0.0131 0.0225 0.1401 0.0128 0.0156 0.1313 0.0115 0.0181 0.1470 0.0125 0.0333
−0.50 0.1515 0.0100 0.0175 0.1631 0.0116 0.0224 0.1297 0.0096 0.0174 0.1276 0.0101 0.0142
−0.30 0.1650 0.0094 0.0171 0.1549 0.0102 0.0169 0.1574 0.0096 0.0178 0.1502 0.0097 0.0160
−0.10 0.1836 0.0092 0.0201 0.1780 0.0102 0.0194 0.1555 0.0089 0.0198 0.1626 0.0095 0.0171

0.10 0.1992 0.0095 0.0205 0.1915 0.0105 0.0207 0.1860 0.0096 0.0217 0.1710 0.0094 0.0196
0.30 0.2091 0.0099 0.0207 0.1965 0.0109 0.0224 0.1945 0.0100 0.0238 0.1743 0.0098 0.0189
0.50 0.2158 0.0109 0.0206 0.2158 0.0123 0.0210 0.1762 0.0103 0.0162 0.1711 0.0106 0.0172
0.70 0.1725 0.0115 0.0182 0.1748 0.0131 0.0211 0.1448 0.0111 0.0215 0.1335 0.0112 0.0172
0.90 0.1272 0.0161 0.0221 0.1172 0.0172 0.0132 0.1199 0.0161 0.0148 0.0976 0.0152 0.0115

Eγ=(1350.0±10.0)MeV Eγ=(1370.0±10.0)MeV Eγ=(1390.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1663 0.0191 0.0254 0.1736 0.0194 0.0291 0.1810 0.0213 0.0460
−0.70 0.1339 0.0119 0.0172 0.1149 0.0110 0.0167 0.1243 0.0125 0.0228
−0.50 0.1393 0.0105 0.0147 0.1235 0.0096 0.0155 0.1171 0.0101 0.0231
−0.30 0.1557 0.0099 0.0168 0.1505 0.0095 0.0158 0.1240 0.0095 0.0181
−0.10 0.1600 0.0094 0.0156 0.1500 0.0090 0.0160 0.1451 0.0097 0.0153

0.10 0.1708 0.0094 0.0192 0.1724 0.0093 0.0206 0.1519 0.0095 0.0209
0.30 0.1646 0.0095 0.0157 0.1729 0.0095 0.0210 0.1561 0.0100 0.0180
0.50 0.1863 0.0111 0.0208 0.1661 0.0103 0.0232 0.1450 0.0107 0.0174
0.70 0.1561 0.0122 0.0200 0.1459 0.0116 0.0196 0.1537 0.0131 0.0175
0.90 0.1111 0.0163 0.0131 0.1319 0.0176 0.0144 0.1055 0.0173 0.0127
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F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

Total Cross Sections

Eγ ∆Eγ σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

655.0 25.0 0.5182 0.0309 0.1109
690.0 10.0 1.4985 0.0526 0.1635
710.0 10.0 2.5230 0.0732 0.2630
730.0 10.0 3.3251 0.0592 0.3471
747.5 7.5 3.8720 0.0652 0.4023
762.5 7.5 4.2650 0.0724 0.4394
777.5 7.5 4.5803 0.0703 0.4591
792.5 7.5 4.8025 0.0659 0.4556
807.5 7.5 5.0959 0.0663 0.4834
822.5 7.5 5.0530 0.0679 0.4863
837.5 7.5 5.1170 0.0707 0.5059
852.5 7.5 5.1021 0.0693 0.4905
867.5 7.5 4.9763 0.0647 0.4887
882.5 7.5 4.7347 0.0604 0.4645
897.5 7.5 4.6767 0.0650 0.4643
912.5 7.5 4.4370 0.0637 0.4440
927.5 7.5 4.3072 0.0598 0.4319
942.5 7.5 4.1728 0.0587 0.4181
957.5 7.5 4.0829 0.0635 0.4359
972.5 7.5 4.0701 0.0581 0.4435
987.5 7.5 3.8789 0.0567 0.4191

1002.5 7.5 3.7955 0.0580 0.4314
1017.5 7.5 3.6558 0.0573 0.4259
1032.5 7.5 3.5731 0.0572 0.4289
1047.5 7.5 3.4996 0.0594 0.4215
1062.5 7.5 3.2675 0.0566 0.3823
1077.5 7.5 3.2122 0.0555 0.3570
1092.5 7.5 3.1638 0.0587 0.3986
1110.0 10.0 2.9164 0.0529 0.3394
1130.0 10.0 2.8929 0.0470 0.3397
1150.0 10.0 2.7408 0.0484 0.3460
1170.0 10.0 2.6995 0.0466 0.3281
1190.0 10.0 2.6677 0.0480 0.3343
1210.0 10.0 2.5716 0.0498 0.2903
1230.0 10.0 2.5375 0.0523 0.2755
1250.0 10.0 2.3844 0.0520 0.2571
1270.0 10.0 2.2379 0.0474 0.2657
1290.0 10.0 2.1685 0.0527 0.2657
1310.0 10.0 1.9624 0.0465 0.2395
1330.0 10.0 1.8749 0.0472 0.2551
1350.0 10.0 1.9329 0.0484 0.2234
1370.0 10.0 1.8522 0.0469 0.2391
1390.0 10.0 1.7458 0.0503 0.2621
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F.1.4 γp → ηp as a Function of W

Angular Distributions

W=(1488.0±4.0)MeV W=(1496.0±4.0)MeV W=(1504.0±4.0)MeV W=(1511.0±3.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4858 0.0502 0.0455 1.2565 0.0476 0.0937 1.6477 0.0406 0.1183 1.6655 0.0379 0.1300
−0.70 0.3951 0.0216 0.0300 1.2327 0.0253 0.0792 1.4752 0.0227 0.1046 1.5930 0.0235 0.1255
−0.50 0.4255 0.0179 0.0280 1.1900 0.0214 0.0746 1.4664 0.0206 0.1039 1.5530 0.0222 0.1236
−0.30 0.4048 0.0161 0.0288 1.0956 0.0197 0.0750 1.4105 0.0202 0.1012 1.6150 0.0236 0.1285
−0.10 0.3826 0.0152 0.0303 1.0881 0.0195 0.0785 1.3037 0.0201 0.0951 1.5795 0.0248 0.1242

0.10 0.3869 0.0154 0.0359 1.0251 0.0194 0.0804 1.3191 0.0211 0.0985 1.5218 0.0259 0.1238
0.30 0.3846 0.0159 0.0423 0.9666 0.0196 0.0859 1.2724 0.0217 0.1068 1.4773 0.0272 0.1305
0.50 0.3597 0.0165 0.0379 0.9628 0.0208 0.0832 1.1020 0.0215 0.1073 1.2757 0.0271 0.1261
0.70 0.3167 0.0178 0.0324 0.8614 0.0220 0.0682 1.0451 0.0228 0.1035 1.1007 0.0272 0.1123
0.90 0.2717 0.0281 0.0401 0.8031 0.0317 0.0548 0.9186 0.0291 0.0772 1.0205 0.0336 0.0969

W=(1518.0±4.0)MeV W=(1526.0±4.0)MeV W=(1534.0±4.0)MeV W=(1544.0±6.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.6432 0.0312 0.1364 1.8185 0.0311 0.1472 1.8236 0.0300 0.1654 1.6816 0.0235 0.1444
−0.70 1.7051 0.0212 0.1383 1.7692 0.0210 0.1452 1.7709 0.0208 0.1421 1.6713 0.0168 0.1333
−0.50 1.6755 0.0206 0.1365 1.7518 0.0210 0.1452 1.7972 0.0213 0.1425 1.7366 0.0176 0.1413
−0.30 1.7267 0.0224 0.1412 1.8483 0.0235 0.1515 1.9185 0.0243 0.1573 1.9832 0.0209 0.1586
−0.10 1.7704 0.0246 0.1433 1.9400 0.0261 0.1549 2.0805 0.0267 0.1697 2.1672 0.0219 0.1676

0.10 1.7642 0.0260 0.1470 1.9256 0.0268 0.1544 2.0329 0.0262 0.1589 2.0528 0.0204 0.1570
0.30 1.6249 0.0266 0.1397 1.8020 0.0270 0.1478 1.8593 0.0254 0.1460 1.8907 0.0197 0.1446
0.50 1.5377 0.0281 0.1376 1.5857 0.0279 0.1406 1.6342 0.0264 0.1407 1.6231 0.0200 0.1335
0.70 1.2337 0.0280 0.1302 1.3374 0.0302 0.1279 1.3443 0.0298 0.1237 1.3149 0.0231 0.1165
0.90 1.0043 0.0320 0.1155 1.0890 0.0352 0.1032 1.1406 0.0384 0.1109 1.0707 0.0331 0.1064

W=(1555.0±5.0)MeV W=(1565.0±5.0)MeV W=(1575.0±5.0)MeV W=(1585.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.6578 0.0243 0.1366 1.4411 0.0224 0.1220 1.3681 0.0217 0.1148 1.2905 0.0211 0.1098
−0.70 1.5957 0.0175 0.1278 1.4801 0.0169 0.1234 1.3402 0.0162 0.1119 1.3122 0.0162 0.1146
−0.50 1.5959 0.0183 0.1311 1.5789 0.0185 0.1316 1.4877 0.0184 0.1240 1.4555 0.0185 0.1268
−0.30 1.9980 0.0225 0.1623 1.8774 0.0216 0.1581 1.7713 0.0207 0.1475 1.6296 0.0195 0.1423
−0.10 2.0817 0.0218 0.1633 1.8839 0.0197 0.1586 1.7075 0.0181 0.1418 1.5444 0.0168 0.1342

0.10 1.9515 0.0200 0.1514 1.8206 0.0184 0.1453 1.6455 0.0171 0.1330 1.4930 0.0161 0.1257
0.30 1.8104 0.0193 0.1412 1.6766 0.0179 0.1330 1.5730 0.0170 0.1257 1.4586 0.0163 0.1215
0.50 1.5134 0.0192 0.1244 1.4391 0.0178 0.1188 1.3358 0.0166 0.1102 1.2210 0.0156 0.1018
0.70 1.2631 0.0224 0.1237 1.1580 0.0201 0.1052 1.0582 0.0183 0.0950 0.9192 0.0165 0.0789
0.90 0.9773 0.0349 0.1077 0.8845 0.0333 0.0950 0.8137 0.0315 0.0817 0.6817 0.0280 0.0572

W=(1595.0±5.0)MeV W=(1605.0±5.0)MeV W=(1615.0±5.0)MeV W=(1625.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 1.1796 0.0202 0.1098 1.0229 0.0189 0.1050 0.9243 0.0180 0.0890 0.7903 0.0168 0.0771
−0.70 1.1642 0.0154 0.1015 1.0563 0.0148 0.0988 0.9520 0.0142 0.0883 0.7883 0.0132 0.0738
−0.50 1.2881 0.0177 0.1115 1.1586 0.0171 0.1047 1.0573 0.0166 0.0952 0.9094 0.0156 0.0802
−0.30 1.4749 0.0181 0.1285 1.3434 0.0169 0.1183 1.1494 0.0154 0.1038 0.9876 0.0140 0.0884
−0.10 1.4170 0.0157 0.1216 1.2331 0.0146 0.1085 1.0620 0.0135 0.0961 0.9247 0.0126 0.0816

0.10 1.3694 0.0154 0.1161 1.2074 0.0145 0.1042 1.0794 0.0138 0.0945 0.9103 0.0128 0.0831
0.30 1.3210 0.0155 0.1157 1.1416 0.0144 0.0992 1.0006 0.0135 0.0886 0.8151 0.0123 0.0720
0.50 1.0770 0.0146 0.0947 0.9759 0.0138 0.0850 0.8157 0.0127 0.0722 0.6740 0.0116 0.0602
0.70 0.8433 0.0154 0.0777 0.7152 0.0139 0.0643 0.5891 0.0125 0.0559 0.4625 0.0110 0.0419
0.90 0.6486 0.0264 0.0630 0.4819 0.0220 0.0430 0.3522 0.0181 0.0359 0.2705 0.0152 0.0259
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F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

W=(1635.0±5.0)MeV W=(1645.0±5.0)MeV W=(1655.0±5.0)MeV W=(1665.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.6625 0.0156 0.0602 0.5347 0.0142 0.0506 0.4642 0.0134 0.0488 0.3910 0.0124 0.0442
−0.70 0.7037 0.0126 0.0645 0.5804 0.0117 0.0582 0.4788 0.0108 0.0470 0.4303 0.0103 0.0423
−0.50 0.7868 0.0148 0.0709 0.6637 0.0137 0.0620 0.5837 0.0130 0.0565 0.4795 0.0119 0.0460
−0.30 0.8169 0.0126 0.0736 0.6603 0.0113 0.0610 0.5837 0.0106 0.0561 0.4847 0.0097 0.0452
−0.10 0.8060 0.0119 0.0723 0.6532 0.0108 0.0611 0.5534 0.0101 0.0524 0.4717 0.0094 0.0447

0.10 0.7674 0.0119 0.0705 0.6641 0.0111 0.0639 0.5367 0.0101 0.0519 0.4841 0.0096 0.0456
0.30 0.6751 0.0112 0.0632 0.5786 0.0104 0.0542 0.4864 0.0095 0.0470 0.4298 0.0090 0.0406
0.50 0.5579 0.0105 0.0524 0.4625 0.0096 0.0439 0.3688 0.0086 0.0361 0.3563 0.0085 0.0328
0.70 0.3698 0.0097 0.0370 0.2864 0.0085 0.0298 0.2302 0.0076 0.0223 0.2248 0.0075 0.0240
0.90 0.2189 0.0131 0.0251 0.1608 0.0107 0.0153 0.1269 0.0090 0.0145 0.0922 0.0074 0.0120

W=(1675.0±5.0)MeV W=(1685.0±5.0)MeV W=(1695.0±5.0)MeV W=(1705.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.3261 0.0113 0.0383 0.2709 0.0104 0.0281 0.2332 0.0097 0.0257 0.2288 0.0096 0.0318
−0.70 0.3680 0.0096 0.0391 0.3109 0.0091 0.0314 0.2880 0.0088 0.0311 0.2472 0.0083 0.0253
−0.50 0.4237 0.0113 0.0406 0.3676 0.0107 0.0345 0.3340 0.0105 0.0354 0.3151 0.0103 0.0303
−0.30 0.4301 0.0091 0.0396 0.3832 0.0087 0.0356 0.3565 0.0085 0.0336 0.3383 0.0084 0.0306
−0.10 0.4341 0.0092 0.0388 0.3878 0.0088 0.0355 0.3938 0.0090 0.0346 0.3955 0.0091 0.0359

0.10 0.4513 0.0094 0.0406 0.4326 0.0092 0.0427 0.4256 0.0092 0.0356 0.4337 0.0094 0.0393
0.30 0.3957 0.0087 0.0350 0.4060 0.0090 0.0365 0.4303 0.0093 0.0362 0.4651 0.0097 0.0399
0.50 0.3416 0.0084 0.0300 0.3574 0.0087 0.0320 0.3686 0.0089 0.0314 0.4131 0.0095 0.0387
0.70 0.2318 0.0077 0.0233 0.2542 0.0081 0.0237 0.2795 0.0086 0.0240 0.3003 0.0090 0.0296
0.90 0.0864 0.0071 0.0117 0.1120 0.0082 0.0109 0.0996 0.0081 0.0089 0.1385 0.0100 0.0117

W=(1715.0±5.0)MeV W=(1725.0±5.0)MeV W=(1735.0±5.0)MeV W=(1745.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1968 0.0090 0.0273 0.1873 0.0087 0.0226 0.1648 0.0082 0.0161 0.1510 0.0079 0.0176
−0.70 0.2347 0.0081 0.0234 0.2268 0.0080 0.0238 0.2170 0.0079 0.0231 0.1983 0.0077 0.0196
−0.50 0.3058 0.0103 0.0271 0.3078 0.0103 0.0301 0.2977 0.0103 0.0291 0.2869 0.0104 0.0229
−0.30 0.3564 0.0087 0.0307 0.3339 0.0084 0.0291 0.3258 0.0084 0.0297 0.3204 0.0084 0.0255
−0.10 0.3989 0.0092 0.0343 0.4120 0.0095 0.0360 0.3985 0.0094 0.0350 0.4048 0.0096 0.0343

0.10 0.4644 0.0098 0.0386 0.4567 0.0098 0.0392 0.4639 0.0099 0.0389 0.4478 0.0099 0.0382
0.30 0.4663 0.0098 0.0390 0.4873 0.0101 0.0404 0.4747 0.0101 0.0411 0.4814 0.0103 0.0399
0.50 0.4500 0.0100 0.0414 0.4499 0.0101 0.0376 0.4546 0.0104 0.0421 0.4530 0.0105 0.0359
0.70 0.3288 0.0096 0.0340 0.3438 0.0099 0.0282 0.3593 0.0103 0.0360 0.3683 0.0106 0.0314
0.90 0.1539 0.0109 0.0151 0.1950 0.0128 0.0191 0.2141 0.0138 0.0207 0.2186 0.0143 0.0299

W=(1755.0±5.0)MeV W=(1765.0±5.0)MeV W=(1775.0±5.0)MeV W=(1785.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1242 0.0073 0.0209 0.1239 0.0073 0.0123 0.0941 0.0065 0.0163 0.1277 0.0075 0.0208
−0.70 0.1938 0.0078 0.0195 0.1771 0.0075 0.0199 0.1721 0.0075 0.0198 0.1690 0.0075 0.0220
−0.50 0.2865 0.0106 0.0238 0.2608 0.0103 0.0276 0.2613 0.0105 0.0256 0.2438 0.0104 0.0240
−0.30 0.3323 0.0087 0.0268 0.3094 0.0085 0.0278 0.2970 0.0085 0.0242 0.3063 0.0088 0.0247
−0.10 0.4081 0.0098 0.0321 0.3998 0.0098 0.0307 0.3920 0.0100 0.0309 0.3729 0.0100 0.0292

0.10 0.4542 0.0100 0.0375 0.4317 0.0099 0.0327 0.4095 0.0099 0.0317 0.4580 0.0106 0.0365
0.30 0.4806 0.0105 0.0360 0.4552 0.0104 0.0364 0.4512 0.0105 0.0345 0.4654 0.0108 0.0373
0.50 0.4639 0.0107 0.0355 0.4306 0.0105 0.0364 0.4372 0.0107 0.0328 0.4203 0.0108 0.0361
0.70 0.3406 0.0104 0.0289 0.3425 0.0106 0.0308 0.3490 0.0110 0.0286 0.3452 0.0112 0.0318
0.90 0.2047 0.0142 0.0209 0.2458 0.0159 0.0197 0.2401 0.0161 0.0244 0.2236 0.0161 0.0213
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APPENDIX F. DATA TABLES

W=(1795.0±5.0)MeV W=(1805.0±5.0)MeV W=(1815.0±5.0)MeV W=(1825.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1079 0.0071 0.0135 0.1069 0.0072 0.0188 0.0802 0.0065 0.0095 0.1011 0.0074 0.0141
−0.70 0.1626 0.0076 0.0178 0.1548 0.0076 0.0160 0.1564 0.0080 0.0163 0.1374 0.0079 0.0146
−0.50 0.2141 0.0101 0.0213 0.2280 0.0107 0.0186 0.2218 0.0112 0.0192 0.2198 0.0118 0.0223
−0.30 0.2959 0.0089 0.0252 0.2779 0.0089 0.0240 0.2932 0.0094 0.0230 0.2643 0.0094 0.0221
−0.10 0.3573 0.0101 0.0279 0.3527 0.0103 0.0297 0.3471 0.0107 0.0259 0.3441 0.0113 0.0254

0.10 0.4360 0.0106 0.0339 0.3882 0.0104 0.0312 0.3962 0.0108 0.0295 0.3900 0.0111 0.0287
0.30 0.4447 0.0108 0.0331 0.4194 0.0108 0.0316 0.4193 0.0113 0.0342 0.4194 0.0119 0.0298
0.50 0.4268 0.0112 0.0317 0.4291 0.0116 0.0322 0.4173 0.0118 0.0379 0.4107 0.0121 0.0297
0.70 0.3646 0.0119 0.0324 0.3668 0.0123 0.0269 0.3626 0.0127 0.0314 0.3510 0.0131 0.0288
0.90 0.2114 0.0163 0.0279 0.2477 0.0183 0.0182 0.2629 0.0198 0.0277 0.2488 0.0205 0.0307

W=(1835.0±5.0)MeV W=(1845.0±5.0)MeV W=(1855.0±5.0)MeV W=(1865.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1006 0.0077 0.0175 0.1011 0.0082 0.0092 0.0817 0.0082 0.0148 0.0898 0.0097 0.0115
−0.70 0.1412 0.0085 0.0149 0.1378 0.0089 0.0130 0.1356 0.0097 0.0175 0.1684 0.0125 0.0167
−0.50 0.2206 0.0123 0.0183 0.2307 0.0133 0.0193 0.2218 0.0143 0.0186 0.1982 0.0149 0.0148
−0.30 0.2626 0.0099 0.0216 0.2542 0.0106 0.0196 0.2546 0.0117 0.0201 0.2531 0.0132 0.0192
−0.10 0.3406 0.0119 0.0274 0.3667 0.0133 0.0269 0.3550 0.0142 0.0283 0.3581 0.0156 0.0268

0.10 0.3946 0.0117 0.0308 0.3697 0.0121 0.0284 0.3654 0.0132 0.0293 0.3695 0.0149 0.0290
0.30 0.4144 0.0125 0.0333 0.4458 0.0139 0.0341 0.4241 0.0144 0.0340 0.4157 0.0153 0.0317
0.50 0.4189 0.0127 0.0322 0.3941 0.0130 0.0308 0.3883 0.0140 0.0278 0.4051 0.0158 0.0269
0.70 0.3711 0.0144 0.0273 0.3774 0.0157 0.0285 0.3845 0.0175 0.0281 0.3451 0.0186 0.0262
0.90 0.2477 0.0220 0.0188 0.2783 0.0253 0.0218 0.2566 0.0271 0.0231 0.1965 0.0278 0.0185
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F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

Total Cross Sections

W ∆W σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1488.0 4.0 4.7547 0.0860 0.4294
1496.0 4.0 13.1980 0.0997 0.9698
1504.0 4.0 16.2321 0.0959 1.2839
1511.0 3.0 18.0035 0.1083 1.5351
1518.0 4.0 19.6756 0.1038 1.7152
1526.0 4.0 21.0948 0.1075 1.7787
1534.0 4.0 21.6793 0.1069 1.8112
1544.0 6.0 21.3175 0.0858 1.7402
1555.0 5.0 20.2986 0.0868 1.6938
1565.0 5.0 18.9221 0.0816 1.6010
1575.0 5.0 17.4883 0.0772 1.4710
1585.0 5.0 16.1914 0.0729 1.3874
1595.0 5.0 14.6425 0.0688 1.2916
1605.0 5.0 12.8928 0.0636 1.1617
1615.0 5.0 11.2136 0.0587 1.0242
1625.0 5.0 9.3933 0.0535 0.8534
1635.0 5.0 7.9533 0.0492 0.7371
1645.0 5.0 6.5408 0.0446 0.6256
1655.0 5.0 5.4968 0.0410 0.5383
1665.0 5.0 4.8094 0.0383 0.4723
1675.0 5.0 4.3647 0.0366 0.4221
1685.0 5.0 4.1053 0.0360 0.3889
1695.0 5.0 4.0151 0.0359 0.3707
1705.0 5.0 4.0916 0.0369 0.3913
1715.0 5.0 4.1984 0.0378 0.3900
1725.0 5.0 4.2458 0.0388 0.3813
1735.0 5.0 4.2111 0.0394 0.3917
1745.0 5.0 4.1615 0.0398 0.3676
1755.0 5.0 4.1041 0.0399 0.3522
1765.0 5.0 3.9602 0.0404 0.3448
1775.0 5.0 3.8744 0.0408 0.3353
1785.0 5.0 3.9059 0.0416 0.3559
1795.0 5.0 3.7902 0.0423 0.3322
1805.0 5.0 3.7248 0.0439 0.3092
1815.0 5.0 3.7122 0.0458 0.3206
1825.0 5.0 3.6029 0.0472 0.3061
1835.0 5.0 3.6471 0.0505 0.3022
1845.0 5.0 3.6698 0.0548 0.2886
1855.0 5.0 3.5830 0.0594 0.3009
1865.0 5.0 3.5125 0.0648 0.2764
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APPENDIX F. DATA TABLES

F.1.5 γn → ηn as a Function of W

Angular Distributions

W=(1488.0±4.0)MeV W=(1496.0±4.0)MeV W=(1504.0±4.0)MeV W=(1511.0±3.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 −0.0288 0.0076−0.0006 0.4961 0.0732 0.0359 0.6569 0.0578 0.0560 0.6130 0.0539 0.0553
−0.70 0.0953 0.0296 0.0120 0.4377 0.0366 0.0341 0.5607 0.0312 0.0507 0.4717 0.0292 0.0502
−0.50 0.0994 0.0247 0.0106 0.3835 0.0296 0.0348 0.4264 0.0245 0.0379 0.5257 0.0279 0.0515
−0.30 0.1070 0.0236 0.0140 0.3235 0.0261 0.0362 0.4560 0.0246 0.0370 0.5399 0.0276 0.0476
−0.10 0.0916 0.0215 0.0123 0.3434 0.0266 0.0283 0.4060 0.0234 0.0344 0.5405 0.0275 0.0497

0.10 0.0413 0.0161 0.0116 0.4367 0.0306 0.0325 0.4275 0.0246 0.0365 0.4809 0.0265 0.0436
0.30 0.0362 0.0162 0.0117 0.3054 0.0279 0.0326 0.4212 0.0262 0.0413 0.3959 0.0257 0.0366
0.50 0.0847 0.0257 0.0271 0.3825 0.0345 0.0439 0.4296 0.0295 0.0478 0.4907 0.0319 0.0522
0.70 0.0648 0.0319 0.0162 0.4180 0.0458 0.0534 0.3151 0.0322 0.0452 0.3781 0.0348 0.0534
0.90 −0.0521 0.0081 0.0098 0.2359 0.0654 0.0436 0.2961 0.0534 0.0399 0.3828 0.0590 0.0460

W=(1518.0±4.0)MeV W=(1526.0±4.0)MeV W=(1534.0±4.0)MeV W=(1544.0±6.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.9277 0.0511 0.0877 0.8878 0.0466 0.0876 0.8795 0.0442 0.0903 0.8117 0.0332 0.0885
−0.70 0.5853 0.0260 0.0533 0.6096 0.0253 0.0615 0.6290 0.0251 0.0618 0.6181 0.0201 0.0633
−0.50 0.5441 0.0230 0.0504 0.5443 0.0219 0.0584 0.5505 0.0215 0.0528 0.5922 0.0180 0.0592
−0.30 0.5396 0.0223 0.0512 0.5269 0.0207 0.0497 0.5460 0.0201 0.0519 0.5766 0.0163 0.0608
−0.10 0.5228 0.0216 0.0472 0.5454 0.0204 0.0528 0.5570 0.0190 0.0543 0.5154 0.0140 0.0503

0.10 0.4710 0.0206 0.0443 0.5322 0.0197 0.0492 0.4986 0.0174 0.0498 0.4970 0.0132 0.0493
0.30 0.4691 0.0216 0.0460 0.5106 0.0202 0.0497 0.4685 0.0175 0.0466 0.4599 0.0130 0.0460
0.50 0.4402 0.0236 0.0458 0.4471 0.0213 0.0448 0.4207 0.0185 0.0415 0.4181 0.0138 0.0417
0.70 0.4479 0.0290 0.0546 0.3863 0.0248 0.0433 0.4132 0.0232 0.0451 0.3756 0.0167 0.0435
0.90 0.3793 0.0464 0.0546 0.4783 0.0468 0.0593 0.3446 0.0373 0.0522 0.3813 0.0299 0.0515

W=(1555.0±5.0)MeV W=(1565.0±5.0)MeV W=(1575.0±5.0)MeV W=(1585.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.7223 0.0332 0.0841 0.6814 0.0316 0.0770 0.6675 0.0311 0.0819 0.6543 0.0306 0.0721
−0.70 0.5060 0.0197 0.0564 0.5173 0.0197 0.0543 0.4744 0.0191 0.0480 0.4869 0.0195 0.0453
−0.50 0.5396 0.0188 0.0537 0.4962 0.0181 0.0522 0.5167 0.0187 0.0524 0.5126 0.0187 0.0511
−0.30 0.5923 0.0177 0.0579 0.5232 0.0163 0.0506 0.4853 0.0154 0.0483 0.4542 0.0147 0.0465
−0.10 0.5183 0.0147 0.0505 0.4849 0.0137 0.0484 0.4519 0.0128 0.0435 0.4207 0.0122 0.0403

0.10 0.5042 0.0138 0.0485 0.4726 0.0128 0.0459 0.4244 0.0120 0.0385 0.4140 0.0118 0.0385
0.30 0.4234 0.0130 0.0405 0.4353 0.0128 0.0400 0.3805 0.0118 0.0369 0.3650 0.0115 0.0364
0.50 0.4026 0.0142 0.0405 0.4024 0.0137 0.0392 0.3690 0.0129 0.0383 0.3412 0.0123 0.0341
0.70 0.3840 0.0176 0.0482 0.3396 0.0161 0.0376 0.3056 0.0150 0.0386 0.2996 0.0146 0.0315
0.90 0.3371 0.0300 0.0439 0.2804 0.0268 0.0315 0.3461 0.0283 0.0387 0.2825 0.0252 0.0311

W=(1595.0±5.0)MeV W=(1605.0±5.0)MeV W=(1615.0±5.0)MeV W=(1625.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.5909 0.0286 0.0586 0.5358 0.0270 0.0697 0.5240 0.0266 0.0638 0.4794 0.0254 0.0521
−0.70 0.4337 0.0184 0.0445 0.3922 0.0174 0.0458 0.3456 0.0163 0.0387 0.3419 0.0162 0.0381
−0.50 0.4648 0.0179 0.0454 0.4267 0.0169 0.0451 0.3780 0.0157 0.0431 0.3388 0.0151 0.0386
−0.30 0.4357 0.0141 0.0440 0.4062 0.0131 0.0428 0.3511 0.0119 0.0368 0.3097 0.0112 0.0332
−0.10 0.4021 0.0118 0.0412 0.3598 0.0109 0.0382 0.3205 0.0101 0.0334 0.2856 0.0096 0.0314

0.10 0.3650 0.0111 0.0380 0.3387 0.0105 0.0364 0.3018 0.0098 0.0313 0.2795 0.0095 0.0314
0.30 0.3523 0.0112 0.0334 0.3002 0.0102 0.0293 0.2619 0.0095 0.0288 0.2634 0.0096 0.0291
0.50 0.2952 0.0113 0.0318 0.2587 0.0103 0.0250 0.2322 0.0098 0.0256 0.2114 0.0094 0.0244
0.70 0.2723 0.0136 0.0304 0.2015 0.0115 0.0212 0.1737 0.0105 0.0201 0.1824 0.0108 0.0226
0.90 0.2162 0.0216 0.0207 0.1874 0.0193 0.0227 0.1963 0.0190 0.0227 0.1492 0.0169 0.0182
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F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

W=(1635.0±5.0)MeV W=(1645.0±5.0)MeV W=(1655.0±5.0)MeV W=(1665.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4920 0.0254 0.0564 0.4151 0.0234 0.0454 0.4632 0.0248 0.0514 0.4206 0.0240 0.0506
−0.70 0.3358 0.0162 0.0359 0.3565 0.0167 0.0416 0.3360 0.0164 0.0366 0.3700 0.0174 0.0392
−0.50 0.3670 0.0159 0.0389 0.3529 0.0156 0.0398 0.3694 0.0159 0.0396 0.3603 0.0158 0.0382
−0.30 0.3324 0.0117 0.0391 0.3111 0.0114 0.0353 0.3113 0.0115 0.0369 0.3331 0.0119 0.0364
−0.10 0.2771 0.0097 0.0307 0.2974 0.0104 0.0340 0.3252 0.0110 0.0366 0.3488 0.0115 0.0383

0.10 0.3002 0.0102 0.0359 0.2947 0.0104 0.0353 0.3391 0.0114 0.0396 0.3786 0.0121 0.0400
0.30 0.3061 0.0105 0.0354 0.2884 0.0106 0.0349 0.3116 0.0112 0.0345 0.3022 0.0111 0.0348
0.50 0.2293 0.0099 0.0245 0.2365 0.0103 0.0266 0.2637 0.0111 0.0297 0.2386 0.0107 0.0266
0.70 0.1577 0.0103 0.0212 0.2056 0.0119 0.0274 0.1590 0.0106 0.0196 0.2027 0.0120 0.0240
0.90 0.1233 0.0163 0.0252 0.1275 0.0166 0.0168 0.0921 0.0143 0.0115 0.1002 0.0150 0.0133

W=(1675.0±5.0)MeV W=(1685.0±5.0)MeV W=(1695.0±5.0)MeV W=(1705.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.4359 0.0243 0.0526 0.3753 0.0226 0.0434 0.3645 0.0225 0.0428 0.2899 0.0207 0.0337
−0.70 0.3766 0.0175 0.0415 0.3286 0.0163 0.0350 0.2862 0.0154 0.0360 0.2747 0.0154 0.0328
−0.50 0.3438 0.0153 0.0409 0.3263 0.0149 0.0363 0.3235 0.0149 0.0406 0.2536 0.0136 0.0255
−0.30 0.3005 0.0112 0.0351 0.2907 0.0109 0.0306 0.2868 0.0108 0.0306 0.2487 0.0102 0.0276
−0.10 0.3023 0.0108 0.0304 0.3084 0.0110 0.0330 0.2836 0.0105 0.0289 0.2735 0.0104 0.0277

0.10 0.3504 0.0117 0.0368 0.3182 0.0112 0.0320 0.2921 0.0108 0.0330 0.2887 0.0108 0.0280
0.30 0.3085 0.0113 0.0334 0.2818 0.0109 0.0327 0.2950 0.0113 0.0306 0.2915 0.0113 0.0260
0.50 0.2456 0.0110 0.0259 0.2481 0.0111 0.0247 0.2356 0.0109 0.0263 0.2517 0.0113 0.0277
0.70 0.1802 0.0115 0.0244 0.1625 0.0110 0.0211 0.1636 0.0108 0.0188 0.1487 0.0104 0.0155
0.90 0.1085 0.0162 0.0219 0.1244 0.0166 0.0213 0.1205 0.0149 0.0163 0.0886 0.0126 0.0080

W=(1715.0±5.0)MeV W=(1725.0±5.0)MeV W=(1735.0±5.0)MeV W=(1745.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.2662 0.0202 0.0258 0.2766 0.0211 0.0356 0.2064 0.0184 0.0295 0.1751 0.0168 0.0176
−0.70 0.2680 0.0155 0.0255 0.2312 0.0146 0.0208 0.1765 0.0130 0.0201 0.2039 0.0139 0.0229
−0.50 0.2567 0.0138 0.0239 0.2371 0.0135 0.0200 0.1979 0.0124 0.0195 0.2074 0.0128 0.0215
−0.30 0.2134 0.0096 0.0209 0.2285 0.0102 0.0221 0.2131 0.0099 0.0218 0.1972 0.0095 0.0182
−0.10 0.2841 0.0108 0.0255 0.2637 0.0107 0.0254 0.2541 0.0107 0.0233 0.2155 0.0098 0.0217

0.10 0.3068 0.0113 0.0249 0.2732 0.0110 0.0230 0.2772 0.0111 0.0250 0.2399 0.0104 0.0241
0.30 0.2824 0.0112 0.0237 0.2715 0.0113 0.0235 0.2840 0.0117 0.0256 0.2494 0.0109 0.0258
0.50 0.2414 0.0113 0.0224 0.2614 0.0121 0.0234 0.2420 0.0117 0.0238 0.2199 0.0112 0.0183
0.70 0.1630 0.0112 0.0161 0.1644 0.0116 0.0147 0.1759 0.0122 0.0227 0.1792 0.0124 0.0253
0.90 0.0810 0.0131 0.0082 0.1159 0.0167 0.0128 0.0932 0.0156 0.0204 0.0711 0.0142 0.0176

W=(1755.0±5.0)MeV W=(1765.0±5.0)MeV W=(1775.0±5.0)MeV W=(1785.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1821 0.0176 0.0315 0.1812 0.0182 0.0224 0.1561 0.0175 0.0245 0.1826 0.0191 0.0328
−0.70 0.1819 0.0135 0.0224 0.1494 0.0126 0.0193 0.1505 0.0127 0.0179 0.1770 0.0141 0.0236
−0.50 0.1785 0.0121 0.0188 0.1705 0.0120 0.0214 0.1771 0.0125 0.0182 0.1697 0.0128 0.0204
−0.30 0.1706 0.0090 0.0178 0.1660 0.0091 0.0195 0.1707 0.0093 0.0168 0.1684 0.0095 0.0161
−0.10 0.2063 0.0098 0.0237 0.2224 0.0105 0.0252 0.2183 0.0106 0.0235 0.1955 0.0103 0.0188

0.10 0.2374 0.0105 0.0237 0.2399 0.0109 0.0222 0.2258 0.0109 0.0234 0.2162 0.0107 0.0198
0.30 0.2362 0.0108 0.0231 0.2598 0.0117 0.0262 0.2218 0.0112 0.0218 0.2326 0.0114 0.0233
0.50 0.2230 0.0114 0.0269 0.2478 0.0124 0.0239 0.2397 0.0125 0.0229 0.2190 0.0121 0.0252
0.70 0.1565 0.0118 0.0221 0.1609 0.0123 0.0192 0.1758 0.0131 0.0208 0.1578 0.0126 0.0178
0.90 0.1008 0.0171 0.0130 0.0994 0.0168 0.0132 0.0763 0.0151 0.0136 0.0618 0.0144 0.0110
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APPENDIX F. DATA TABLES

W=(1795.0±5.0)MeV W=(1805.0±5.0)MeV W=(1815.0±5.0)MeV W=(1825.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1650 0.0186 0.0202 0.1800 0.0202 0.0311 0.1211 0.0176 0.0278 0.1329 0.0192 0.0134
−0.70 0.1633 0.0142 0.0171 0.1654 0.0146 0.0216 0.1424 0.0143 0.0132 0.1343 0.0145 0.0217
−0.50 0.1625 0.0128 0.0161 0.1278 0.0113 0.0142 0.1319 0.0116 0.0179 0.1349 0.0123 0.0208
−0.30 0.1595 0.0094 0.0186 0.1439 0.0092 0.0162 0.1426 0.0093 0.0141 0.1396 0.0095 0.0149
−0.10 0.1739 0.0100 0.0176 0.1667 0.0103 0.0155 0.1867 0.0113 0.0163 0.1780 0.0116 0.0149

0.10 0.2241 0.0112 0.0203 0.2109 0.0114 0.0213 0.1926 0.0114 0.0176 0.2086 0.0122 0.0195
0.30 0.2263 0.0115 0.0217 0.1944 0.0112 0.0172 0.2302 0.0128 0.0229 0.2073 0.0125 0.0175
0.50 0.1978 0.0118 0.0196 0.2218 0.0131 0.0235 0.2233 0.0138 0.0237 0.2000 0.0133 0.0234
0.70 0.1636 0.0133 0.0171 0.1605 0.0138 0.0151 0.1485 0.0139 0.0187 0.1437 0.0140 0.0146
0.90 0.1405 0.0227 0.0182 0.0838 0.0186 0.0077 −0.0013 0.0004 0.0031 0.0655 0.0164 0.0060

W=(1835.0±5.0)MeV W=(1845.0±5.0)MeV W=(1855.0±5.0)MeV W=(1865.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.90 0.1353 0.0206 0.0325 0.1375 0.0221 0.0172 0.1184 0.0216 0.0302 0.1038 0.0220 0.0189
−0.70 0.1457 0.0155 0.0119 0.1297 0.0157 0.0190 0.0955 0.0141 0.0122 0.1016 0.0152 0.0168
−0.50 0.1272 0.0127 0.0126 0.1152 0.0127 0.0103 0.1248 0.0131 0.0166 0.0699 0.0102 0.0107
−0.30 0.1290 0.0095 0.0146 0.1172 0.0096 0.0100 0.1084 0.0101 0.0107 0.1207 0.0114 0.0108
−0.10 0.1799 0.0121 0.0167 0.1614 0.0122 0.0164 0.1425 0.0125 0.0148 0.1590 0.0141 0.0179

0.10 0.1914 0.0120 0.0154 0.1626 0.0116 0.0150 0.1931 0.0138 0.0197 0.1794 0.0142 0.0207
0.30 0.1839 0.0121 0.0152 0.1981 0.0132 0.0211 0.1918 0.0139 0.0190 0.1664 0.0135 0.0158
0.50 0.1711 0.0125 0.0134 0.1987 0.0142 0.0162 0.1773 0.0145 0.0166 0.1832 0.0156 0.0205
0.70 0.1214 0.0135 0.0125 0.1222 0.0145 0.0163 0.1427 0.0170 0.0152 0.1040 0.0158 0.0100
0.90 −0.0008 0.0005 0.0016 −0.0011 0.0005 0.0015 0.0266 0.0142 0.0098 0.0209 0.0138 0.0041
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F.1. UNPOLARISED CROSS SECTIONS FROM 3HE (A2)

Total Cross Sections

W ∆W σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1488.0 4.0 0.4412 0.0718 0.1310
1496.0 4.0 4.7383 0.1620 0.4795
1504.0 4.0 5.4933 0.1320 0.5435
1511.0 3.0 5.9360 0.1374 0.6135
1518.0 4.0 6.5552 0.1145 0.6586
1526.0 4.0 6.6620 0.1068 0.6810
1534.0 4.0 6.5681 0.0988 0.6705
1544.0 6.0 6.5143 0.0766 0.6849
1555.0 5.0 6.0798 0.0781 0.6486
1565.0 5.0 5.7620 0.0742 0.5934
1575.0 5.0 5.4566 0.0724 0.5755
1585.0 5.0 5.2636 0.0705 0.5290
1595.0 5.0 4.7672 0.0659 0.4857
1605.0 5.0 4.2241 0.0607 0.4642
1615.0 5.0 3.7877 0.0574 0.4223
1625.0 5.0 3.5291 0.0555 0.3974
1635.0 5.0 3.6000 0.0560 0.4200
1645.0 5.0 3.6173 0.0566 0.4228
1655.0 5.0 3.6791 0.0566 0.4166
1665.0 5.0 3.8068 0.0581 0.4253
1675.0 5.0 3.6747 0.0579 0.4270
1685.0 5.0 3.4358 0.0556 0.3849
1695.0 5.0 3.2923 0.0541 0.3777
1705.0 5.0 3.0042 0.0516 0.3168
1715.0 5.0 2.9339 0.0520 0.2711
1725.0 5.0 2.8900 0.0537 0.2738
1735.0 5.0 2.6428 0.0509 0.2894
1745.0 5.0 2.4530 0.0493 0.2663
1755.0 5.0 2.3353 0.0499 0.2799
1765.0 5.0 2.3570 0.0509 0.2656
1775.0 5.0 2.2659 0.0505 0.2538
1785.0 5.0 2.2346 0.0515 0.2622
1795.0 5.0 2.2036 0.0547 0.2322
1805.0 5.0 2.0746 0.0544 0.2295
1815.0 5.0 1.8787 0.0487 0.2180
1825.0 5.0 1.9320 0.0547 0.2108
1835.0 5.0 1.7202 0.0513 0.1829
1845.0 5.0 1.6721 0.0538 0.1776
1855.0 5.0 1.6468 0.0583 0.2035
1865.0 5.0 1.4935 0.0585 0.1809
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APPENDIX F. DATA TABLES

F.2 Unpolarised Cross Sections from LD2 (CBELSA/TAPS)

F.2.1 γN → η(N) as a Function of Eγ

Angular Distributions

Eγ=(697.5±7.5)MeV Eγ=(712.5±7.5)MeV Eγ=(730.0±10.0)MeV Eγ=(750.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.6527 0.0271 0.0120 0.9473 0.0305 0.0086 1.2989 0.0293 0.0077 1.6450 0.0339 0.0081
−0.62 0.4932 0.0222 0.0078 0.8452 0.0271 0.0084 1.0830 0.0250 0.0122 1.4962 0.0302 0.0099
−0.38 0.4497 0.0203 0.0075 0.7145 0.0238 0.0067 1.0703 0.0235 0.0131 1.4321 0.0277 0.0090
−0.12 0.3389 0.0169 0.0044 0.6291 0.0213 0.0072 0.9969 0.0216 0.0091 1.3049 0.0250 0.0088

0.12 0.3215 0.0159 0.0020 0.5877 0.0198 0.0080 0.9476 0.0201 0.0040 1.3380 0.0241 0.0096
0.38 0.2713 0.0143 0.0017 0.5364 0.0182 0.0052 0.8910 0.0188 0.0007 1.3095 0.0229 0.0075
0.62 0.2361 0.0132 0.0035 0.4750 0.0166 0.0030 0.8645 0.0177 0.0013 1.2832 0.0216 0.0064
0.88 0.1935 0.0117 0.0049 0.4362 0.0156 0.0038 0.8158 0.0168 0.0046 1.2237 0.0204 0.0087

Eγ=(770.0±10.0)MeV Eγ=(790.0±10.0)MeV Eγ=(810.0±10.0)MeV Eγ=(830.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 1.7439 0.0369 0.0089 1.8256 0.0413 0.0331 1.7789 0.0428 0.0201 1.6800 0.0506 0.0239
−0.62 1.6915 0.0338 0.0108 1.7492 0.0374 0.0139 1.7439 0.0384 0.0154 1.6229 0.0442 0.0164
−0.38 1.6481 0.0312 0.0149 1.7785 0.0349 0.0075 1.6800 0.0347 0.0132 1.6583 0.0410 0.0170
−0.12 1.5825 0.0286 0.0155 1.6799 0.0316 0.0087 1.6243 0.0319 0.0082 1.6887 0.0386 0.0195

0.12 1.5778 0.0271 0.0113 1.6749 0.0298 0.0104 1.7037 0.0304 0.0075 1.6003 0.0347 0.0199
0.38 1.5801 0.0259 0.0084 1.6499 0.0282 0.0127 1.6757 0.0290 0.0138 1.5858 0.0334 0.0264
0.62 1.5607 0.0247 0.0072 1.6128 0.0267 0.0139 1.5717 0.0267 0.0177 1.5017 0.0309 0.0244
0.88 1.4608 0.0228 0.0043 1.4709 0.0243 0.0078 1.5750 0.0253 0.0188 1.3847 0.0279 0.0046

Eγ=(850.0±10.0)MeV Eγ=(870.0±10.0)MeV Eγ=(890.0±10.0)MeV Eγ=(910.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 1.6145 0.0486 0.0280 1.5684 0.0481 0.0334 1.4518 0.0504 0.0299 1.2502 0.0455 0.0197
−0.62 1.5436 0.0418 0.0143 1.5421 0.0423 0.0155 1.4135 0.0441 0.0241 1.2698 0.0400 0.0220
−0.38 1.5396 0.0382 0.0101 1.4515 0.0373 0.0092 1.3690 0.0393 0.0170 1.1949 0.0351 0.0171
−0.12 1.5097 0.0352 0.0126 1.4913 0.0349 0.0108 1.4082 0.0367 0.0143 1.2557 0.0331 0.0139

0.12 1.4858 0.0321 0.0122 1.5007 0.0320 0.0130 1.3637 0.0328 0.0127 1.2305 0.0296 0.0159
0.38 1.4545 0.0306 0.0092 1.4924 0.0306 0.0172 1.2621 0.0302 0.0104 1.1112 0.0269 0.0216
0.62 1.4239 0.0289 0.0102 1.3668 0.0280 0.0161 1.1978 0.0280 0.0097 1.0268 0.0245 0.0235
0.88 1.3052 0.0258 0.0129 1.2608 0.0252 0.0072 1.0877 0.0251 0.0100 0.9327 0.0220 0.0171

Eγ=(930.0±10.0)MeV Eγ=(955.0±15.0)MeV Eγ=(980.0±10.0)MeV Eγ=(1005.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 1.1474 0.0468 0.0387 1.0107 0.0369 0.0342 0.9641 0.0490 0.0416 0.8195 0.0378 0.0467
−0.62 1.1459 0.0402 0.0312 1.0265 0.0318 0.0225 0.9222 0.0407 0.0197 0.8835 0.0329 0.0271
−0.38 1.2012 0.0370 0.0208 1.0709 0.0288 0.0186 0.9394 0.0361 0.0145 0.9228 0.0296 0.0164
−0.12 1.1002 0.0325 0.0136 1.0443 0.0259 0.0154 0.9274 0.0325 0.0163 0.8330 0.0252 0.0136

0.12 1.1508 0.0300 0.0157 0.9818 0.0226 0.0117 0.9124 0.0289 0.0157 0.8375 0.0227 0.0169
0.38 1.0689 0.0274 0.0197 0.8788 0.0204 0.0112 0.8710 0.0269 0.0147 0.7692 0.0207 0.0180
0.62 0.8906 0.0238 0.0195 0.7781 0.0183 0.0136 0.7855 0.0245 0.0182 0.7074 0.0191 0.0178
0.88 0.7831 0.0212 0.0142 0.6925 0.0165 0.0164 0.5819 0.0204 0.0223 0.5041 0.0158 0.0148
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

Eγ=(1035.0±15.0)MeV Eγ=(1065.0±15.0)MeV Eγ=(1095.0±15.0)MeV Eγ=(1125.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.7908 0.0370 0.0362 0.6884 0.0439 0.0133 0.6359 0.0448 0.0533 0.5631 0.0376 0.0500
−0.62 0.7172 0.0295 0.0248 0.6875 0.0366 0.0236 0.6312 0.0367 0.0298 0.5266 0.0294 0.0301
−0.38 0.7919 0.0273 0.0211 0.7322 0.0331 0.0243 0.6120 0.0315 0.0148 0.5903 0.0267 0.0200
−0.12 0.7531 0.0238 0.0148 0.7071 0.0290 0.0172 0.5867 0.0275 0.0082 0.6031 0.0238 0.0122

0.12 0.7380 0.0212 0.0103 0.6822 0.0256 0.0119 0.6510 0.0258 0.0069 0.7007 0.0229 0.0117
0.38 0.6607 0.0190 0.0097 0.6180 0.0231 0.0081 0.6399 0.0243 0.0099 0.6909 0.0216 0.0141
0.62 0.5934 0.0173 0.0124 0.5356 0.0209 0.0078 0.5510 0.0221 0.0132 0.5844 0.0196 0.0139
0.88 0.4561 0.0151 0.0118 0.3963 0.0179 0.0096 0.4012 0.0187 0.0106 0.4428 0.0168 0.0105

Eγ=(1155.0±15.0)MeV Eγ=(1185.0±15.0)MeV Eγ=(1215.0±15.0)MeV Eγ=(1245.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.4877 0.0377 0.0315 0.4441 0.0388 0.0285 0.4504 0.0507 0.0098 0.3618 0.0387 0.0284
−0.62 0.4591 0.0286 0.0208 0.4144 0.0289 0.0286 0.4231 0.0388 0.0148 0.3633 0.0309 0.0200
−0.38 0.5262 0.0259 0.0196 0.4739 0.0259 0.0242 0.5094 0.0354 0.0195 0.4362 0.0281 0.0152
−0.12 0.6214 0.0247 0.0195 0.5384 0.0241 0.0138 0.4537 0.0291 0.0142 0.4699 0.0253 0.0108

0.12 0.6959 0.0232 0.0156 0.5532 0.0217 0.0084 0.5696 0.0289 0.0137 0.5114 0.0236 0.0116
0.38 0.6224 0.0211 0.0105 0.5614 0.0211 0.0081 0.5217 0.0269 0.0120 0.4922 0.0227 0.0120
0.62 0.5735 0.0199 0.0121 0.4715 0.0191 0.0095 0.4754 0.0255 0.0133 0.4499 0.0217 0.0112
0.88 0.4208 0.0166 0.0150 0.3572 0.0160 0.0139 0.3639 0.0211 0.0125 0.3517 0.0179 0.0109

Eγ=(1270.0±10.0)MeV Eγ=(1295.0±15.0)MeV Eγ=(1325.0±15.0)MeV Eγ=(1355.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.3214 0.0438 0.0439 0.3746 0.0372 0.0261 0.2903 0.0345 0.0258 0.2672 0.0333 0.0152
−0.62 0.3675 0.0369 0.0227 0.2970 0.0260 0.0135 0.3982 0.0313 0.0203 0.2975 0.0278 0.0214
−0.38 0.4320 0.0336 0.0162 0.3828 0.0247 0.0138 0.4001 0.0264 0.0162 0.3252 0.0244 0.0171
−0.12 0.4828 0.0309 0.0151 0.4300 0.0229 0.0152 0.4185 0.0236 0.0145 0.4001 0.0237 0.0099

0.12 0.4808 0.0276 0.0110 0.4763 0.0216 0.0160 0.4910 0.0232 0.0116 0.4281 0.0223 0.0064
0.38 0.5059 0.0280 0.0075 0.5133 0.0223 0.0176 0.5032 0.0234 0.0094 0.4899 0.0241 0.0092
0.62 0.4456 0.0264 0.0059 0.4504 0.0212 0.0142 0.4527 0.0227 0.0104 0.4519 0.0238 0.0134
0.88 0.3371 0.0212 0.0102 0.3619 0.0173 0.0069 0.3220 0.0172 0.0106 0.3487 0.0186 0.0156

Eγ=(1385.0±15.0)MeV Eγ=(1415.0±15.0)MeV Eγ=(1445.0±15.0)MeV Eγ=(1475.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1994 0.0340 0.0140 0.2792 0.0391 0.0291 0.1393 0.0270 0.0134 0.2871 0.0381 0.0313
−0.62 0.3217 0.0336 0.0122 0.2625 0.0301 0.0162 0.2759 0.0287 0.0182 0.1800 0.0243 0.0170
−0.38 0.2947 0.0271 0.0074 0.2841 0.0264 0.0127 0.2453 0.0226 0.0087 0.2571 0.0238 0.0172
−0.12 0.3170 0.0248 0.0071 0.2961 0.0238 0.0120 0.2958 0.0219 0.0057 0.3313 0.0238 0.0149

0.12 0.4118 0.0260 0.0107 0.3763 0.0248 0.0112 0.3829 0.0232 0.0076 0.3380 0.0226 0.0124
0.38 0.4346 0.0272 0.0133 0.3906 0.0260 0.0070 0.4003 0.0246 0.0092 0.3518 0.0243 0.0099
0.62 0.3919 0.0268 0.0120 0.4111 0.0279 0.0046 0.3700 0.0249 0.0084 0.3308 0.0249 0.0057
0.88 0.3631 0.0223 0.0119 0.3482 0.0217 0.0017 0.3474 0.0200 0.0083 0.2905 0.0190 0.0033

Eγ=(1505.0±15.0)MeV Eγ=(1535.0±15.0)MeV Eγ=(1565.0±15.0)MeV Eγ=(1595.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2144 0.0337 0.0228 0.1682 0.0359 0.0325 0.1642 0.0337 0.0194 0.1752 0.0351 0.0116
−0.62 0.2010 0.0259 0.0157 0.1450 0.0264 0.0106 0.1590 0.0257 0.0112 0.0813 0.0190 0.0095
−0.38 0.1924 0.0210 0.0081 0.1889 0.0250 0.0124 0.1978 0.0243 0.0080 0.1379 0.0203 0.0157
−0.12 0.2414 0.0209 0.0045 0.2335 0.0248 0.0212 0.2194 0.0230 0.0044 0.1844 0.0211 0.0123

0.12 0.3538 0.0238 0.0047 0.2768 0.0255 0.0198 0.2915 0.0254 0.0048 0.2808 0.0256 0.0075
0.38 0.3181 0.0243 0.0065 0.2977 0.0290 0.0122 0.2668 0.0271 0.0080 0.2918 0.0296 0.0070
0.62 0.3704 0.0276 0.0142 0.4105 0.0359 0.0117 0.2897 0.0300 0.0122 0.3131 0.0328 0.0099
0.88 0.3535 0.0215 0.0206 0.3162 0.0244 0.0101 0.3207 0.0234 0.0154 0.3674 0.0251 0.0068
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APPENDIX F. DATA TABLES

Eγ=(1625.0±15.0)MeV Eγ=(1655.0±15.0)MeV Eγ=(1685.0±15.0)MeV Eγ=(1715.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1717 0.0334 0.0111 0.1425 0.0321 0.0144 0.1236 0.0341 0.0194 0.1526 0.0338 0.0191
−0.62 0.1620 0.0250 0.0083 0.1523 0.0253 0.0085 0.1299 0.0261 0.0102 0.1484 0.0250 0.0144
−0.38 0.1443 0.0199 0.0066 0.1264 0.0194 0.0072 0.1115 0.0205 0.0047 0.1363 0.0206 0.0132
−0.12 0.1660 0.0192 0.0078 0.2041 0.0224 0.0107 0.1876 0.0245 0.0072 0.1362 0.0192 0.0109

0.12 0.2735 0.0247 0.0089 0.2252 0.0238 0.0071 0.2374 0.0280 0.0085 0.2382 0.0262 0.0117
0.38 0.2585 0.0276 0.0041 0.2928 0.0315 0.0082 0.2318 0.0328 0.0062 0.1705 0.0267 0.0066
0.62 0.2918 0.0316 0.0069 0.2676 0.0330 0.0081 0.3226 0.0426 0.0088 0.3714 0.0432 0.0114
0.88 0.3156 0.0225 0.0145 0.3309 0.0243 0.0062 0.3427 0.0279 0.0135 0.3531 0.0258 0.0032

Eγ=(1745.0±15.0)MeV Eγ=(1775.0±15.0)MeV Eγ=(1805.0±15.0)MeV Eγ=(1835.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0679 0.0227 0.0165 0.1197 0.0326 0.0155 0.1299 0.0345 0.0173 0.1327 0.0342 0.0131
−0.62 0.0857 0.0187 0.0095 0.1463 0.0271 0.0098 0.1459 0.0274 0.0077 0.1654 0.0285 0.0109
−0.38 0.1450 0.0204 0.0056 0.0968 0.0189 0.0041 0.0946 0.0191 0.0017 0.0928 0.0187 0.0076
−0.12 0.1431 0.0191 0.0027 0.1585 0.0226 0.0097 0.1338 0.0212 0.0035 0.1153 0.0197 0.0084

0.12 0.1811 0.0228 0.0040 0.2172 0.0287 0.0184 0.1776 0.0270 0.0093 0.1868 0.0280 0.0071
0.38 0.2080 0.0296 0.0071 0.2245 0.0362 0.0150 0.1840 0.0348 0.0128 0.1776 0.0354 0.0054
0.62 0.3057 0.0391 0.0128 0.3634 0.0496 0.0107 0.2905 0.0469 0.0172 0.3273 0.0507 0.0129
0.88 0.3436 0.0246 0.0124 0.3747 0.0288 0.0058 0.3959 0.0300 0.0101 0.3709 0.0285 0.0186
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

Total Cross Sections

Eγ ∆Eγ σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

697.5 7.5 4.6450 0.0817 0.0689
712.5 7.5 8.1289 0.0987 0.0795
730.0 10.0 12.5152 0.0977 0.0828
750.0 10.0 17.3357 0.1160 0.1068
770.0 10.0 20.1768 0.1300 0.1271
790.0 10.0 21.1064 0.1433 0.1705
810.0 10.0 20.9700 0.1463 0.1813
830.0 10.0 19.9676 0.1703 0.2385
850.0 10.0 18.6510 0.1595 0.1727
870.0 10.0 18.3278 0.1582 0.1932
890.0 10.0 16.5653 0.1634 0.2018
910.0 10.0 14.5460 0.1466 0.2377
930.0 10.0 13.3079 0.1483 0.2737
955.0 15.0 11.7378 0.1157 0.2263
980.0 10.0 10.8311 0.1493 0.2568

1005.0 15.0 9.8362 0.1176 0.2706
1035.0 15.0 8.6183 0.1100 0.2222
1065.0 15.0 7.9124 0.1332 0.1817
1095.0 15.0 7.3872 0.1337 0.2326
1125.0 15.0 7.3654 0.1136 0.2567
1155.0 15.0 6.8872 0.1130 0.2260
1185.0 15.0 5.9670 0.1126 0.2136
1215.0 15.0 5.8910 0.1480 0.1718
1245.0 15.0 5.3830 0.1193 0.1894
1270.0 10.0 5.2804 0.1412 0.2095
1295.0 15.0 5.1358 0.1100 0.1925
1325.0 15.0 5.1184 0.1146 0.1875
1355.0 15.0 4.7118 0.1115 0.1695
1385.0 15.0 4.2606 0.1240 0.1386
1415.0 15.0 4.1541 0.1243 0.1492
1445.0 15.0 3.8189 0.1069 0.1219
1475.0 15.0 3.6756 0.1134 0.1732
1505.0 15.0 3.5180 0.1120 0.1534
1535.0 15.0 3.1604 0.1266 0.2067
1565.0 15.0 3.0007 0.1191 0.1318
1595.0 15.0 2.8648 0.1178 0.1222
1625.0 15.0 2.8026 0.1151 0.1089
1655.0 15.0 2.7377 0.1190 0.1108
1685.0 15.0 2.6432 0.1324 0.1257
1715.0 15.0 2.5926 0.1220 0.1376
1745.0 15.0 2.2985 0.1087 0.1087
1775.0 15.0 2.6346 0.1360 0.1428
1805.0 15.0 2.4451 0.1348 0.1233
1835.0 15.0 2.4169 0.1350 0.1329
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F.2.2 γp → ηp as a Function of Eγ

Angular Distributions

Eγ=(697.5±7.5)MeV Eγ=(712.5±7.5)MeV Eγ=(730.0±10.0)MeV Eγ=(750.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2461 0.0469 0.0781 0.4847 0.0463 0.0165 0.7187 0.0394 0.0142 0.9036 0.0422 0.0255
−0.62 0.2738 0.0405 0.0475 0.4481 0.0371 0.0097 0.6660 0.0319 0.0092 0.8664 0.0344 0.0083
−0.38 0.1962 0.0348 0.0178 0.4165 0.0352 0.0079 0.6663 0.0303 0.0138 0.8867 0.0320 0.0166
−0.12 0.1683 0.0380 0.0203 0.3774 0.0362 0.0067 0.5733 0.0291 0.0164 0.7830 0.0300 0.0213

0.12 0.1707 0.0373 0.0231 0.2865 0.0319 0.0057 0.5329 0.0288 0.0152 0.8289 0.0321 0.0156
0.38 0.1129 0.0364 0.0256 0.2710 0.0354 0.0227 0.4805 0.0307 0.0348 0.6997 0.0329 0.0280
0.62 0.1055 0.0437 0.0487 0.2562 0.0385 0.0518 0.4087 0.0311 0.0527 0.5995 0.0344 0.0680
0.88 0.0514 0.0302 0.0317 0.1844 0.0342 0.0338 0.3833 0.0341 0.0255 0.5072 0.0397 0.0808

Eγ=(770.0±10.0)MeV Eγ=(790.0±10.0)MeV Eγ=(810.0±10.0)MeV Eγ=(830.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 1.0054 0.0451 0.0800 1.0640 0.0483 0.0924 1.0390 0.0474 0.0681 0.9973 0.0535 0.1036
−0.62 0.9789 0.0366 0.0290 1.1052 0.0402 0.0523 1.0451 0.0384 0.0334 0.9726 0.0421 0.0195
−0.38 0.9614 0.0329 0.0182 1.1648 0.0370 0.0306 1.1018 0.0350 0.0249 1.0506 0.0391 0.0125
−0.12 0.9856 0.0323 0.0194 1.0745 0.0342 0.0228 1.0582 0.0333 0.0286 1.1879 0.0403 0.0275

0.12 0.9822 0.0332 0.0141 1.1053 0.0351 0.0228 1.1339 0.0341 0.0345 1.0664 0.0373 0.0306
0.38 0.9073 0.0356 0.0352 1.0508 0.0382 0.0502 1.0561 0.0369 0.0464 0.9970 0.0404 0.0393
0.62 0.7319 0.0376 0.0849 0.8181 0.0413 0.0949 0.8740 0.0426 0.0692 0.9325 0.0509 0.0499
0.88 0.7363 0.0523 0.1275 0.7502 0.0589 0.1136 0.8051 0.0629 0.0909 0.7072 0.0689 0.0638

Eγ=(850.0±10.0)MeV Eγ=(870.0±10.0)MeV Eγ=(890.0±10.0)MeV Eγ=(910.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.9244 0.0489 0.0958 0.9076 0.0485 0.1064 0.7878 0.0494 0.1277 0.7234 0.0458 0.0819
−0.62 0.9729 0.0396 0.0266 0.9780 0.0396 0.0402 0.9162 0.0416 0.0418 0.8010 0.0370 0.0334
−0.38 0.9842 0.0358 0.0170 0.9171 0.0344 0.0196 0.8887 0.0364 0.0149 0.7544 0.0318 0.0137
−0.12 0.9592 0.0341 0.0159 0.9706 0.0337 0.0177 0.9330 0.0355 0.0227 0.8139 0.0316 0.0187

0.12 1.0260 0.0343 0.0225 0.9626 0.0326 0.0181 0.8919 0.0333 0.0156 0.7719 0.0293 0.0125
0.38 0.9268 0.0357 0.0420 1.0057 0.0356 0.0372 0.8222 0.0337 0.0229 0.6961 0.0286 0.0169
0.62 0.7802 0.0437 0.0540 0.7818 0.0421 0.0548 0.6712 0.0408 0.0437 0.5879 0.0352 0.0349
0.88 0.5703 0.0603 0.0600 0.7168 0.0705 0.0638 0.7417 0.0810 0.0570 0.5252 0.0670 0.0378

Eγ=(930.0±10.0)MeV Eγ=(955.0±15.0)MeV Eγ=(980.0±10.0)MeV Eγ=(1005.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.6528 0.0460 0.0442 0.4433 0.0316 0.0136 0.3862 0.0403 0.0124 0.3410 0.0321 0.0159
−0.62 0.6329 0.0347 0.0209 0.5738 0.0275 0.0128 0.4484 0.0333 0.0168 0.4102 0.0266 0.0129
−0.38 0.6771 0.0314 0.0123 0.5950 0.0243 0.0121 0.4512 0.0289 0.0174 0.4437 0.0239 0.0153
−0.12 0.6471 0.0294 0.0131 0.5753 0.0227 0.0142 0.5190 0.0291 0.0196 0.4013 0.0213 0.0144

0.12 0.7212 0.0295 0.0168 0.5897 0.0217 0.0131 0.4819 0.0261 0.0145 0.4162 0.0198 0.0147
0.38 0.6380 0.0277 0.0233 0.4917 0.0194 0.0133 0.4230 0.0237 0.0087 0.3890 0.0185 0.0102
0.62 0.5195 0.0334 0.0297 0.4226 0.0234 0.0198 0.3682 0.0281 0.0196 0.3215 0.0207 0.0175
0.88 0.4012 0.0618 0.0275 0.2689 0.0416 0.0249 0.2644 0.0557 0.0429 0.2479 0.0458 0.0354

Eγ=(1035.0±15.0)MeV Eγ=(1065.0±15.0)MeV Eγ=(1095.0±15.0)MeV Eγ=(1125.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.3232 0.0321 0.0298 0.2662 0.0388 0.0158 0.2220 0.0379 0.0225 0.2301 0.0333 0.0246
−0.62 0.2996 0.0230 0.0157 0.3052 0.0300 0.0126 0.2956 0.0309 0.0205 0.2696 0.0254 0.0209
−0.38 0.3549 0.0214 0.0129 0.3465 0.0268 0.0122 0.2744 0.0247 0.0134 0.3118 0.0228 0.0157
−0.12 0.3636 0.0204 0.0130 0.3750 0.0263 0.0155 0.3077 0.0242 0.0167 0.3470 0.0218 0.0213

0.12 0.3372 0.0175 0.0117 0.3289 0.0216 0.0114 0.3350 0.0218 0.0129 0.3722 0.0193 0.0128
0.38 0.2829 0.0154 0.0110 0.3153 0.0201 0.0111 0.3511 0.0213 0.0084 0.3755 0.0185 0.0028
0.62 0.2527 0.0175 0.0138 0.2555 0.0214 0.0193 0.2770 0.0221 0.0181 0.2997 0.0190 0.0186
0.88 0.2077 0.0432 0.0173 0.1475 0.0476 0.0239 0.1634 0.0512 0.0271 0.1364 0.0377 0.0249
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

Eγ=(1155.0±15.0)MeV Eγ=(1185.0±15.0)MeV Eγ=(1215.0±15.0)MeV Eγ=(1245.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1717 0.0297 0.0255 0.1701 0.0310 0.0208 0.1850 0.0409 0.0129 0.1383 0.0296 0.0125
−0.62 0.1808 0.0212 0.0179 0.1984 0.0233 0.0232 0.1994 0.0302 0.0197 0.2214 0.0269 0.0100
−0.38 0.2258 0.0200 0.0131 0.2529 0.0221 0.0179 0.2397 0.0279 0.0139 0.2066 0.0222 0.0066
−0.12 0.3630 0.0226 0.0203 0.2798 0.0211 0.0131 0.2326 0.0251 0.0067 0.2807 0.0236 0.0099

0.12 0.3595 0.0189 0.0123 0.2991 0.0180 0.0118 0.2956 0.0233 0.0057 0.2782 0.0194 0.0080
0.38 0.3173 0.0172 0.0090 0.3001 0.0175 0.0137 0.2988 0.0228 0.0061 0.2618 0.0184 0.0035
0.62 0.2865 0.0183 0.0182 0.2158 0.0164 0.0144 0.2268 0.0218 0.0112 0.2494 0.0195 0.0139
0.88 0.2041 0.0435 0.0193 0.1362 0.0349 0.0123 0.2277 0.0537 0.0208 0.1249 0.0330 0.0252

Eγ=(1270.0±10.0)MeV Eγ=(1295.0±15.0)MeV Eγ=(1325.0±15.0)MeV Eγ=(1355.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1215 0.0332 0.0115 0.1221 0.0264 0.0102 0.1020 0.0256 0.0171 0.0945 0.0252 0.0173
−0.62 0.2114 0.0310 0.0145 0.1473 0.0201 0.0155 0.1738 0.0228 0.0147 0.1331 0.0204 0.0078
−0.38 0.2429 0.0289 0.0126 0.1778 0.0191 0.0111 0.1946 0.0207 0.0081 0.1751 0.0201 0.0039
−0.12 0.2953 0.0294 0.0142 0.2268 0.0201 0.0076 0.2341 0.0213 0.0105 0.2203 0.0211 0.0086

0.12 0.2711 0.0229 0.0106 0.2306 0.0165 0.0062 0.2496 0.0180 0.0110 0.2212 0.0175 0.0059
0.38 0.2722 0.0228 0.0081 0.2502 0.0171 0.0083 0.2610 0.0184 0.0080 0.2719 0.0195 0.0048
0.62 0.2511 0.0236 0.0141 0.2684 0.0191 0.0165 0.2379 0.0190 0.0140 0.2401 0.0199 0.0176
0.88 0.1957 0.0475 0.0253 0.1849 0.0340 0.0177 0.1790 0.0333 0.0285 0.0876 0.0236 0.0240

Eγ=(1385.0±15.0)MeV Eγ=(1415.0±15.0)MeV Eγ=(1445.0±15.0)MeV Eγ=(1475.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0539 0.0233 0.0062 0.0721 0.0263 0.0080 0.0520 0.0215 0.0147 0.0891 0.0274 0.0082
−0.62 0.1591 0.0259 0.0140 0.0820 0.0186 0.0126 0.1165 0.0203 0.0175 0.0851 0.0181 0.0083
−0.38 0.1294 0.0202 0.0113 0.1385 0.0203 0.0175 0.1034 0.0160 0.0068 0.1357 0.0187 0.0102
−0.12 0.1793 0.0224 0.0180 0.1724 0.0215 0.0205 0.1778 0.0199 0.0089 0.1868 0.0209 0.0100

0.12 0.2047 0.0199 0.0134 0.1922 0.0192 0.0165 0.1863 0.0175 0.0078 0.1711 0.0174 0.0046
0.38 0.2132 0.0206 0.0073 0.1977 0.0197 0.0117 0.2159 0.0192 0.0076 0.2024 0.0196 0.0049
0.62 0.2234 0.0231 0.0142 0.1957 0.0217 0.0138 0.1771 0.0193 0.0136 0.1755 0.0203 0.0172
0.88 0.1753 0.0381 0.0318 0.1749 0.0367 0.0158 0.2121 0.0362 0.0387 0.1244 0.0287 0.0301

Eγ=(1505.0±15.0)MeV Eγ=(1535.0±15.0)MeV Eγ=(1565.0±15.0)MeV Eγ=(1595.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0769 0.0254 0.0040 0.0409 0.0212 0.0055 0.0442 0.0202 0.0098 0.0447 0.0204 0.0061
−0.62 0.0976 0.0199 0.0087 0.0367 0.0151 0.0058 0.0641 0.0182 0.0097 0.0247 0.0117 0.0047
−0.38 0.0943 0.0160 0.0088 0.1018 0.0195 0.0122 0.1184 0.0203 0.0117 0.0527 0.0137 0.0068
−0.12 0.1539 0.0194 0.0153 0.1120 0.0196 0.0117 0.1314 0.0203 0.0077 0.0967 0.0173 0.0052

0.12 0.1920 0.0189 0.0121 0.1375 0.0191 0.0110 0.1614 0.0205 0.0062 0.1426 0.0196 0.0061
0.38 0.1551 0.0181 0.0086 0.1529 0.0220 0.0099 0.1287 0.0202 0.0093 0.1457 0.0221 0.0096
0.62 0.2151 0.0235 0.0225 0.2270 0.0294 0.0194 0.1838 0.0266 0.0221 0.1589 0.0258 0.0218
0.88 0.1850 0.0355 0.0188 0.1180 0.0334 0.0107 0.2464 0.0461 0.0245 0.1862 0.0403 0.0378

Eγ=(1625.0±15.0)MeV Eγ=(1655.0±15.0)MeV Eγ=(1685.0±15.0)MeV Eγ=(1715.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0432 0.0197 0.0090 0.0306 0.0183 0.0058 0.0173 0.0163 0.0067 0.0514 0.0235 0.0167
−0.62 0.0830 0.0194 0.0070 0.0758 0.0193 0.0097 0.0374 0.0151 0.0066 0.0714 0.0187 0.0140
−0.38 0.0798 0.0160 0.0027 0.0735 0.0163 0.0057 0.0629 0.0169 0.0043 0.0751 0.0170 0.0064
−0.12 0.0920 0.0162 0.0059 0.1035 0.0183 0.0108 0.1028 0.0206 0.0060 0.1084 0.0196 0.0071

0.12 0.1287 0.0182 0.0100 0.0918 0.0164 0.0101 0.1421 0.0231 0.0098 0.1180 0.0198 0.0125
0.38 0.1261 0.0203 0.0075 0.1197 0.0216 0.0089 0.1315 0.0262 0.0073 0.0720 0.0185 0.0077
0.62 0.1846 0.0278 0.0185 0.1578 0.0283 0.0120 0.1723 0.0342 0.0099 0.1814 0.0331 0.0174
0.88 0.0779 0.0255 0.0209 0.1593 0.0381 0.0270 0.1215 0.0373 0.0119 0.2166 0.0458 0.0295
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APPENDIX F. DATA TABLES

Eγ=(1745.0±15.0)MeV Eγ=(1775.0±15.0)MeV Eγ=(1805.0±15.0)MeV Eγ=(1835.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0301 0.0178 0.0118 0.0280 0.0187 0.0122 0.0400 0.0230 0.0132 0.0827 0.0302 0.0135
−0.62 0.0366 0.0133 0.0104 0.0579 0.0182 0.0185 0.0785 0.0218 0.0189 0.0806 0.0215 0.0110
−0.38 0.0691 0.0158 0.0089 0.0573 0.0158 0.0114 0.0474 0.0148 0.0084 0.0573 0.0158 0.0071
−0.12 0.0877 0.0174 0.0074 0.0730 0.0177 0.0070 0.1114 0.0227 0.0076 0.0320 0.0122 0.0029

0.12 0.0712 0.0154 0.0086 0.1247 0.0229 0.0070 0.1146 0.0233 0.0051 0.0968 0.0214 0.0067
0.38 0.1118 0.0231 0.0112 0.0984 0.0251 0.0071 0.1089 0.0284 0.0086 0.0979 0.0275 0.0096
0.62 0.1290 0.0280 0.0178 0.1790 0.0376 0.0300 0.0907 0.0289 0.0173 0.1531 0.0376 0.0297
0.88 0.1524 0.0374 0.0352 0.2207 0.0497 0.0512 0.2017 0.0495 0.0417 0.1583 0.0426 0.0428

Total Cross Sections

Eγ ∆Eγ σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

697.5 7.5 2.0691 0.1712 0.4555
712.5 7.5 4.2640 0.1646 0.2395
730.0 10.0 6.9520 0.1429 0.2879
750.0 10.0 9.5205 0.1556 0.4197
770.0 10.0 11.3921 0.1723 0.6500
790.0 10.0 12.7261 0.1885 0.7672
810.0 10.0 12.6950 0.1883 0.6242
830.0 10.0 12.3574 0.2121 0.5356
850.0 10.0 11.2018 0.1892 0.5263
870.0 10.0 11.3272 0.1935 0.5661
890.0 10.0 10.3450 0.2020 0.5375
910.0 10.0 8.8545 0.1754 0.3928
930.0 10.0 7.6226 0.1673 0.2971
955.0 15.0 6.2153 0.1206 0.1949
980.0 10.0 5.2178 0.1503 0.2338

1005.0 15.0 4.6665 0.1185 0.2092
1035.0 15.0 3.7540 0.1069 0.1929
1065.0 15.0 3.6720 0.1311 0.1927
1095.0 15.0 3.4939 0.1320 0.2194
1125.0 15.0 3.6791 0.1113 0.2245
1155.0 15.0 3.2074 0.1055 0.2110
1185.0 15.0 2.8693 0.1029 0.2058
1215.0 15.0 2.9191 0.1369 0.1587
1245.0 15.0 2.7603 0.1084 0.1399
1270.0 10.0 2.9199 0.1348 0.1737
1295.0 15.0 2.5379 0.0972 0.1533
1325.0 15.0 2.5625 0.1007 0.1739
1355.0 15.0 2.2569 0.0932 0.1415
1385.0 15.0 2.0886 0.1094 0.1783
1415.0 15.0 1.8998 0.1028 0.1792
1445.0 15.0 1.8916 0.0953 0.1754
1475.0 15.0 1.8066 0.0951 0.1459
1505.0 15.0 1.8090 0.1005 0.1537
1535.0 15.0 1.4225 0.1020 0.1314
1565.0 15.0 1.6600 0.1119 0.1634
1595.0 15.0 1.3026 0.0997 0.1538
1625.0 15.0 1.2418 0.0916 0.1270
1655.0 15.0 1.2688 0.1035 0.1406
1685.0 15.0 1.2268 0.1110 0.0981
1715.0 15.0 1.3496 0.1153 0.1716
1745.0 15.0 1.0601 0.0990 0.1761
1775.0 15.0 1.3030 0.1251 0.2276
1805.0 15.0 1.1590 0.1221 0.1865
1835.0 15.0 1.1740 0.1246 0.1936
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

F.2.3 γn → ηn as a Function of Eγ

Angular Distributions

Eγ=(697.5±7.5)MeV Eγ=(712.5±7.5)MeV Eγ=(730.0±10.0)MeV Eγ=(750.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2615 0.0956 0.0895 0.5737 0.1025 0.0360 0.5908 0.0745 0.0121 0.8288 0.0852 0.0297
−0.62 0.1645 0.0650 0.0326 0.4071 0.0749 0.0129 0.4860 0.0563 0.0099 0.6826 0.0630 0.0146
−0.38 0.2896 0.0821 0.0367 0.3721 0.0705 0.0076 0.4863 0.0557 0.0148 0.6985 0.0632 0.0208
−0.12 0.1239 0.0590 0.0162 0.2365 0.0566 0.0040 0.4054 0.0515 0.0154 0.6449 0.0608 0.0246

0.12 0.1716 0.0723 0.0226 0.3589 0.0703 0.0105 0.3846 0.0493 0.0133 0.6318 0.0593 0.0158
0.38 0.1557 0.0640 0.0484 0.1539 0.0444 0.0191 0.4110 0.0500 0.0312 0.5644 0.0554 0.0224
0.62 0.0266 0.0317 0.0161 0.1003 0.0369 0.0243 0.3197 0.0443 0.0428 0.5274 0.0543 0.0596
0.88 −0.0016 0.0012 0.0011 0.2157 0.0605 0.0407 0.3496 0.0535 0.0278 0.4806 0.0610 0.0769

Eγ=(770.0±10.0)MeV Eγ=(790.0±10.0)MeV Eγ=(810.0±10.0)MeV Eγ=(830.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.9695 0.0925 0.0776 1.0369 0.0993 0.0902 0.8774 0.0922 0.0578 0.9574 0.1133 0.1002
−0.62 0.7473 0.0674 0.0262 0.9199 0.0791 0.0435 0.8204 0.0738 0.0324 0.7370 0.0808 0.0201
−0.38 0.8019 0.0684 0.0193 0.8164 0.0714 0.0245 0.6853 0.0643 0.0248 0.7263 0.0752 0.0282
−0.12 0.6771 0.0618 0.0139 0.6009 0.0598 0.0193 0.7017 0.0630 0.0238 0.6597 0.0697 0.0305

0.12 0.6840 0.0613 0.0148 0.7464 0.0660 0.0250 0.7279 0.0643 0.0233 0.6723 0.0706 0.0232
0.38 0.7453 0.0630 0.0365 0.7664 0.0661 0.0460 0.8044 0.0681 0.0367 0.7612 0.0772 0.0291
0.62 0.6525 0.0614 0.0775 0.5912 0.0613 0.0722 0.5653 0.0595 0.0473 0.6232 0.0717 0.0322
0.88 0.5071 0.0645 0.0880 0.5265 0.0695 0.0796 0.5721 0.0741 0.0680 0.6178 0.0911 0.0592

Eγ=(850.0±10.0)MeV Eγ=(870.0±10.0)MeV Eγ=(890.0±10.0)MeV Eγ=(910.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.9561 0.1077 0.0997 0.8176 0.0988 0.0973 1.0970 0.1221 0.1798 0.7051 0.0928 0.0811
−0.62 0.6135 0.0704 0.0197 0.7293 0.0762 0.0317 0.6071 0.0742 0.0290 0.6001 0.0700 0.0255
−0.38 0.6682 0.0670 0.0194 0.4447 0.0541 0.0116 0.5285 0.0634 0.0106 0.4568 0.0559 0.0094
−0.12 0.5711 0.0613 0.0209 0.5235 0.0584 0.0133 0.4230 0.0569 0.0138 0.6043 0.0647 0.0157

0.12 0.4704 0.0556 0.0200 0.4745 0.0547 0.0121 0.4613 0.0577 0.0169 0.4526 0.0539 0.0100
0.38 0.7648 0.0730 0.0391 0.4922 0.0575 0.0210 0.4244 0.0573 0.0176 0.4226 0.0531 0.0128
0.62 0.5160 0.0621 0.0365 0.5519 0.0637 0.0407 0.4215 0.0595 0.0300 0.3747 0.0527 0.0235
0.88 0.5451 0.0807 0.0602 0.5056 0.0763 0.0446 0.4594 0.0785 0.0395 0.2832 0.0599 0.0212

Eγ=(930.0±10.0)MeV Eγ=(955.0±15.0)MeV Eγ=(980.0±10.0)MeV Eγ=(1005.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.7645 0.1012 0.0482 0.5669 0.0723 0.0223 0.6182 0.1031 0.0417 0.4830 0.0743 0.0200
−0.62 0.4790 0.0658 0.0189 0.4492 0.0524 0.0114 0.4392 0.0695 0.0298 0.4740 0.0595 0.0154
−0.38 0.4133 0.0556 0.0130 0.4883 0.0496 0.0164 0.5627 0.0718 0.0278 0.4536 0.0533 0.0161
−0.12 0.5093 0.0623 0.0143 0.4266 0.0472 0.0209 0.3654 0.0597 0.0139 0.4849 0.0557 0.0173

0.12 0.5239 0.0601 0.0156 0.4345 0.0443 0.0180 0.5184 0.0640 0.0161 0.3901 0.0450 0.0140
0.38 0.4742 0.0574 0.0252 0.4874 0.0466 0.0162 0.4451 0.0585 0.0086 0.4296 0.0462 0.0142
0.62 0.2651 0.0460 0.0208 0.3243 0.0414 0.0145 0.4137 0.0627 0.0214 0.3449 0.0467 0.0190
0.88 0.3652 0.0723 0.0193 0.3355 0.0576 0.0245 0.1578 0.0544 0.0281 0.1805 0.0490 0.0197

Eγ=(1035.0±15.0)MeV Eγ=(1065.0±15.0)MeV Eγ=(1095.0±15.0)MeV Eγ=(1125.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.5519 0.0759 0.0165 0.4375 0.0845 0.0300 0.3597 0.0797 0.0208 0.4022 0.0725 0.0234
−0.62 0.4593 0.0579 0.0116 0.4017 0.0668 0.0226 0.4348 0.0688 0.0281 0.1767 0.0380 0.0145
−0.38 0.4201 0.0504 0.0146 0.4707 0.0670 0.0225 0.3511 0.0587 0.0230 0.3269 0.0479 0.0199
−0.12 0.5438 0.0570 0.0210 0.4041 0.0614 0.0193 0.4575 0.0678 0.0289 0.3843 0.0529 0.0238

0.12 0.3984 0.0442 0.0145 0.3897 0.0544 0.0152 0.4294 0.0565 0.0185 0.3611 0.0431 0.0129
0.38 0.3639 0.0412 0.0139 0.3998 0.0533 0.0158 0.3466 0.0505 0.0099 0.3642 0.0438 0.0151
0.62 0.3333 0.0448 0.0179 0.2346 0.0470 0.0181 0.2410 0.0480 0.0168 0.2858 0.0439 0.0254
0.88 0.2626 0.0579 0.0237 0.1303 0.0522 0.0189 0.1631 0.0592 0.0283 0.1779 0.0528 0.0281
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Eγ=(1155.0±15.0)MeV Eγ=(1185.0±15.0)MeV Eγ=(1215.0±15.0)MeV Eγ=(1245.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2507 0.0616 0.0262 0.1546 0.0518 0.0214 0.2939 0.0896 0.0214 0.2132 0.0633 0.0257
−0.62 0.2330 0.0451 0.0203 0.1163 0.0341 0.0154 0.1503 0.0496 0.0201 0.1829 0.0468 0.0176
−0.38 0.3192 0.0490 0.0183 0.3135 0.0502 0.0261 0.3059 0.0645 0.0340 0.2195 0.0460 0.0125
−0.12 0.4322 0.0568 0.0246 0.2404 0.0438 0.0120 0.2740 0.0608 0.0175 0.2409 0.0486 0.0092

0.12 0.4605 0.0494 0.0171 0.3145 0.0423 0.0132 0.2918 0.0535 0.0123 0.3008 0.0461 0.0110
0.38 0.3680 0.0446 0.0136 0.2165 0.0352 0.0118 0.2608 0.0509 0.0128 0.2671 0.0439 0.0117
0.62 0.2133 0.0391 0.0150 0.3267 0.0509 0.0273 0.2045 0.0535 0.0143 0.2292 0.0482 0.0137
0.88 0.1903 0.0564 0.0185 0.1731 0.0556 0.0226 0.1110 0.0594 0.0106 0.1867 0.0631 0.0218

Eγ=(1270.0±10.0)MeV Eγ=(1295.0±15.0)MeV Eγ=(1325.0±15.0)MeV Eγ=(1355.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1664 0.0671 0.0133 0.2529 0.0653 0.0262 0.1178 0.0485 0.0170 0.1005 0.0436 0.0164
−0.62 0.2271 0.0627 0.0139 0.2609 0.0526 0.0341 0.1774 0.0458 0.0172 0.1901 0.0474 0.0138
−0.38 0.2383 0.0580 0.0115 0.1773 0.0390 0.0156 0.2550 0.0482 0.0155 0.1720 0.0396 0.0066
−0.12 0.3156 0.0658 0.0158 0.2313 0.0431 0.0131 0.2906 0.0498 0.0127 0.2166 0.0431 0.0089

0.12 0.2051 0.0458 0.0088 0.2518 0.0392 0.0100 0.2840 0.0433 0.0095 0.2205 0.0385 0.0072
0.38 0.2409 0.0499 0.0088 0.2587 0.0402 0.0089 0.2553 0.0420 0.0095 0.2194 0.0400 0.0068
0.62 0.1843 0.0518 0.0122 0.1607 0.0374 0.0106 0.2788 0.0524 0.0255 0.1991 0.0463 0.0172
0.88 0.0568 0.0430 0.0077 0.2563 0.0695 0.0307 0.0591 0.0355 0.0138 0.0817 0.0423 0.0237

Eγ=(1385.0±15.0)MeV Eγ=(1415.0±15.0)MeV Eγ=(1445.0±15.0)MeV Eγ=(1475.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1939 0.0679 0.0169 0.2287 0.0705 0.0231 0.0102 0.0184 0.0022 0.1895 0.0623 0.0213
−0.62 0.1407 0.0469 0.0127 0.0788 0.0335 0.0117 0.0943 0.0335 0.0148 0.0647 0.0283 0.0132
−0.38 0.1485 0.0428 0.0145 0.0755 0.0309 0.0095 0.1618 0.0401 0.0158 0.1633 0.0406 0.0262
−0.12 0.2506 0.0543 0.0274 0.2554 0.0555 0.0314 0.1716 0.0427 0.0143 0.1314 0.0373 0.0142

0.12 0.2097 0.0438 0.0163 0.1467 0.0362 0.0144 0.2222 0.0411 0.0139 0.1959 0.0400 0.0125
0.38 0.2238 0.0483 0.0130 0.1352 0.0385 0.0107 0.2208 0.0456 0.0107 0.1412 0.0372 0.0035
0.62 0.1655 0.0505 0.0138 0.1797 0.0525 0.0156 0.1536 0.0449 0.0132 0.1379 0.0442 0.0217
0.88 0.0576 0.0425 0.0113 0.1812 0.0750 0.0185 −0.0019 0.0010 0.0004 0.0293 0.0300 0.0162

Eγ=(1505.0±15.0)MeV Eγ=(1535.0±15.0)MeV Eγ=(1565.0±15.0)MeV Eγ=(1595.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1381 0.0562 0.0215 0.1997 0.0840 0.0268 0.1346 0.0711 0.0117 0.1001 0.0601 0.0139
−0.62 0.0720 0.0309 0.0157 0.0750 0.0392 0.0115 0.0519 0.0311 0.0070 0.0521 0.0307 0.0057
−0.38 0.0711 0.0286 0.0111 0.0956 0.0405 0.0137 0.0387 0.0249 0.0044 0.0823 0.0349 0.0108
−0.12 0.1862 0.0446 0.0197 0.0881 0.0377 0.0130 0.1463 0.0449 0.0106 0.1034 0.0372 0.0146

0.12 0.2269 0.0445 0.0138 0.1840 0.0481 0.0226 0.1680 0.0439 0.0078 0.1555 0.0437 0.0125
0.38 0.1606 0.0408 0.0087 0.1232 0.0442 0.0114 0.1347 0.0456 0.0102 0.1997 0.0584 0.0121
0.62 0.0307 0.0225 0.0042 0.2281 0.0767 0.0265 0.0230 0.0249 0.0030 0.0751 0.0449 0.0119
0.88 0.1163 0.0678 0.0345 0.2241 0.1307 0.0416 0.2082 0.1214 0.0245 0.1128 0.0810 0.0389

Eγ=(1625.0±15.0)MeV Eγ=(1655.0±15.0)MeV Eγ=(1685.0±15.0)MeV Eγ=(1715.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0465 0.0364 0.0093 0.1075 0.0553 0.0190 0.0651 0.0511 0.0223 −0.0032 0.0014 0.0012
−0.62 0.0577 0.0302 0.0080 0.0325 0.0246 0.0046 0.0636 0.0387 0.0102 0.0318 0.0249 0.0084
−0.38 0.0733 0.0307 0.0077 0.0559 0.0287 0.0068 0.0693 0.0360 0.0054 0.0553 0.0285 0.0085
−0.12 0.0546 0.0253 0.0049 0.0524 0.0273 0.0069 0.1109 0.0456 0.0091 0.0448 0.0271 0.0056

0.12 0.0950 0.0325 0.0083 0.1331 0.0411 0.0144 0.0619 0.0318 0.0050 0.0939 0.0361 0.0153
0.38 0.1066 0.0405 0.0085 0.1234 0.0473 0.0097 0.0940 0.0476 0.0083 0.1016 0.0465 0.0185
0.62 0.1329 0.0545 0.0162 0.1553 0.0638 0.0174 0.1081 0.0624 0.0182 0.1950 0.0798 0.0328
0.88 −0.0007 0.0007 0.0002 0.1471 0.0862 0.0375 0.1289 0.0926 0.0354 0.1084 0.0779 0.0154
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

Eγ=(1745.0±15.0)MeV Eγ=(1775.0±15.0)MeV Eγ=(1805.0±15.0)MeV Eγ=(1835.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 −0.0027 0.0012 0.0029 −0.0060 0.0019 0.0024 −0.0041 0.0015 0.0014 0.0277 0.0303 0.0046
−0.62 −0.0006 0.0005 0.0004 −0.0030 0.0011 0.0009 0.0138 0.0165 0.0033 0.0523 0.0306 0.0074
−0.38 0.0460 0.0246 0.0118 0.0862 0.0363 0.0174 0.0132 0.0145 0.0047 0.0145 0.0159 0.0018
−0.12 0.0691 0.0317 0.0091 0.0827 0.0380 0.0098 0.0141 0.0150 0.0077 0.0885 0.0367 0.0085

0.12 0.0254 0.0188 0.0048 0.0823 0.0376 0.0123 0.0609 0.0313 0.0198 0.0812 0.0367 0.0097
0.38 0.1014 0.0460 0.0212 0.1379 0.0619 0.0685 0.0848 0.0495 0.0049 0.1013 0.0589 0.0155
0.62 0.0642 0.0463 0.0138 0.0900 0.0648 0.0841 0.0503 0.0503 0.0150 0.0566 0.0584 0.0116
0.88 −0.0008 0.0008 0.0002 −0.0036 0.0021 0.0037 0.0575 0.0583 0.0567 0.0000 0.0000 0.0000

Total Cross Sections

Eγ ∆Eγ σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

697.5 7.5 1.6994 0.2761 0.3841
712.5 7.5 3.6071 0.2908 0.2400
730.0 10.0 5.3689 0.2436 0.2685
750.0 10.0 7.9181 0.2807 0.4161
770.0 10.0 9.0612 0.3029 0.5599
790.0 10.0 9.3901 0.3226 0.6367
810.0 10.0 8.9755 0.3129 0.4953
830.0 10.0 9.0013 0.3650 0.4947
850.0 10.0 7.8609 0.3248 0.4789
870.0 10.0 7.1116 0.3072 0.4303
890.0 10.0 6.8787 0.3266 0.5044
910.0 10.0 6.0518 0.2834 0.3093
930.0 10.0 5.6777 0.2884 0.2704
955.0 15.0 5.4550 0.2303 0.2201
980.0 10.0 5.4580 0.3069 0.2924

1005.0 15.0 5.0675 0.2419 0.2124
1035.0 15.0 5.1579 0.2411 0.2053
1065.0 15.0 4.4718 0.2742 0.2548
1095.0 15.0 4.3115 0.2731 0.2700
1125.0 15.0 3.6764 0.2141 0.2463
1155.0 15.0 3.7135 0.2193 0.2355
1185.0 15.0 2.7311 0.1980 0.2247
1215.0 15.0 2.8243 0.2634 0.2182
1245.0 15.0 2.8638 0.2265 0.1941
1270.0 10.0 2.4986 0.2466 0.1405
1295.0 15.0 2.7899 0.2161 0.2302
1325.0 15.0 2.6282 0.2012 0.1819
1355.0 15.0 2.1647 0.1886 0.1572
1385.0 15.0 2.1361 0.2209 0.1897
1415.0 15.0 1.7603 0.2142 0.1821
1445.0 15.0 1.5840 0.1574 0.1269
1475.0 15.0 1.5286 0.1745 0.1833
1505.0 15.0 1.1050 0.1612 0.1546
1535.0 15.0 1.7878 0.2943 0.2391
1565.0 15.0 0.7676 0.1753 0.0772
1595.0 15.0 1.2469 0.2146 0.1692
1625.0 15.0 0.7919 0.1405 0.0865
1655.0 15.0 1.2304 0.2230 0.1724
1685.0 15.0 1.0682 0.2376 0.1753
1715.0 15.0 0.9250 0.2067 0.1543
1745.0 15.0 0.2968 0.0920 0.0642
1775.0 15.0 0.6436 0.1530 0.2203
1805.0 15.0 0.4001 0.1527 0.1894
1835.0 15.0 0.5474 0.3188 0.0990
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APPENDIX F. DATA TABLES

F.2.4 γn → η(n) as a Function of Eγ

Angular Distributions

Eγ=(697.5±7.5)MeV Eγ=(712.5±7.5)MeV Eγ=(730.0±10.0)MeV Eγ=(750.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2802 0.0196 0.0068 0.4502 0.0232 0.0046 0.5527 0.0211 0.0027 0.6975 0.0245 0.0119
−0.62 0.2647 0.0174 0.0061 0.3914 0.0197 0.0061 0.4770 0.0178 0.0045 0.6544 0.0214 0.0057
−0.38 0.2654 0.0164 0.0062 0.3587 0.0178 0.0046 0.4726 0.0165 0.0042 0.5881 0.0189 0.0045
−0.12 0.2277 0.0145 0.0038 0.3595 0.0169 0.0036 0.4779 0.0157 0.0048 0.5468 0.0170 0.0061

0.12 0.2230 0.0137 0.0016 0.3505 0.0159 0.0034 0.5129 0.0155 0.0028 0.6245 0.0172 0.0064
0.38 0.2023 0.0126 0.0020 0.3591 0.0154 0.0039 0.5663 0.0156 0.0028 0.7059 0.0175 0.0071
0.62 0.1846 0.0120 0.0045 0.3448 0.0144 0.0028 0.5885 0.0150 0.0075 0.8112 0.0178 0.0110
0.88 0.1578 0.0108 0.0061 0.3435 0.0144 0.0012 0.6146 0.0153 0.0085 0.8874 0.0181 0.0102

Eγ=(770.0±10.0)MeV Eγ=(790.0±10.0)MeV Eγ=(810.0±10.0)MeV Eγ=(830.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.7372 0.0267 0.0035 0.7416 0.0292 0.0114 0.6590 0.0290 0.0078 0.6480 0.0350 0.0085
−0.62 0.6994 0.0233 0.0045 0.7197 0.0259 0.0062 0.6704 0.0258 0.0156 0.6230 0.0297 0.0175
−0.38 0.6587 0.0210 0.0061 0.6456 0.0224 0.0014 0.5693 0.0216 0.0109 0.5661 0.0257 0.0109
−0.12 0.5963 0.0185 0.0065 0.6083 0.0201 0.0043 0.5609 0.0197 0.0123 0.5438 0.0231 0.0073

0.12 0.6492 0.0182 0.0032 0.5951 0.0186 0.0075 0.6129 0.0191 0.0111 0.5433 0.0213 0.0075
0.38 0.7611 0.0187 0.0021 0.6983 0.0190 0.0043 0.6484 0.0186 0.0035 0.6016 0.0212 0.0056
0.62 0.9398 0.0198 0.0079 0.8404 0.0198 0.0025 0.7562 0.0189 0.0041 0.6659 0.0209 0.0030
0.88 1.0619 0.0201 0.0106 1.0405 0.0210 0.0057 1.1065 0.0218 0.0107 0.9635 0.0239 0.0106

Eγ=(850.0±10.0)MeV Eγ=(870.0±10.0)MeV Eγ=(890.0±10.0)MeV Eγ=(910.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.6424 0.0343 0.0031 0.6205 0.0339 0.0054 0.5785 0.0354 0.0062 0.5005 0.0320 0.0101
−0.62 0.5615 0.0275 0.0030 0.5566 0.0278 0.0062 0.4676 0.0277 0.0041 0.4300 0.0255 0.0105
−0.38 0.5064 0.0236 0.0066 0.4652 0.0228 0.0072 0.4325 0.0238 0.0043 0.4063 0.0222 0.0084
−0.12 0.4997 0.0216 0.0070 0.4605 0.0210 0.0064 0.4322 0.0221 0.0048 0.4169 0.0207 0.0043

0.12 0.4877 0.0195 0.0051 0.4957 0.0197 0.0055 0.4401 0.0200 0.0067 0.4269 0.0187 0.0050
0.38 0.5147 0.0189 0.0048 0.4977 0.0186 0.0085 0.4330 0.0188 0.0064 0.3822 0.0168 0.0090
0.62 0.6137 0.0193 0.0037 0.5641 0.0186 0.0095 0.4751 0.0184 0.0027 0.4268 0.0165 0.0102
0.88 0.9318 0.0225 0.0077 0.8767 0.0218 0.0025 0.7200 0.0214 0.0038 0.6166 0.0188 0.0028

Eγ=(930.0±10.0)MeV Eγ=(955.0±15.0)MeV Eγ=(980.0±10.0)MeV Eγ=(1005.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.4913 0.0343 0.0061 0.4581 0.0287 0.0023 0.4449 0.0393 0.0181 0.4441 0.0328 0.0167
−0.62 0.4111 0.0265 0.0070 0.4102 0.0224 0.0038 0.4099 0.0306 0.0104 0.4053 0.0255 0.0060
−0.38 0.4232 0.0239 0.0066 0.4490 0.0205 0.0038 0.4152 0.0268 0.0045 0.3889 0.0216 0.0055
−0.12 0.3909 0.0210 0.0089 0.3780 0.0172 0.0040 0.3838 0.0233 0.0026 0.3923 0.0194 0.0034

0.12 0.4016 0.0190 0.0088 0.3867 0.0154 0.0049 0.4192 0.0215 0.0047 0.3784 0.0169 0.0014
0.38 0.3980 0.0178 0.0085 0.3748 0.0143 0.0037 0.4215 0.0203 0.0080 0.3842 0.0160 0.0042
0.62 0.3582 0.0158 0.0081 0.3494 0.0130 0.0033 0.3868 0.0184 0.0073 0.3556 0.0146 0.0057
0.88 0.4990 0.0177 0.0006 0.4452 0.0139 0.0039 0.3972 0.0180 0.0074 0.3201 0.0136 0.0036

Eγ=(1035.0±15.0)MeV Eγ=(1065.0±15.0)MeV Eγ=(1095.0±15.0)MeV Eγ=(1125.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.4616 0.0331 0.0140 0.3895 0.0380 0.0147 0.3668 0.0388 0.0147 0.2817 0.0301 0.0098
−0.62 0.3640 0.0241 0.0039 0.3133 0.0280 0.0071 0.3205 0.0293 0.0089 0.2433 0.0222 0.0085
−0.38 0.3755 0.0213 0.0019 0.3587 0.0263 0.0038 0.2912 0.0247 0.0069 0.2628 0.0199 0.0071
−0.12 0.3736 0.0187 0.0020 0.3307 0.0221 0.0036 0.3149 0.0225 0.0061 0.2786 0.0179 0.0030

0.12 0.3747 0.0167 0.0015 0.3427 0.0201 0.0048 0.2987 0.0195 0.0037 0.3232 0.0173 0.0026
0.38 0.3422 0.0151 0.0015 0.3180 0.0183 0.0060 0.3184 0.0190 0.0029 0.3060 0.0159 0.0042
0.62 0.3229 0.0139 0.0034 0.2556 0.0157 0.0040 0.2808 0.0172 0.0045 0.2668 0.0144 0.0049
0.88 0.3060 0.0132 0.0077 0.2506 0.0151 0.0028 0.2599 0.0160 0.0073 0.2757 0.0141 0.0057
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

Eγ=(1155.0±15.0)MeV Eγ=(1185.0±15.0)MeV Eγ=(1215.0±15.0)MeV Eγ=(1245.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2292 0.0297 0.0022 0.2025 0.0302 0.0054 0.2189 0.0407 0.0082 0.1863 0.0316 0.0146
−0.62 0.2052 0.0213 0.0039 0.1896 0.0218 0.0121 0.1695 0.0273 0.0065 0.1505 0.0222 0.0117
−0.38 0.2512 0.0199 0.0075 0.2291 0.0201 0.0121 0.2474 0.0277 0.0089 0.1845 0.0205 0.0082
−0.12 0.2732 0.0181 0.0096 0.2394 0.0179 0.0052 0.2042 0.0220 0.0053 0.1909 0.0184 0.0036

0.12 0.3467 0.0184 0.0072 0.2630 0.0168 0.0067 0.2734 0.0225 0.0044 0.2107 0.0171 0.0032
0.38 0.2878 0.0159 0.0028 0.2369 0.0153 0.0087 0.2255 0.0198 0.0058 0.2387 0.0177 0.0035
0.62 0.2675 0.0148 0.0035 0.2245 0.0144 0.0076 0.2113 0.0186 0.0078 0.1739 0.0148 0.0026
0.88 0.2622 0.0140 0.0062 0.2103 0.0131 0.0056 0.2164 0.0176 0.0019 0.2134 0.0151 0.0010

Eγ=(1270.0±10.0)MeV Eγ=(1295.0±15.0)MeV Eγ=(1325.0±15.0)MeV Eγ=(1355.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1079 0.0297 0.0022 0.1966 0.0313 0.0041 0.1433 0.0285 0.0083 0.1149 0.0257 0.0103
−0.62 0.1493 0.0266 0.0055 0.1399 0.0206 0.0069 0.1650 0.0233 0.0064 0.1371 0.0215 0.0075
−0.38 0.1736 0.0238 0.0075 0.1752 0.0189 0.0071 0.1758 0.0199 0.0108 0.1399 0.0181 0.0022
−0.12 0.2112 0.0232 0.0054 0.2137 0.0182 0.0081 0.1868 0.0176 0.0083 0.1617 0.0166 0.0008

0.12 0.2129 0.0208 0.0042 0.2277 0.0170 0.0059 0.2368 0.0182 0.0033 0.1886 0.0166 0.0014
0.38 0.2127 0.0203 0.0048 0.2387 0.0170 0.0049 0.2330 0.0178 0.0014 0.2128 0.0177 0.0034
0.62 0.1958 0.0193 0.0053 0.1678 0.0143 0.0040 0.1881 0.0162 0.0016 0.1935 0.0173 0.0070
0.88 0.1929 0.0175 0.0059 0.2259 0.0150 0.0015 0.1941 0.0149 0.0048 0.2135 0.0164 0.0088

Eγ=(1385.0±15.0)MeV Eγ=(1415.0±15.0)MeV Eγ=(1445.0±15.0)MeV Eγ=(1475.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0926 0.0269 0.0030 0.1327 0.0302 0.0144 0.0645 0.0202 0.0030 0.1813 0.0333 0.0140
−0.62 0.1150 0.0229 0.0028 0.1162 0.0222 0.0072 0.1489 0.0229 0.0101 0.0764 0.0172 0.0131
−0.38 0.1548 0.0222 0.0022 0.1311 0.0201 0.0070 0.1169 0.0175 0.0060 0.0994 0.0166 0.0092
−0.12 0.1689 0.0201 0.0006 0.1599 0.0195 0.0062 0.1138 0.0155 0.0041 0.1464 0.0181 0.0069

0.12 0.1792 0.0193 0.0032 0.1486 0.0176 0.0030 0.1816 0.0182 0.0068 0.1507 0.0172 0.0079
0.38 0.2040 0.0209 0.0072 0.1173 0.0160 0.0027 0.1497 0.0170 0.0049 0.1319 0.0168 0.0071
0.62 0.1497 0.0186 0.0030 0.1788 0.0205 0.0029 0.1324 0.0167 0.0029 0.1344 0.0178 0.0070
0.88 0.2432 0.0216 0.0020 0.2274 0.0213 0.0030 0.2260 0.0201 0.0092 0.1999 0.0197 0.0031

Eγ=(1505.0±15.0)MeV Eγ=(1535.0±15.0)MeV Eγ=(1565.0±15.0)MeV Eγ=(1595.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0733 0.0230 0.0034 0.1167 0.0364 0.0055 0.1038 0.0343 0.0012 0.1200 0.0353 0.0027
−0.62 0.0791 0.0180 0.0098 0.0717 0.0214 0.0053 0.0903 0.0227 0.0062 0.0406 0.0152 0.0032
−0.38 0.0549 0.0128 0.0044 0.0806 0.0187 0.0034 0.0661 0.0164 0.0037 0.0826 0.0181 0.0104
−0.12 0.0925 0.0148 0.0025 0.0987 0.0185 0.0043 0.0779 0.0158 0.0018 0.0688 0.0149 0.0084

0.12 0.1859 0.0195 0.0039 0.1227 0.0194 0.0114 0.1157 0.0182 0.0021 0.1245 0.0194 0.0059
0.38 0.1361 0.0177 0.0058 0.1310 0.0216 0.0104 0.1203 0.0206 0.0032 0.1394 0.0233 0.0041
0.62 0.1487 0.0197 0.0096 0.1508 0.0252 0.0051 0.1086 0.0213 0.0020 0.1142 0.0224 0.0061
0.88 0.2429 0.0226 0.0081 0.2222 0.0267 0.0066 0.1938 0.0228 0.0018 0.1864 0.0205 0.0032

Eγ=(1625.0±15.0)MeV Eγ=(1655.0±15.0)MeV Eγ=(1685.0±15.0)MeV Eγ=(1715.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0847 0.0273 0.0050 0.0620 0.0241 0.0018 0.0392 0.0230 0.0081 0.0234 0.0163 0.0024
−0.62 0.0457 0.0153 0.0019 0.0484 0.0162 0.0056 0.0779 0.0233 0.0101 0.0455 0.0161 0.0063
−0.38 0.0546 0.0141 0.0019 0.0467 0.0134 0.0042 0.0512 0.0163 0.0030 0.0576 0.0155 0.0085
−0.12 0.0578 0.0132 0.0016 0.0677 0.0149 0.0019 0.0857 0.0195 0.0060 0.0422 0.0126 0.0062

0.12 0.1082 0.0179 0.0030 0.1213 0.0200 0.0018 0.1046 0.0218 0.0089 0.0757 0.0173 0.0049
0.38 0.1118 0.0207 0.0039 0.1481 0.0253 0.0024 0.0888 0.0233 0.0067 0.0951 0.0229 0.0025
0.62 0.1060 0.0209 0.0026 0.0929 0.0210 0.0015 0.1364 0.0308 0.0079 0.1646 0.0326 0.0101
0.88 0.1988 0.0196 0.0051 0.1945 0.0202 0.0045 0.1737 0.0221 0.0018 0.1895 0.0212 0.0042
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APPENDIX F. DATA TABLES

Eγ=(1745.0±15.0)MeV Eγ=(1775.0±15.0)MeV Eγ=(1805.0±15.0)MeV Eγ=(1835.0±15.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0179 0.0136 0.0022 0.0002 0.0095 0.0002 0.0219 0.0169 0.0031 0.0342 0.0196 0.0037
−0.62 0.0304 0.0121 0.0063 0.0311 0.0138 0.0311 0.0257 0.0127 0.0015 0.0594 0.0184 0.0046
−0.38 0.0363 0.0115 0.0037 0.0585 0.0161 0.0044 0.0383 0.0133 0.0028 0.0207 0.0098 0.0013
−0.12 0.0568 0.0138 0.0013 0.0557 0.0154 0.0053 0.0242 0.0102 0.0031 0.0571 0.0151 0.0025

0.12 0.0757 0.0169 0.0018 0.1023 0.0227 0.0098 0.0715 0.0195 0.0068 0.0692 0.0189 0.0070
0.38 0.0579 0.0181 0.0028 0.0935 0.0275 0.0093 0.0630 0.0242 0.0044 0.0668 0.0255 0.0096
0.62 0.1025 0.0259 0.0090 0.1491 0.0376 0.0080 0.1427 0.0398 0.0067 0.0813 0.0310 0.0051
0.88 0.1822 0.0200 0.0110 0.1657 0.0221 0.0027 0.1775 0.0237 0.0048 0.1877 0.0242 0.0021

Total Cross Sections

Eγ ∆Eγ σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

697.5 7.5 2.8342 0.0662 0.0586
712.5 7.5 4.6475 0.0777 0.0474
730.0 10.0 6.7011 0.0743 0.0599
750.0 10.0 8.6778 0.0855 0.0994
770.0 10.0 9.6030 0.0935 0.0699
790.0 10.0 9.2728 0.0994 0.0684
810.0 10.0 8.7825 0.0985 0.1185
830.0 10.0 8.1115 0.1138 0.1115
850.0 10.0 7.4842 0.1066 0.0637
870.0 10.0 7.1252 0.1050 0.0814
890.0 10.0 6.2390 0.1071 0.0605
910.0 10.0 5.6509 0.0977 0.0967
930.0 10.0 5.2768 0.1011 0.0859
955.0 15.0 5.0951 0.0840 0.0466
980.0 10.0 5.1457 0.1145 0.0999

1005.0 15.0 4.8187 0.0934 0.0736
1035.0 15.0 4.5717 0.0910 0.0561
1065.0 15.0 3.9938 0.1068 0.0735
1095.0 15.0 3.8455 0.1088 0.0867
1125.0 15.0 3.4963 0.0871 0.0728
1155.0 15.0 3.3002 0.0868 0.0653
1185.0 15.0 2.8049 0.0861 0.1014
1215.0 15.0 2.7302 0.1125 0.0769
1245.0 15.0 2.4030 0.0901 0.0770
1270.0 10.0 2.2815 0.1022 0.0638
1295.0 15.0 2.4351 0.0867 0.0668
1325.0 15.0 2.3815 0.0890 0.0706
1355.0 15.0 2.1369 0.0846 0.0658
1385.0 15.0 2.0323 0.0963 0.0369
1415.0 15.0 1.8810 0.0945 0.0722
1445.0 15.0 1.7352 0.0821 0.0703
1475.0 15.0 1.6756 0.0876 0.1105
1505.0 15.0 1.5419 0.0831 0.0755
1535.0 15.0 1.5520 0.1070 0.0825
1565.0 15.0 1.3699 0.0991 0.0353
1595.0 15.0 1.3177 0.0950 0.0639
1625.0 15.0 1.1952 0.0849 0.0389
1655.0 15.0 1.1985 0.0875 0.0368
1685.0 15.0 1.1724 0.0993 0.0784
1715.0 15.0 1.0511 0.0845 0.0648
1745.0 15.0 0.8875 0.0745 0.0579
1775.0 15.0 1.0054 0.0921 0.0861
1805.0 15.0 0.8468 0.0886 0.0510
1835.0 15.0 0.9078 0.0921 0.0540
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

F.2.5 γp → ηp as a Function of W

Angular Distributions

W=(1487.5±2.5)MeV W=(1492.5±2.5)MeV W=(1497.5±2.5)MeV W=(1505.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.3084 0.1101 0.0401 0.6874 0.1013 0.0241 0.7958 0.0861 0.0180 1.0340 0.0606 0.0161
−0.62 0.3076 0.0759 0.0163 0.7426 0.0771 0.0161 0.8527 0.0694 0.0231 1.1325 0.0522 0.0200
−0.38 0.2910 0.0624 0.0075 0.7314 0.0708 0.0154 0.9187 0.0688 0.0220 1.0783 0.0473 0.0236
−0.12 0.3499 0.0656 0.0086 0.7863 0.0748 0.0119 0.8971 0.0687 0.0237 1.1504 0.0483 0.0286

0.12 0.3075 0.0578 0.0087 0.7906 0.0741 0.0123 0.8925 0.0682 0.0327 1.1338 0.0478 0.0377
0.38 0.3605 0.0644 0.0340 0.9467 0.0782 0.0858 0.8070 0.0643 0.0648 1.0178 0.0468 0.0800
0.62 0.2438 0.0581 0.0451 0.7433 0.0726 0.1340 0.8547 0.0714 0.0972 0.9000 0.0504 0.1015
0.88 0.2293 0.0770 0.0433 0.6130 0.0814 0.1108 0.6995 0.0747 0.0452 0.8655 0.0584 0.0556

W=(1515.0±5.0)MeV W=(1525.0±5.0)MeV W=(1535.0±5.0)MeV W=(1545.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 1.2648 0.0618 0.0408 1.0824 0.0557 0.0863 1.1704 0.0584 0.1024 1.2913 0.0627 0.0857
−0.62 1.2198 0.0513 0.0166 1.2403 0.0493 0.0432 1.2719 0.0486 0.0617 1.2105 0.0475 0.0413
−0.38 1.2610 0.0465 0.0212 1.2321 0.0441 0.0257 1.2295 0.0439 0.0327 1.3271 0.0453 0.0293
−0.12 1.2568 0.0452 0.0269 1.2951 0.0427 0.0232 1.3352 0.0424 0.0255 1.2569 0.0417 0.0311

0.12 1.2801 0.0451 0.0252 1.3282 0.0430 0.0201 1.2787 0.0418 0.0273 1.2727 0.0420 0.0382
0.38 1.2455 0.0470 0.0578 1.2280 0.0445 0.0546 1.1221 0.0428 0.0599 1.3153 0.0471 0.0602
0.62 0.9654 0.0496 0.1025 0.9460 0.0479 0.1046 0.9921 0.0511 0.1097 0.7852 0.0488 0.0610
0.88 0.8186 0.0613 0.1294 0.8013 0.0673 0.1389 0.9980 0.0824 0.1545 0.8973 0.0857 0.1027

W=(1555.0±5.0)MeV W=(1565.0±5.0)MeV W=(1575.0±5.0)MeV W=(1585.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.9536 0.0553 0.0635 1.0162 0.0585 0.1053 0.9236 0.0569 0.0961 0.9981 0.0603 0.1171
−0.62 1.1680 0.0471 0.0393 1.1769 0.0482 0.0338 1.0913 0.0473 0.0376 0.9494 0.0449 0.0448
−0.38 1.1706 0.0419 0.0255 1.0523 0.0397 0.0101 1.0528 0.0402 0.0155 0.9728 0.0394 0.0176
−0.12 1.2409 0.0423 0.0305 1.2354 0.0427 0.0250 1.1183 0.0403 0.0202 1.0709 0.0394 0.0150

0.12 1.2048 0.0406 0.0369 1.2005 0.0409 0.0351 1.0860 0.0399 0.0262 0.9676 0.0392 0.0174
0.38 1.1318 0.0446 0.0528 1.0606 0.0447 0.0404 1.0311 0.0448 0.0467 0.9298 0.0419 0.0345
0.62 0.8606 0.0545 0.0666 0.8440 0.0575 0.0552 0.8505 0.0602 0.0632 0.6792 0.0537 0.0451
0.88 0.7935 0.0902 0.0896 0.7838 0.1038 0.0851 0.7247 0.1127 0.0762 0.6661 0.1168 0.0631

W=(1595.0±5.0)MeV W=(1605.0±5.0)MeV W=(1615.0±5.0)MeV W=(1625.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.9719 0.0609 0.1595 0.6878 0.0528 0.0773 0.6391 0.0508 0.0408 0.5330 0.0470 0.0375
−0.62 0.9139 0.0442 0.0508 0.7568 0.0408 0.0325 0.7214 0.0400 0.0244 0.6109 0.0376 0.0207
−0.38 0.8621 0.0379 0.0181 0.8022 0.0378 0.0145 0.7602 0.0372 0.0148 0.6055 0.0340 0.0112
−0.12 0.9236 0.0367 0.0181 0.8457 0.0359 0.0173 0.6962 0.0329 0.0117 0.6021 0.0315 0.0110

0.12 0.9440 0.0398 0.0172 0.8630 0.0386 0.0162 0.6769 0.0337 0.0163 0.6257 0.0318 0.0158
0.38 0.8275 0.0377 0.0256 0.7679 0.0345 0.0210 0.6236 0.0296 0.0240 0.4864 0.0258 0.0185
0.62 0.6660 0.0507 0.0406 0.5353 0.0437 0.0290 0.4657 0.0386 0.0312 0.4161 0.0346 0.0320
0.88 0.5201 0.1160 0.0524 0.5250 0.1285 0.0560 0.2008 0.0826 0.0432 0.1236 0.0661 0.0452

W=(1635.0±5.0)MeV W=(1645.0±5.0)MeV W=(1655.0±5.0)MeV W=(1670.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.4460 0.0438 0.0201 0.3816 0.0413 0.0145 0.2933 0.0379 0.0026 0.2483 0.0265 0.0177
−0.62 0.4644 0.0336 0.0121 0.4133 0.0327 0.0139 0.3550 0.0312 0.0128 0.2471 0.0194 0.0114
−0.38 0.5579 0.0330 0.0134 0.4770 0.0309 0.0157 0.3448 0.0267 0.0143 0.3278 0.0192 0.0131
−0.12 0.4708 0.0290 0.0128 0.4542 0.0299 0.0144 0.3948 0.0290 0.0138 0.3312 0.0197 0.0131

0.12 0.4642 0.0268 0.0110 0.4100 0.0247 0.0119 0.3355 0.0220 0.0089 0.3027 0.0150 0.0113
0.38 0.4120 0.0237 0.0112 0.3826 0.0227 0.0080 0.2818 0.0194 0.0059 0.2480 0.0131 0.0076
0.62 0.3067 0.0280 0.0142 0.2148 0.0222 0.0138 0.1857 0.0198 0.0179 0.2026 0.0145 0.0101
0.88 0.1416 0.0727 0.0139 0.0917 0.0568 0.0194 0.0852 0.0535 0.0284 0.1243 0.0417 0.0132
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APPENDIX F. DATA TABLES

W=(1690.0±10.0)MeV W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2200 0.0272 0.0151 0.1931 0.0268 0.0136 0.1502 0.0238 0.0104 0.1331 0.0229 0.0163
−0.62 0.2333 0.0204 0.0067 0.2421 0.0223 0.0125 0.2248 0.0218 0.0171 0.1967 0.0209 0.0166
−0.38 0.2521 0.0180 0.0068 0.3422 0.0219 0.0149 0.2551 0.0191 0.0154 0.2110 0.0179 0.0134
−0.12 0.2957 0.0198 0.0110 0.3332 0.0220 0.0159 0.3175 0.0214 0.0179 0.3126 0.0217 0.0162

0.12 0.2989 0.0157 0.0108 0.3351 0.0172 0.0124 0.3520 0.0176 0.0119 0.3455 0.0177 0.0132
0.38 0.2563 0.0139 0.0095 0.3288 0.0163 0.0091 0.3377 0.0164 0.0046 0.3244 0.0165 0.0119
0.62 0.1838 0.0140 0.0137 0.2864 0.0177 0.0196 0.2805 0.0171 0.0152 0.2813 0.0172 0.0192
0.88 0.1382 0.0421 0.0224 0.1043 0.0338 0.0177 0.1918 0.0405 0.0286 0.1490 0.0330 0.0195

W=(1770.0±10.0)MeV W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1343 0.0238 0.0103 0.1804 0.0284 0.0142 0.0831 0.0203 0.0055 0.1315 0.0272 0.0182
−0.62 0.1777 0.0207 0.0143 0.1762 0.0212 0.0087 0.1983 0.0228 0.0134 0.1582 0.0211 0.0128
−0.38 0.2363 0.0198 0.0124 0.2049 0.0191 0.0069 0.2222 0.0201 0.0118 0.1741 0.0182 0.0077
−0.12 0.3197 0.0227 0.0079 0.2420 0.0204 0.0078 0.2811 0.0221 0.0134 0.2590 0.0217 0.0078

0.12 0.3281 0.0180 0.0044 0.2724 0.0169 0.0070 0.2677 0.0170 0.0100 0.2441 0.0167 0.0066
0.38 0.2821 0.0162 0.0063 0.3082 0.0175 0.0050 0.2779 0.0170 0.0083 0.2424 0.0164 0.0068
0.62 0.2344 0.0162 0.0117 0.2356 0.0166 0.0102 0.2342 0.0168 0.0132 0.2796 0.0190 0.0181
0.88 0.1852 0.0356 0.0158 0.1315 0.0287 0.0176 0.1328 0.0275 0.0158 0.1646 0.0293 0.0270

W=(1850.0±10.0)MeV W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV W=(1910.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1182 0.0294 0.0182 0.1469 0.0373 0.0104 0.1460 0.0407 0.0303 0.0280 0.0167 0.0042
−0.62 0.1239 0.0201 0.0076 0.1331 0.0223 0.0130 0.1064 0.0204 0.0143 0.0849 0.0173 0.0085
−0.38 0.2119 0.0212 0.0071 0.1578 0.0194 0.0140 0.1882 0.0216 0.0135 0.1367 0.0178 0.0102
−0.12 0.2284 0.0214 0.0073 0.2070 0.0210 0.0187 0.1748 0.0196 0.0077 0.2161 0.0227 0.0115

0.12 0.2436 0.0177 0.0056 0.2634 0.0196 0.0168 0.2198 0.0187 0.0079 0.2132 0.0190 0.0067
0.38 0.2732 0.0186 0.0050 0.2776 0.0203 0.0097 0.2438 0.0202 0.0088 0.2179 0.0202 0.0073
0.62 0.2466 0.0190 0.0192 0.2676 0.0213 0.0183 0.2227 0.0208 0.0180 0.1790 0.0199 0.0182
0.88 0.2065 0.0328 0.0528 0.1942 0.0323 0.0353 0.1905 0.0323 0.0349 0.0839 0.0213 0.0195

W=(1930.0±10.0)MeV W=(1950.0±10.0)MeV W=(1970.0±10.0)MeV W=(1990.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0539 0.0183 0.0058 0.0381 0.0138 0.0077 0.0392 0.0137 0.0053 0.0416 0.0146 0.0054
−0.62 0.0708 0.0153 0.0070 0.0388 0.0111 0.0046 0.0423 0.0116 0.0047 0.0671 0.0147 0.0081
−0.38 0.0883 0.0136 0.0090 0.0611 0.0110 0.0068 0.0717 0.0122 0.0066 0.0512 0.0109 0.0058
−0.12 0.1921 0.0229 0.0172 0.1374 0.0196 0.0109 0.1102 0.0174 0.0083 0.0994 0.0162 0.0088

0.12 0.2139 0.0199 0.0129 0.1616 0.0179 0.0068 0.1279 0.0165 0.0052 0.1303 0.0170 0.0108
0.38 0.1770 0.0197 0.0116 0.1594 0.0197 0.0099 0.1783 0.0221 0.0110 0.1044 0.0179 0.0077
0.62 0.2070 0.0232 0.0204 0.2199 0.0251 0.0223 0.2089 0.0258 0.0277 0.1586 0.0236 0.0134
0.88 0.1393 0.0277 0.0152 0.1493 0.0285 0.0158 0.1445 0.0286 0.0307 0.1488 0.0295 0.0246

W=(2010.0±10.0)MeV W=(2030.0±10.0)MeV W=(2050.0±10.0)MeV W=(2070.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0362 0.0147 0.0071 0.0492 0.0179 0.0170 0.0286 0.0141 0.0117 0.0502 0.0184 0.0163
−0.62 0.0695 0.0158 0.0098 0.0652 0.0155 0.0119 0.0541 0.0145 0.0170 0.0327 0.0120 0.0079
−0.38 0.0681 0.0133 0.0059 0.0481 0.0114 0.0037 0.0370 0.0104 0.0081 0.0598 0.0136 0.0098
−0.12 0.1005 0.0165 0.0085 0.1119 0.0177 0.0070 0.0842 0.0162 0.0093 0.0508 0.0135 0.0040

0.12 0.0802 0.0139 0.0077 0.1034 0.0162 0.0082 0.0950 0.0167 0.0054 0.1211 0.0210 0.0035
0.38 0.1734 0.0244 0.0128 0.0992 0.0196 0.0073 0.1272 0.0240 0.0104 0.0989 0.0230 0.0065
0.62 0.1645 0.0260 0.0102 0.1359 0.0251 0.0106 0.1714 0.0302 0.0269 0.1322 0.0285 0.0216
0.88 0.1988 0.0355 0.0177 0.1560 0.0328 0.0211 0.1588 0.0352 0.0361 0.2301 0.0438 0.0474
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

Total Cross Sections

W ∆W σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1487.5 2.5 3.7192 0.3231 0.3258
1492.5 2.5 9.4732 0.3518 0.6662
1497.5 2.5 10.5304 0.3185 0.5193
1505.0 5.0 13.0238 0.2302 0.5785
1515.0 5.0 14.5841 0.2289 0.6678
1525.0 5.0 14.3083 0.2222 0.7933
1535.0 5.0 14.6743 0.2348 0.9174
1545.0 5.0 14.4249 0.2386 0.6946
1555.0 5.0 13.3088 0.2401 0.6368
1565.0 5.0 12.9830 0.2541 0.5950
1575.0 5.0 12.3308 0.2617 0.6003
1585.0 5.0 11.1468 0.2539 0.5504
1595.0 5.0 10.2587 0.2458 0.5806
1605.0 5.0 8.7909 0.2336 0.3905
1615.0 5.0 7.5543 0.1980 0.3258
1625.0 5.0 6.2886 0.1758 0.3011
1635.0 5.0 5.1323 0.1639 0.1710
1645.0 5.0 4.3735 0.1453 0.1760
1655.0 5.0 3.5244 0.1330 0.1707
1670.0 10.0 3.1449 0.0933 0.1481
1690.0 10.0 2.8545 0.0934 0.1418
1710.0 10.0 3.4219 0.1000 0.1844
1730.0 10.0 3.2807 0.0990 0.1891
1750.0 10.0 3.0339 0.0933 0.2000
1770.0 10.0 2.9060 0.0956 0.1372
1790.0 10.0 2.7352 0.0943 0.1203
1810.0 10.0 2.6505 0.0914 0.1443
1830.0 10.0 2.5839 0.0950 0.1655
1850.0 10.0 2.5664 0.1004 0.1859
1870.0 10.0 2.5792 0.1089 0.2078
1890.0 10.0 2.2988 0.1084 0.2070
1910.0 10.0 1.7963 0.0857 0.1349
1930.0 10.0 1.7367 0.0894 0.1508
1950.0 10.0 1.4847 0.0846 0.1305
1970.0 10.0 1.4383 0.0861 0.1551
1990.0 10.0 1.2286 0.0835 0.1300
2010.0 10.0 1.3615 0.0942 0.1223
2030.0 10.0 1.1745 0.0906 0.1339
2050.0 10.0 1.1662 0.0966 0.1931
2070.0 10.0 1.1785 0.1049 0.1818
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APPENDIX F. DATA TABLES

F.2.6 γn → ηn as a Function of W

Angular Distributions

W=(1487.5±2.5)MeV W=(1492.5±2.5)MeV W=(1497.5±2.5)MeV W=(1505.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0000 0.0000 0.0000 0.4551 0.1865 0.0712 0.9602 0.2168 0.0332 1.1235 0.1466 0.0239
−0.62 0.1896 0.1386 0.0068 0.6067 0.1538 0.0446 0.8442 0.1514 0.0453 1.0752 0.1101 0.0215
−0.38 0.3089 0.1561 0.0162 0.3505 0.1089 0.0175 0.6846 0.1310 0.0430 1.0491 0.1052 0.0310
−0.12 0.1050 0.0750 0.0080 0.5953 0.1504 0.0307 1.0488 0.1666 0.0677 0.8352 0.0915 0.0292

0.12 0.1238 0.0912 0.0173 0.7420 0.1624 0.0426 0.5653 0.1181 0.0315 0.7891 0.0874 0.0280
0.38 0.1272 0.0899 0.0242 0.6372 0.1483 0.0683 0.8736 0.1459 0.0717 0.8483 0.0909 0.0666
0.62 0.5165 0.2310 0.1126 0.6800 0.1628 0.1271 0.6832 0.1286 0.0780 0.7587 0.0857 0.0864
0.88 0.2735 0.2735 0.0566 0.8155 0.2383 0.1525 0.6441 0.1641 0.0423 0.7490 0.1076 0.0547

W=(1515.0±5.0)MeV W=(1525.0±5.0)MeV W=(1535.0±5.0)MeV W=(1545.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 1.1113 0.1327 0.0478 1.1436 0.1265 0.0934 1.0703 0.1198 0.0996 1.0045 0.1173 0.0698
−0.62 0.9773 0.0993 0.0253 1.0680 0.1007 0.0441 0.9151 0.0932 0.0477 0.9807 0.0967 0.0393
−0.38 1.0389 0.0951 0.0252 0.7649 0.0773 0.0258 0.8953 0.0849 0.0280 0.7433 0.0789 0.0228
−0.12 0.9219 0.0901 0.0257 0.8616 0.0828 0.0293 0.7277 0.0726 0.0214 0.7947 0.0756 0.0240

0.12 0.9648 0.0903 0.0242 0.9756 0.0857 0.0299 0.7441 0.0723 0.0243 0.8334 0.0758 0.0272
0.38 1.1589 0.0987 0.0540 0.8592 0.0802 0.0474 0.9416 0.0817 0.0552 0.8844 0.0807 0.0418
0.62 0.8606 0.0867 0.0916 0.8720 0.0831 0.1011 0.5980 0.0673 0.0672 0.5628 0.0659 0.0442
0.88 0.6398 0.0893 0.1050 0.4535 0.0718 0.0785 0.6247 0.0843 0.0952 0.5352 0.0789 0.0610

W=(1555.0±5.0)MeV W=(1565.0±5.0)MeV W=(1575.0±5.0)MeV W=(1585.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 1.0391 0.1237 0.0706 1.1914 0.1416 0.1277 1.2766 0.1526 0.1329 1.2617 0.1510 0.1482
−0.62 0.8959 0.0928 0.0349 0.8830 0.0932 0.0349 0.7399 0.0863 0.0283 0.6076 0.0787 0.0335
−0.38 0.7252 0.0773 0.0192 0.6596 0.0735 0.0188 0.6254 0.0717 0.0161 0.6747 0.0746 0.0196
−0.12 0.6519 0.0699 0.0188 0.7413 0.0753 0.0232 0.4840 0.0610 0.0144 0.5548 0.0651 0.0090

0.12 0.6535 0.0681 0.0255 0.6896 0.0715 0.0247 0.5315 0.0632 0.0192 0.4907 0.0621 0.0099
0.38 0.6652 0.0724 0.0359 0.7247 0.0761 0.0304 0.5495 0.0666 0.0303 0.6250 0.0729 0.0290
0.62 0.5965 0.0702 0.0489 0.6910 0.0784 0.0405 0.3478 0.0568 0.0291 0.5388 0.0704 0.0446
0.88 0.5553 0.0833 0.0659 0.6489 0.0963 0.0603 0.6297 0.0986 0.0728 0.4570 0.0859 0.0478

W=(1595.0±5.0)MeV W=(1605.0±5.0)MeV W=(1615.0±5.0)MeV W=(1625.0±5.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 1.0383 0.1376 0.1733 0.9972 0.1379 0.1138 0.7929 0.1239 0.0926 0.6286 0.1098 0.0408
−0.62 0.6182 0.0796 0.0358 0.5512 0.0765 0.0324 0.4396 0.0709 0.0206 0.4821 0.0738 0.0149
−0.38 0.4660 0.0623 0.0157 0.4133 0.0587 0.0209 0.4349 0.0620 0.0103 0.5031 0.0672 0.0096
−0.12 0.3703 0.0531 0.0213 0.4030 0.0555 0.0164 0.3765 0.0559 0.0115 0.3357 0.0543 0.0103

0.12 0.5101 0.0657 0.0322 0.3871 0.0578 0.0122 0.4583 0.0628 0.0188 0.5139 0.0671 0.0213
0.38 0.4423 0.0621 0.0224 0.4103 0.0570 0.0175 0.2984 0.0468 0.0161 0.4440 0.0565 0.0229
0.62 0.3913 0.0611 0.0256 0.3515 0.0566 0.0241 0.2436 0.0467 0.0173 0.3061 0.0526 0.0192
0.88 0.4713 0.0855 0.0406 0.2513 0.0603 0.0216 0.2447 0.0600 0.0192 0.2294 0.0616 0.0141

W=(1635.0±5.0)MeV W=(1645.0±5.0)MeV W=(1655.0±5.0)MeV W=(1670.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.6037 0.1051 0.0177 0.5183 0.0973 0.0405 0.6454 0.1110 0.0234 0.7279 0.0893 0.0340
−0.62 0.4302 0.0677 0.0116 0.3573 0.0635 0.0230 0.4371 0.0744 0.0190 0.4405 0.0559 0.0181
−0.38 0.3507 0.0565 0.0117 0.4603 0.0677 0.0263 0.5490 0.0768 0.0235 0.4744 0.0522 0.0205
−0.12 0.3764 0.0590 0.0151 0.4749 0.0708 0.0230 0.7605 0.0966 0.0329 0.5297 0.0599 0.0227

0.12 0.4691 0.0628 0.0186 0.4587 0.0628 0.0157 0.5985 0.0735 0.0262 0.4907 0.0472 0.0167
0.38 0.3959 0.0543 0.0138 0.4305 0.0593 0.0115 0.5620 0.0699 0.0227 0.5020 0.0472 0.0132
0.62 0.3845 0.0599 0.0190 0.4110 0.0635 0.0228 0.3297 0.0577 0.0226 0.3652 0.0440 0.0176
0.88 0.2113 0.0642 0.0183 0.3446 0.0857 0.0465 0.2041 0.0645 0.0314 0.1568 0.0395 0.0177
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F.2. UNPOLARISED CROSS SECTIONS FROM LD2 (CBELSA/TAPS)

W=(1690.0±10.0)MeV W=(1710.0±10.0)MeV W=(1730.0±10.0)MeV W=(1750.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.5128 0.0801 0.0215 0.3691 0.0672 0.0211 0.1326 0.0382 0.0096 0.1435 0.0410 0.0166
−0.62 0.4529 0.0583 0.0126 0.2401 0.0431 0.0140 0.2128 0.0403 0.0142 0.2202 0.0420 0.0217
−0.38 0.3972 0.0497 0.0119 0.3683 0.0492 0.0181 0.2255 0.0386 0.0152 0.3320 0.0477 0.0254
−0.12 0.4753 0.0578 0.0187 0.3935 0.0541 0.0186 0.3872 0.0537 0.0254 0.3617 0.0527 0.0208

0.12 0.3390 0.0394 0.0126 0.4261 0.0450 0.0145 0.3441 0.0401 0.0131 0.3402 0.0403 0.0132
0.38 0.3592 0.0404 0.0140 0.3508 0.0410 0.0080 0.3430 0.0400 0.0103 0.2999 0.0381 0.0136
0.62 0.3142 0.0430 0.0257 0.3502 0.0474 0.0239 0.1690 0.0325 0.0151 0.2214 0.0380 0.0171
0.88 0.1234 0.0368 0.0216 0.1061 0.0363 0.0185 0.1562 0.0464 0.0292 0.2110 0.0573 0.0213

W=(1770.0±10.0)MeV W=(1790.0±10.0)MeV W=(1810.0±10.0)MeV W=(1830.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2178 0.0566 0.0318 0.2570 0.0645 0.0130 0.1985 0.0515 0.0131 0.0769 0.0322 0.0125
−0.62 0.1539 0.0370 0.0169 0.1552 0.0383 0.0076 0.1803 0.0406 0.0124 0.1615 0.0397 0.0173
−0.38 0.2134 0.0397 0.0147 0.2058 0.0398 0.0121 0.2148 0.0408 0.0139 0.2191 0.0430 0.0163
−0.12 0.3100 0.0494 0.0132 0.2629 0.0455 0.0134 0.2778 0.0461 0.0153 0.3051 0.0492 0.0142

0.12 0.3474 0.0427 0.0137 0.3228 0.0421 0.0104 0.2902 0.0392 0.0117 0.2579 0.0381 0.0063
0.38 0.3002 0.0404 0.0152 0.3292 0.0434 0.0089 0.2627 0.0381 0.0094 0.2904 0.0412 0.0076
0.62 0.2790 0.0458 0.0214 0.2270 0.0427 0.0118 0.1874 0.0379 0.0133 0.1286 0.0327 0.0098
0.88 0.0975 0.0412 0.0121 0.1970 0.0556 0.0239 0.0238 0.0186 0.0034 0.1044 0.0401 0.0192

W=(1850.0±10.0)MeV W=(1870.0±10.0)MeV W=(1890.0±10.0)MeV W=(1910.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.2447 0.0626 0.0386 0.2298 0.0719 0.0160 0.2100 0.0730 0.0429 0.2665 0.0877 0.0274
−0.62 0.2225 0.0501 0.0148 0.1676 0.0481 0.0134 0.1189 0.0415 0.0184 0.0476 0.0255 0.0075
−0.38 0.1689 0.0402 0.0077 0.1979 0.0455 0.0184 0.1336 0.0367 0.0111 0.0999 0.0314 0.0156
−0.12 0.3156 0.0521 0.0130 0.2801 0.0512 0.0290 0.1915 0.0420 0.0087 0.1798 0.0421 0.0182

0.12 0.2901 0.0425 0.0095 0.2666 0.0430 0.0237 0.2206 0.0389 0.0089 0.1142 0.0295 0.0072
0.38 0.2757 0.0432 0.0086 0.2751 0.0465 0.0177 0.2104 0.0420 0.0102 0.2507 0.0489 0.0155
0.62 0.2617 0.0509 0.0257 0.1919 0.0473 0.0157 0.1221 0.0389 0.0113 0.1166 0.0416 0.0131
0.88 0.0555 0.0328 0.0168 0.0569 0.0333 0.0110 0.0181 0.0184 0.0034 0.0401 0.0290 0.0095

W=(1930.0±10.0)MeV W=(1950.0±10.0)MeV W=(1970.0±10.0)MeV W=(1990.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.1182 0.0557 0.0124 0.0553 0.0334 0.0097 0.0802 0.0376 0.0132 0.0299 0.0243 0.0058
−0.62 0.0521 0.0245 0.0069 0.0382 0.0202 0.0053 0.0493 0.0228 0.0053 0.0428 0.0224 0.0047
−0.38 0.0890 0.0290 0.0109 0.0873 0.0282 0.0104 0.0518 0.0218 0.0039 0.0552 0.0230 0.0051
−0.12 0.1474 0.0414 0.0147 0.0887 0.0323 0.0086 0.0522 0.0244 0.0032 0.0638 0.0271 0.0048

0.12 0.1861 0.0396 0.0130 0.1723 0.0395 0.0104 0.1882 0.0418 0.0097 0.1788 0.0418 0.0138
0.38 0.2018 0.0471 0.0144 0.1838 0.0468 0.0112 0.0990 0.0357 0.0067 0.1830 0.0511 0.0344
0.62 0.1341 0.0476 0.0161 0.1028 0.0425 0.0167 0.0907 0.0412 0.0139 0.0427 0.0304 0.0126
0.88 0.0730 0.0424 0.0144 0.0553 0.0403 0.0281 0.0631 0.0449 0.0203 0.0734 0.0531 0.0197

W=(2010.0±10.0)MeV W=(2030.0±10.0)MeV W=(2050.0±10.0)MeV W=(2070.0±10.0)MeV
cos(θ∗η) dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys dσ/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.88 0.0148 0.0184 0.0029 −0.0013 0.0008 0.0004 −0.0010 0.0007 0.0004 0.0238 0.0255 0.0077
−0.62 0.0342 0.0211 0.0062 0.0098 0.0127 0.0019 0.0277 0.0200 0.0085 −0.0006 0.0004 0.0001
−0.38 0.0546 0.0234 0.0104 0.0551 0.0234 0.0074 0.0085 0.0103 0.0016 0.0304 0.0182 0.0049
−0.12 0.0972 0.0333 0.0160 0.0507 0.0234 0.0075 0.0499 0.0237 0.0050 0.0771 0.0299 0.0066

0.12 0.0645 0.0259 0.0081 0.0849 0.0290 0.0107 0.0506 0.0231 0.0041 0.0788 0.0303 0.0063
0.38 0.1208 0.0430 0.0140 0.1278 0.0459 0.0110 0.0746 0.0379 0.0091 0.0819 0.0432 0.0093
0.62 0.1165 0.0529 0.0175 0.1218 0.0550 0.0210 0.0876 0.0506 0.0160 0.0725 0.0522 0.0127
0.88 0.2155 0.0973 0.0480 0.0480 0.0480 0.0242 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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APPENDIX F. DATA TABLES

Total Cross Sections

W ∆W σ ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1487.5 2.5 2.7765 0.9496 0.3673
1492.5 2.5 7.4351 0.7300 0.8797
1497.5 2.5 9.6066 0.6778 0.6402
1505.0 5.0 11.3608 0.4654 0.5452
1515.0 5.0 12.0046 0.4383 0.6337
1525.0 5.0 10.9450 0.4001 0.7112
1535.0 5.0 10.1202 0.3807 0.6906
1545.0 5.0 9.8454 0.3769 0.5179
1555.0 5.0 9.0962 0.3748 0.5050
1565.0 5.0 9.7613 0.4030 0.5563
1575.0 5.0 7.8313 0.3756 0.4962
1585.0 5.0 7.9952 0.3778 0.5192
1595.0 5.0 6.6517 0.3496 0.5396
1605.0 5.0 5.8682 0.3283 0.3964
1615.0 5.0 4.9715 0.3027 0.3037
1625.0 5.0 5.3194 0.3082 0.2363
1635.0 5.0 5.0304 0.2995 0.1943
1645.0 5.0 5.3339 0.3161 0.3196
1655.0 5.0 6.1457 0.3431 0.3053
1670.0 10.0 5.6992 0.2460 0.2457
1690.0 10.0 4.6034 0.2303 0.2125
1710.0 10.0 3.9796 0.2114 0.2055
1730.0 10.0 2.9573 0.1796 0.1998
1750.0 10.0 3.2939 0.1978 0.2354
1770.0 10.0 2.9492 0.1940 0.2167
1790.0 10.0 2.9921 0.2053 0.1522
1810.0 10.0 2.5463 0.1766 0.1425
1830.0 10.0 2.3579 0.1747 0.1613
1850.0 10.0 2.8103 0.2084 0.2054
1870.0 10.0 2.5814 0.2177 0.2222
1890.0 10.0 1.8928 0.1921 0.1800
1910.0 10.0 1.4527 0.1801 0.1455
1930.0 10.0 1.5314 0.1821 0.1561
1950.0 10.0 1.2044 0.1602 0.1558
1970.0 10.0 0.9926 0.1528 0.1168
1990.0 10.0 0.8645 0.1470 0.1355
2010.0 10.0 1.0753 0.2007 0.1811
2030.0 10.0 0.7331 0.1485 0.1317
2050.0 10.0 0.6012 0.2619 0.1189
2070.0 10.0 0.4353 0.2507 0.0628
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F.3 Polarisation Observable E and Helicity Dependent Cross
Sections from CBELSA/TAPS Data

F.3.1 E for γp → ηp as a Function of Eγ

Total Distributions for E

Eγ ∆Eγ E ∆stat ∆sys
[MeV] [MeV]

730.0 30.0 1.0914 0.1770 0.0735
790.0 30.0 1.0545 0.1240 0.0734
850.0 30.0 1.0712 0.1392 0.0718
920.0 40.0 1.0440 0.1458 0.0744
990.0 30.0 0.9059 0.2623 0.0643

1070.0 50.0 0.2927 0.1731 0.0385
1170.0 50.0 0.5610 0.1705 0.0259
1280.0 60.0 0.4107 0.1719 0.0302
1400.0 60.0 0.6341 0.2248 0.0320
1535.0 75.0 0.3373 0.2151 0.0292
1685.0 75.0 0.3134 0.2466 0.0272
1840.0 80.0 −0.3919 0.3372 0.0243

F.3.2 Helicity Dependent Cross Sections for γp → ηp as a Function of Eγ

Total Cross Sections σ1/2 and σ3/2

Eγ ∆Eγ σ1/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

730.0 30.0 14.4944 1.2324 0.9767
790.0 30.0 26.7853 1.6229 1.6899
850.0 30.0 24.9936 1.6867 1.6733
920.0 40.0 17.7623 1.2721 1.2577
990.0 30.0 9.8079 1.3534 0.8147

1070.0 50.0 4.7536 0.6391 0.4340
1170.0 50.0 5.1172 0.5622 0.2615
1280.0 60.0 3.7891 0.4642 0.2359
1400.0 60.0 3.5222 0.4877 0.2062
1535.0 75.0 2.2789 0.3693 0.1746
1685.0 75.0 1.6563 0.3143 0.1336
1840.0 80.0 0.6190 0.3464 0.0404

Eγ ∆Eγ σ3/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

730.0 30.0 −0.6333 1.2324 0.2350
790.0 30.0 −0.7111 1.6229 0.4030
850.0 30.0 −0.8589 1.6867 0.3552
920.0 40.0 −0.3824 1.2721 0.3075
990.0 30.0 0.4842 1.3534 0.2955

1070.0 50.0 2.6010 0.6391 0.2027
1170.0 50.0 1.4390 0.5622 0.1104
1280.0 60.0 1.5829 0.4642 0.0795
1400.0 60.0 0.7886 0.4877 0.0722
1535.0 75.0 1.1293 0.3693 0.0830
1685.0 75.0 0.8658 0.3143 0.0993
1840.0 80.0 1.4170 0.3464 0.0879

291



APPENDIX F. DATA TABLES

F.3.3 E for γn → η(n) as a Function of Eγ

Total Distributions for E

Eγ ∆Eγ E ∆stat ∆sys
[MeV] [MeV]

730.0 30.0 1.0134 0.1772 0.1219
790.0 30.0 0.9732 0.1329 0.1004
850.0 30.0 1.0830 0.1777 0.0935
920.0 40.0 0.7225 0.1818 0.0812
990.0 30.0 0.7143 0.2097 0.0631

1070.0 50.0 0.7214 0.1853 0.0544
1170.0 50.0 0.7423 0.1968 0.0453
1280.0 60.0 0.5606 0.2067 0.0259
1400.0 60.0 0.4367 0.2166 0.0459
1535.0 75.0 0.7575 0.3716 0.1612
1685.0 75.0 1.3090 0.7436 0.2256
1840.0 80.0 0.6480 0.4872 0.0779

F.3.4 Helicity Dependent Cross Sections for γn → η(n) as a Function of Eγ

Total Cross Sections σ1/2 and σ3/2

Eγ ∆Eγ σ1/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

730.0 30.0 14.0482 1.2377 1.6902
790.0 30.0 20.2843 1.3691 1.8253
850.0 30.0 16.9132 1.4458 1.6645
920.0 40.0 10.3397 1.0931 1.2070
990.0 30.0 8.7975 1.0787 0.7670

1070.0 50.0 7.2303 0.7806 0.5280
1170.0 50.0 5.6924 0.6456 0.3692
1280.0 60.0 3.8888 0.5170 0.2311
1400.0 60.0 3.0089 0.4562 0.2504
1535.0 75.0 2.7853 0.5910 0.4789
1685.0 75.0 3.0086 0.9713 0.5616
1840.0 80.0 1.6147 0.4798 0.1941

Eγ ∆Eγ σ3/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

730.0 30.0 −0.0935 1.2377 0.7374
790.0 30.0 0.2760 1.3691 0.7337
850.0 30.0 −0.6740 1.4458 0.7046
920.0 40.0 1.6658 1.0931 0.5558
990.0 30.0 1.4664 1.0787 0.3408

1070.0 50.0 1.1702 0.7806 0.1915
1170.0 50.0 0.8418 0.6456 0.1028
1280.0 60.0 1.0949 0.5170 0.0579
1400.0 60.0 1.1797 0.4562 0.1095
1535.0 75.0 0.3843 0.5910 0.2565
1685.0 75.0 −0.4027 0.9713 0.3068
1840.0 80.0 0.3449 0.4798 0.1041

292



F.3. POLARISATION OBSERVABLE E AND HELICITY DEPENDENT CROSS . . .

F.3.5 E for γp → ηp as a Function of W

Total Distributions for E

W ∆W E ∆stat ∆sys
[MeV] [MeV]

1495.0 15.0 1.0215 0.2054 0.0855
1525.0 15.0 1.0439 0.1290 0.0738
1555.0 15.0 1.1094 0.1466 0.0765
1585.0 15.0 0.9268 0.1721 0.0782
1615.0 15.0 0.9405 0.1907 0.0720
1645.0 15.0 1.0114 0.2445 0.0649
1675.0 15.0 0.8312 0.2824 0.0550
1705.0 15.0 0.5116 0.2212 0.0457
1735.0 15.0 0.5271 0.1962 0.0414
1765.0 15.0 0.7251 0.2459 0.0325
1795.0 15.0 0.0751 0.2350 0.0226
1825.0 15.0 0.3691 0.3055 0.0249
1870.0 30.0 0.3280 0.2028 0.0351
1930.0 30.0 0.6929 0.2333 0.0416
1990.0 30.0 0.5228 0.3189 0.0415
2050.0 30.0 −0.1907 0.2664 0.0416

F.3.6 Helicity Dependent Cross Sections for γp → ηp as a Function of W

Total Cross Sections σ1/2 and σ3/2

W ∆W σ1/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1495.0 15.0 18.0379 1.8404 1.5093
1525.0 15.0 32.0138 2.0293 1.9970
1555.0 15.0 30.4562 2.1254 2.1989
1585.0 15.0 22.5978 2.0251 1.8892
1615.0 15.0 16.0824 1.5863 1.2276
1645.0 15.0 9.5658 1.1676 0.6575
1675.0 15.0 5.8077 0.8992 0.3857
1705.0 15.0 4.9392 0.7266 0.3327
1735.0 15.0 5.0506 0.6532 0.3425
1765.0 15.0 5.1772 0.7424 0.3080
1795.0 15.0 2.9814 0.6551 0.2872
1825.0 15.0 3.6809 0.8247 0.3064
1870.0 30.0 3.3645 0.5169 0.2758
1930.0 30.0 3.0902 0.4302 0.2025
1990.0 30.0 2.0477 0.4321 0.1742
2050.0 30.0 0.8348 0.2787 0.2221

W ∆W σ3/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1495.0 15.0 −0.1921 1.8404 0.5317
1525.0 15.0 −0.6881 2.0293 0.4430
1555.0 15.0 −1.5794 2.1254 0.6064
1585.0 15.0 0.8591 2.0251 0.6499
1615.0 15.0 0.4934 1.5863 0.3943
1645.0 15.0 −0.0543 1.1676 0.1542
1675.0 15.0 0.5352 0.8992 0.0936
1705.0 15.0 1.5959 0.7266 0.1289
1735.0 15.0 1.5641 0.6532 0.1668
1765.0 15.0 0.8252 0.7424 0.1761
1795.0 15.0 2.5650 0.6551 0.1960
1825.0 15.0 1.6961 0.8247 0.2061
1870.0 30.0 1.7024 0.5169 0.1482
1930.0 30.0 0.5606 0.4302 0.0724
1990.0 30.0 0.6417 0.4321 0.0992
2050.0 30.0 1.2282 0.2787 0.2679
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F.4 Polarisation Observable E and Helicity Dependent Cross
Sections from A2 Data

F.4.1 E for γp → ηp as a Function of Eγ

Angular Distributions for E

Eγ=(725.0±15.0)MeV Eγ=(755.0±15.0)MeV Eγ=(785.0±15.0)MeV Eγ=(815.0±15.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.0369 0.1048 0.1166 0.8668 0.0651 0.0940 0.9173 0.0682 0.0951 0.8895 0.0604 0.0925
−0.40 0.9955 0.1261 0.1486 1.0172 0.0801 0.1390 0.8529 0.0698 0.0937 1.0539 0.0608 0.1092

0.00 1.0058 0.2054 0.1916 0.8844 0.1031 0.1339 0.8940 0.0898 0.1201 1.1099 0.0730 0.1304
0.40 0.4610 0.2877 0.0866 1.2922 0.2133 0.3087 1.1400 0.1388 0.1788 0.9533 0.0939 0.1148
0.80 1.2303 0.3311 0.2081 1.3657 0.2773 0.3032 1.5898 0.3301 0.3395 1.2164 0.2862 0.2123

Eγ=(845.0±15.0)MeV Eγ=(875.0±15.0)MeV Eγ=(905.0±15.0)MeV Eγ=(935.0±15.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.8816 0.0674 0.0917 1.0227 0.0729 0.1062 0.9253 0.0805 0.0966 0.6925 0.0901 0.0717
−0.40 0.8807 0.0647 0.0913 0.7994 0.0636 0.0976 0.9357 0.0773 0.1030 0.7574 0.0756 0.1194

0.00 0.9522 0.0709 0.1091 1.0959 0.0725 0.1238 0.8737 0.0707 0.0906 0.7626 0.0776 0.0791
0.40 1.0458 0.0862 0.1333 0.9707 0.0780 0.1167 0.9331 0.0804 0.1012 0.8542 0.0940 0.0927
0.80 1.5773 0.4233 0.3894 0.3257 0.2078 0.0394 0.9168 0.2386 0.1405 1.0184 0.2320 0.1255

Eγ=(965.0±15.0)MeV Eγ=(995.0±15.0)MeV Eγ=(1025.0±15.0)MeV Eγ=(1055.0±15.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.6085 0.1075 0.0638 0.8633 0.1246 0.1085 0.3966 0.1293 0.0415 0.4327 0.1367 0.0499
−0.40 0.6866 0.0971 0.0894 0.5417 0.0801 0.0999 0.4403 0.0891 0.0862 0.3936 0.1135 0.0433

0.00 0.7421 0.0944 0.0770 0.6174 0.0872 0.0642 0.5435 0.0960 0.0566 0.4591 0.0934 0.0492
0.40 0.8588 0.1059 0.1031 0.7926 0.1037 0.0953 0.5294 0.1059 0.0562 0.5293 0.1033 0.0583
0.80 1.2433 0.3684 0.2536 1.6264 0.3979 0.3641 0.7340 0.4596 0.1845 2.6008 0.7603 0.7699

Eγ=(1085.0±15.0)MeV Eγ=(1120.0±20.0)MeV Eγ=(1160.0±20.0)MeV Eγ=(1200.0±20.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.5227 0.1702 0.0543 0.5594 0.2040 0.0593 0.0944 0.1760 0.0112 0.3045 0.1518 0.0372
−0.40 0.6924 0.1153 0.0925 0.2420 0.1462 0.0251 0.3061 0.1160 0.0387 0.4614 0.1210 0.0491

0.00 0.2448 0.0938 0.0267 0.3676 0.1072 0.0381 0.5187 0.0942 0.0549 0.3327 0.0934 0.0364
0.40 0.6644 0.1047 0.0697 0.4138 0.1056 0.0429 0.5019 0.0995 0.0639 0.7217 0.0946 0.0797
0.80 0.6312 0.2691 0.0925 1.1934 0.2678 0.1931 0.4161 0.1678 0.0462 0.8738 0.1960 0.1158

Eγ=(1240.0±20.0)MeV Eγ=(1280.0±20.0)MeV Eγ=(1320.0±20.0)MeV Eγ=(1360.0±20.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.3554 0.1609 0.0691 0.6485 0.1959 0.1074 0.1748 0.1860 0.0216 0.1964 0.2121 0.0220
−0.40 0.4174 0.1447 0.0439 0.4493 0.1438 0.0792 0.3952 0.1566 0.0472 0.4346 0.1888 0.0455

0.00 0.4833 0.1004 0.0502 0.5440 0.1168 0.0564 0.6784 0.1382 0.0851 0.3738 0.1376 0.0413
0.40 0.4076 0.1019 0.0423 0.7420 0.1347 0.0991 0.6896 0.1450 0.0942 0.5820 0.1368 0.0615
0.80 0.9061 0.2168 0.1218 1.1420 0.2632 0.1866 1.3393 0.3192 0.2905 0.9583 0.2107 0.1088
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Eγ=(1400.0±20.0)MeV
cos(θ∗η) E ∆stat ∆sys

−0.80 0.0315 0.3245 0.0033
−0.40 0.0384 0.3180 0.0069

0.00 0.1664 0.1872 0.0191
0.40 0.5917 0.2265 0.1073
0.80 1.5634 0.5000 0.3697

Total Distributions for E

Eγ ∆Eγ E ∆stat ∆sys
[MeV] [MeV]

725.0 15.0 0.9694 0.0872 0.1494
755.0 15.0 1.0294 0.0584 0.1497
785.0 15.0 1.0377 0.0597 0.1398
815.0 15.0 1.0249 0.0546 0.1260
845.0 15.0 1.0103 0.0570 0.1127
875.0 15.0 0.8328 0.0476 0.0992
905.0 15.0 0.9206 0.0495 0.0906
935.0 15.0 0.8060 0.0508 0.0873
965.0 15.0 0.7824 0.0611 0.0844
995.0 15.0 0.7801 0.0568 0.0751

1025.0 15.0 0.4950 0.0600 0.0628
1055.0 15.0 0.6079 0.0649 0.0590
1085.0 15.0 0.5474 0.0627 0.0584
1120.0 20.0 0.5228 0.0698 0.0525
1160.0 20.0 0.3896 0.0575 0.0485
1200.0 20.0 0.5520 0.0575 0.0516
1240.0 20.0 0.5112 0.0632 0.0611
1280.0 20.0 0.7019 0.0751 0.0730
1320.0 20.0 0.6616 0.0814 0.0735
1360.0 20.0 0.5543 0.0788 0.0706
1400.0 20.0 0.5162 0.1327 0.0858
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F.4.2 Helicity Dependent Cross Sections for γp → ηp as a Function of Eγ

Angular Cross Sections σ1/2

Eγ=(725.0±15.0)MeV Eγ=(755.0±15.0)MeV Eγ=(785.0±15.0)MeV Eγ=(815.0±15.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.3783 0.0725 0.1550 1.6237 0.0582 0.1761 1.8156 0.0662 0.1883 1.7070 0.0563 0.1776
−0.40 1.2667 0.0815 0.1891 1.8423 0.0749 0.2517 1.8722 0.0733 0.2058 2.0465 0.0648 0.2120

0.00 1.1102 0.1150 0.2115 1.6962 0.0958 0.2569 1.9760 0.0968 0.2654 2.1778 0.0798 0.2559
0.40 0.7291 0.1443 0.1369 1.9582 0.1843 0.4678 2.1864 0.1456 0.3429 1.9240 0.0962 0.2318
0.80 0.9863 0.1479 0.1668 1.6965 0.2010 0.3766 2.2913 0.2954 0.4893 2.1450 0.2807 0.3743

Eγ=(845.0±15.0)MeV Eγ=(875.0±15.0)MeV Eγ=(905.0±15.0)MeV Eγ=(935.0±15.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.5752 0.0586 0.1638 1.5074 0.0590 0.1565 1.2481 0.0537 0.1303 0.8895 0.0485 0.0921
−0.40 1.7982 0.0663 0.1864 1.4756 0.0589 0.1801 1.3196 0.0547 0.1453 0.9768 0.0438 0.1539

0.00 1.9323 0.0748 0.2214 1.8425 0.0722 0.2081 1.3874 0.0546 0.1438 1.0554 0.0484 0.1095
0.40 1.9055 0.0853 0.2429 1.6487 0.0716 0.1981 1.3224 0.0571 0.1435 0.9709 0.0510 0.1054
0.80 2.1588 0.3619 0.5329 1.0109 0.1649 0.1223 1.1880 0.1508 0.1821 0.9805 0.1158 0.1209

Eγ=(965.0±15.0)MeV Eγ=(995.0±15.0)MeV Eγ=(1025.0±15.0)MeV Eγ=(1055.0±15.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.6618 0.0453 0.0694 0.6414 0.0443 0.0806 0.3867 0.0367 0.0405 0.3323 0.0326 0.0383
−0.40 0.7359 0.0437 0.0958 0.5615 0.0307 0.1036 0.4385 0.0284 0.0858 0.3921 0.0330 0.0431

0.00 0.8195 0.0458 0.0851 0.6302 0.0355 0.0655 0.5265 0.0341 0.0548 0.4539 0.0303 0.0486
0.40 0.8566 0.0503 0.1029 0.6520 0.0393 0.0784 0.4736 0.0340 0.0503 0.4909 0.0345 0.0541
0.80 0.8035 0.1341 0.1639 0.6979 0.1087 0.1562 0.3448 0.0926 0.0867 0.6898 0.1491 0.2042

Eγ=(1085.0±15.0)MeV Eγ=(1120.0±20.0)MeV Eγ=(1160.0±20.0)MeV Eγ=(1200.0±20.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3075 0.0351 0.0320 0.2952 0.0395 0.0313 0.1861 0.0306 0.0221 0.1858 0.0224 0.0227
−0.40 0.4222 0.0301 0.0564 0.2853 0.0345 0.0296 0.2554 0.0237 0.0323 0.2822 0.0245 0.0300

0.00 0.3679 0.0288 0.0401 0.4056 0.0330 0.0420 0.4164 0.0271 0.0441 0.3594 0.0264 0.0393
0.40 0.5052 0.0333 0.0530 0.4455 0.0347 0.0461 0.4559 0.0316 0.0580 0.5089 0.0298 0.0562
0.80 0.3364 0.0572 0.0493 0.5533 0.0710 0.0895 0.3242 0.0404 0.0360 0.4199 0.0465 0.0557

Eγ=(1240.0±20.0)MeV Eγ=(1280.0±20.0)MeV Eγ=(1320.0±20.0)MeV Eγ=(1360.0±20.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1659 0.0206 0.0322 0.1793 0.0221 0.0297 0.1328 0.0217 0.0164 0.1189 0.0217 0.0133
−0.40 0.2730 0.0290 0.0287 0.2129 0.0221 0.0375 0.2116 0.0247 0.0253 0.1825 0.0249 0.0191

0.00 0.3774 0.0270 0.0392 0.3636 0.0286 0.0377 0.3903 0.0332 0.0489 0.2786 0.0288 0.0308
0.40 0.3827 0.0293 0.0397 0.4629 0.0371 0.0618 0.4263 0.0378 0.0583 0.3391 0.0306 0.0358
0.80 0.4322 0.0519 0.0581 0.4929 0.0629 0.0806 0.5376 0.0757 0.1166 0.4097 0.0466 0.0465

Eγ=(1400.0±20.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.0884 0.0283 0.0092
−0.40 0.1346 0.0418 0.0242

0.00 0.2181 0.0357 0.0251
0.40 0.3420 0.0496 0.0620
0.80 0.5154 0.1028 0.1219
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F.4. POLARISATION OBSERVABLE E AND HELICITY DEPENDENT CROSS . . .

Angular Cross Sections σ3/2

Eγ=(725.0±15.0)MeV Eγ=(755.0±15.0)MeV Eγ=(785.0±15.0)MeV Eγ=(815.0±15.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0250 0.0725 0.0308 0.1159 0.0582 0.0304 0.0783 0.0662 0.0095 0.0999 0.0563 0.0135
−0.40 0.0028 0.0815 0.0682 −0.0157 0.0749 0.0828 0.1486 0.0733 0.0402 −0.0537 0.0648 0.0058

0.00 −0.0032 0.1150 0.0890 0.1041 0.0958 0.1000 0.1106 0.0968 0.0899 −0.1135 0.0798 0.0646
0.40 0.2690 0.1443 0.0830 −0.2497 0.1843 0.2391 −0.1431 0.1456 0.1380 0.0460 0.0962 0.0608
0.80 −0.1018 0.1479 0.0735 −0.2623 0.2010 0.1942 −0.5218 0.2954 0.2682 −0.2094 0.2807 0.1667

Eγ=(845.0±15.0)MeV Eγ=(875.0±15.0)MeV Eγ=(905.0±15.0)MeV Eγ=(935.0±15.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0991 0.0586 0.0128 −0.0170 0.0590 0.0057 0.0484 0.0537 0.0099 0.1616 0.0485 0.0167
−0.40 0.1141 0.0663 0.0124 0.1645 0.0589 0.0557 0.0439 0.0547 0.0258 0.1349 0.0438 0.0675

0.00 0.0473 0.0748 0.0488 −0.0843 0.0722 0.0442 0.0935 0.0546 0.0102 0.1422 0.0484 0.0151
0.40 −0.0427 0.0853 0.0725 0.0245 0.0716 0.0511 0.0458 0.0571 0.0226 0.0763 0.0510 0.0187
0.80 −0.4836 0.3619 0.3003 0.5142 0.1649 0.0715 0.0516 0.1508 0.0702 −0.0090 0.1158 0.0331

Eγ=(965.0±15.0)MeV Eγ=(995.0±15.0)MeV Eγ=(1025.0±15.0)MeV Eγ=(1055.0±15.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1611 0.0453 0.0179 0.0471 0.0443 0.0250 0.1671 0.0367 0.0178 0.1316 0.0326 0.0180
−0.40 0.1367 0.0437 0.0372 0.1669 0.0307 0.0582 0.1704 0.0284 0.0536 0.1706 0.0330 0.0205

0.00 0.1213 0.0458 0.0130 0.1491 0.0355 0.0159 0.1557 0.0341 0.0165 0.1683 0.0303 0.0194
0.40 0.0651 0.0503 0.0288 0.0754 0.0393 0.0236 0.1457 0.0340 0.0168 0.1511 0.0345 0.0198
0.80 −0.0872 0.1341 0.0788 −0.1664 0.1087 0.0875 0.0529 0.0926 0.0459 −0.3066 0.1491 0.1418

Eγ=(1085.0±15.0)MeV Eγ=(1120.0±20.0)MeV Eγ=(1160.0±20.0)MeV Eγ=(1200.0±20.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0964 0.0351 0.0101 0.0834 0.0395 0.0096 0.1540 0.0306 0.0188 0.0991 0.0224 0.0138
−0.40 0.0767 0.0301 0.0225 0.1742 0.0345 0.0181 0.1357 0.0237 0.0200 0.1040 0.0245 0.0118

0.00 0.2232 0.0288 0.0252 0.1876 0.0330 0.0194 0.1319 0.0271 0.0149 0.1800 0.0264 0.0209
0.40 0.1018 0.0333 0.0117 0.1847 0.0347 0.0191 0.1512 0.0316 0.0274 0.0822 0.0298 0.0142
0.80 0.0761 0.0572 0.0228 −0.0488 0.0710 0.0378 0.1337 0.0404 0.0166 0.0283 0.0465 0.0188

Eγ=(1240.0±20.0)MeV Eγ=(1280.0±20.0)MeV Eγ=(1320.0±20.0)MeV Eγ=(1360.0±20.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0789 0.0206 0.0217 0.0382 0.0221 0.0146 0.0933 0.0217 0.0123 0.0799 0.0217 0.0093
−0.40 0.1122 0.0290 0.0122 0.0809 0.0221 0.0226 0.0917 0.0247 0.0131 0.0719 0.0249 0.0077

0.00 0.1315 0.0270 0.0138 0.1074 0.0286 0.0112 0.0748 0.0332 0.0182 0.1270 0.0288 0.0153
0.40 0.1611 0.0293 0.0168 0.0686 0.0371 0.0235 0.0783 0.0378 0.0239 0.0896 0.0306 0.0103
0.80 0.0213 0.0519 0.0195 −0.0327 0.0629 0.0334 −0.0780 0.0757 0.0592 0.0087 0.0466 0.0098

Eγ=(1400.0±20.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.0830 0.0283 0.0086
−0.40 0.1246 0.0418 0.0230

0.00 0.1559 0.0357 0.0187
0.40 0.0878 0.0496 0.0332
0.80 −0.1133 0.1028 0.0678
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APPENDIX F. DATA TABLES

Total Cross Sections σ1/2 and σ3/2

Eγ ∆Eγ σ1/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

725.0 15.0 13.8889 0.6220 2.1406
755.0 15.0 21.6555 0.6344 3.1074
785.0 15.0 25.0595 0.7492 3.3501
815.0 15.0 24.8033 0.6869 3.0577
845.0 15.0 22.9087 0.6764 2.6213
875.0 15.0 18.5370 0.5197 2.1125
905.0 15.0 16.1912 0.4307 1.6430
935.0 15.0 12.1207 0.3522 1.2933
965.0 15.0 9.5331 0.3355 1.0171
995.0 15.0 7.6865 0.2550 0.7849

1025.0 15.0 5.3322 0.2211 0.6126
1055.0 15.0 5.3603 0.2235 0.5385
1085.0 15.0 4.8509 0.2040 0.5220
1120.0 20.0 4.8781 0.2319 0.4967
1160.0 20.0 4.0659 0.1756 0.4637
1200.0 20.0 4.3523 0.1698 0.4387
1240.0 20.0 4.0251 0.1771 0.4341
1280.0 20.0 4.1906 0.1925 0.4519
1320.0 20.0 4.0615 0.2061 0.4385
1360.0 20.0 3.3080 0.1747 0.4253
1400.0 20.0 3.1020 0.2764 0.5154

Eγ ∆Eγ σ3/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

725.0 15.0 0.2160 0.6220 0.8052
755.0 15.0 −0.3140 0.6344 1.1439
785.0 15.0 −0.4634 0.7492 1.0784
815.0 15.0 −0.3054 0.6869 0.8110
845.0 15.0 −0.1169 0.6764 0.5849
875.0 15.0 1.6910 0.5197 0.3531
905.0 15.0 0.6695 0.4307 0.1882
935.0 15.0 1.3022 0.3522 0.1568
965.0 15.0 1.1639 0.3355 0.1658
995.0 15.0 0.9493 0.2550 0.1709

1025.0 15.0 1.8012 0.2211 0.1733
1055.0 15.0 1.3073 0.2235 0.1673
1085.0 15.0 1.4188 0.2040 0.1671
1120.0 20.0 1.5286 0.2319 0.1834
1160.0 20.0 1.7859 0.1756 0.1872
1200.0 20.0 1.2564 0.1698 0.1568
1240.0 20.0 1.3020 0.1771 0.1223
1280.0 20.0 0.7339 0.1925 0.1173
1320.0 20.0 0.8271 0.2061 0.1247
1360.0 20.0 0.9485 0.1747 0.1634
1400.0 20.0 0.9898 0.2764 0.2849
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F.4. POLARISATION OBSERVABLE E AND HELICITY DEPENDENT CROSS . . .

F.4.3 E for γn → ηn as a Function of Eγ

Angular Distributions for E

Eγ=(725.0±15.0)MeV Eγ=(755.0±15.0)MeV Eγ=(785.0±15.0)MeV Eγ=(815.0±15.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.0061 0.1663 0.2222 0.9371 0.1220 0.1954 0.9714 0.1215 0.1679 0.9115 0.0992 0.1653
−0.40 1.1879 0.2173 0.1304 0.9545 0.1349 0.1411 0.6770 0.1283 0.0840 0.7182 0.1194 0.0756

0.00 1.1903 0.2692 0.1300 0.8423 0.1537 0.0932 0.9299 0.1376 0.1052 0.6409 0.1217 0.0689
0.40 0.4891 0.3804 0.0507 1.1058 0.1975 0.1199 0.9734 0.1751 0.1058 1.1791 0.1720 0.1442
0.80 1.5268 0.4940 0.2238 1.5686 0.4180 0.3404 0.7885 0.2473 0.0882 0.8979 0.2967 0.1512

Eγ=(845.0±15.0)MeV Eγ=(875.0±15.0)MeV Eγ=(905.0±15.0)MeV Eγ=(935.0±15.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.8645 0.1183 0.1314 0.7692 0.1081 0.1660 0.9583 0.1209 0.2171 0.7110 0.1498 0.1155
−0.40 0.7787 0.1106 0.1314 0.9254 0.1234 0.1431 0.7854 0.1240 0.1312 0.8483 0.1287 0.1574

0.00 0.7118 0.1293 0.0804 0.8641 0.1368 0.0898 0.5337 0.1185 0.0817 0.8595 0.1375 0.1083
0.40 0.9729 0.1569 0.1115 0.7601 0.1414 0.0841 0.5993 0.1399 0.0636 0.9879 0.1877 0.1456
0.80 0.5875 0.2531 0.0831 0.7123 0.2318 0.0751 1.2283 0.3388 0.2006 1.3756 0.4852 0.3018

Eγ=(965.0±15.0)MeV Eγ=(995.0±15.0)MeV Eγ=(1025.0±15.0)MeV Eγ=(1055.0±15.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.8006 0.1418 0.1690 0.8453 0.1234 0.1297 0.7887 0.1413 0.1138 0.6770 0.1370 0.1621
−0.40 0.6141 0.1429 0.1000 0.6115 0.1063 0.1277 0.7474 0.1208 0.1118 0.6354 0.1361 0.0879

0.00 0.8656 0.1430 0.0920 0.6125 0.1202 0.0639 0.6116 0.1153 0.0646 0.4520 0.1236 0.0475
0.40 0.9439 0.1847 0.1230 0.7779 0.1319 0.0836 0.7296 0.1206 0.0861 0.7007 0.1724 0.1228
0.80 1.0008 0.2817 0.1079 0.4726 0.2376 0.0501 1.1390 0.2687 0.1253 0.6688 0.2888 0.0821

Eγ=(1085.0±15.0)MeV Eγ=(1120.0±20.0)MeV Eγ=(1160.0±20.0)MeV Eγ=(1200.0±20.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.3636 0.1491 0.0962 0.9186 0.2071 0.1590 0.9731 0.2276 0.1148 0.7494 0.1720 0.2011
−0.40 0.6563 0.1412 0.1102 0.7373 0.1893 0.1070 0.4935 0.1552 0.1000 0.5392 0.1571 0.0744

0.00 0.6161 0.1230 0.0660 0.7480 0.1518 0.0816 0.5301 0.1298 0.0557 0.4255 0.1246 0.0466
0.40 0.6954 0.1577 0.0994 0.2405 0.1830 0.0300 0.5344 0.1515 0.0718 0.3302 0.1397 0.0374
0.80 0.9877 0.4009 0.1796 0.7219 0.3604 0.0751 0.7911 0.3629 0.1286 1.0050 0.4469 0.2473

Eγ=(1240.0±20.0)MeV Eγ=(1280.0±20.0)MeV Eγ=(1320.0±20.0)MeV Eγ=(1360.0±20.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.4512 0.2269 0.1364 0.6095 0.2616 0.0832 0.6581 0.3042 0.0876 0.8453 0.2533 0.2308
−0.40 0.4101 0.1469 0.1437 0.5502 0.2312 0.0794 0.4808 0.2075 0.0749 0.1410 0.1884 0.0378

0.00 0.5308 0.1722 0.0685 0.3415 0.1945 0.0368 0.6241 0.2611 0.1075 0.5472 0.2761 0.1142
0.40 0.8409 0.2405 0.1581 0.4802 0.1552 0.0537 0.4006 0.1879 0.0416 0.5634 0.2394 0.0831
0.80 0.6118 0.4080 0.1256 0.8597 0.5336 0.1322 0.8107 0.4236 0.1452 0.8937 0.4610 0.2080

Eγ=(1400.0±20.0)MeV
cos(θ∗η) E ∆stat ∆sys

−0.80 0.5523 0.2864 0.1762
−0.40 0.5263 0.3269 0.0832

0.00 0.4410 0.2406 0.0462
0.40 0.1260 0.2850 0.0153
0.80 −4.7716−19.9323 2.5204

299



APPENDIX F. DATA TABLES

Total Distributions for E

Eγ ∆Eγ E ∆stat ∆sys
[MeV] [MeV]

725.0 15.0 1.0810 0.1242 0.1207
755.0 15.0 1.0315 0.0814 0.1120
785.0 15.0 0.8703 0.0730 0.1001
815.0 15.0 0.8690 0.0681 0.0897
845.0 15.0 0.7930 0.0680 0.0907
875.0 15.0 0.8051 0.0660 0.1003
905.0 15.0 0.8189 0.0697 0.1036
935.0 15.0 0.8889 0.0830 0.0988
965.0 15.0 0.8223 0.0784 0.0932
995.0 15.0 0.6840 0.0625 0.0900

1025.0 15.0 0.7827 0.0657 0.0844
1055.0 15.0 0.6268 0.0731 0.0732
1085.0 15.0 0.6098 0.0763 0.0682
1120.0 20.0 0.6899 0.0945 0.0712
1160.0 20.0 0.6516 0.0859 0.0684
1200.0 20.0 0.5687 0.0803 0.0605
1240.0 20.0 0.5448 0.0996 0.0564
1280.0 20.0 0.5373 0.1091 0.0574
1320.0 20.0 0.5667 0.1177 0.0605
1360.0 20.0 0.5767 0.1187 0.0597
1400.0 20.0 0.4615 0.1557 0.0515
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F.4. POLARISATION OBSERVABLE E AND HELICITY DEPENDENT CROSS . . .

F.4.4 Helicity Dependent Cross Sections for γn → ηn as a Function of Eγ

Angular Cross Sections σ1/2

Eγ=(725.0±15.0)MeV Eγ=(755.0±15.0)MeV Eγ=(785.0±15.0)MeV Eγ=(815.0±15.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.1133 0.0958 0.2459 1.3448 0.0877 0.2805 1.4818 0.0944 0.2561 1.4638 0.0795 0.2654
−0.40 1.0472 0.1132 0.1149 1.1311 0.0827 0.1673 1.0845 0.0865 0.1346 1.1098 0.0812 0.1167

0.00 0.8707 0.1163 0.0951 1.0656 0.0933 0.1179 1.2208 0.0917 0.1380 0.9755 0.0762 0.1049
0.40 0.5266 0.1393 0.0546 1.1510 0.1137 0.1248 1.1604 0.1079 0.1261 1.2705 0.1060 0.1554
0.80 1.1200 0.2243 0.1642 1.5499 0.2599 0.3363 1.2718 0.1818 0.1422 1.1704 0.1891 0.1971

Eγ=(845.0±15.0)MeV Eγ=(875.0±15.0)MeV Eγ=(905.0±15.0)MeV Eγ=(935.0±15.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.2238 0.0832 0.1860 1.0572 0.0754 0.2282 1.0097 0.0657 0.2288 0.7682 0.0696 0.1248
−0.40 1.0091 0.0685 0.1702 0.9529 0.0712 0.1474 0.8202 0.0594 0.1370 0.7950 0.0580 0.1475

0.00 0.8677 0.0701 0.0980 0.8673 0.0718 0.0901 0.6406 0.0514 0.0981 0.6999 0.0542 0.0882
0.40 1.0730 0.0913 0.1229 0.7773 0.0711 0.0860 0.6640 0.0602 0.0704 0.8053 0.0785 0.1187
0.80 0.9632 0.1606 0.1362 0.7941 0.1214 0.0837 0.9494 0.1497 0.1550 0.8175 0.1717 0.1793

Eγ=(965.0±15.0)MeV Eγ=(995.0±15.0)MeV Eγ=(1025.0±15.0)MeV Eγ=(1055.0±15.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.7900 0.0649 0.1668 0.8349 0.0593 0.1281 0.7087 0.0588 0.1022 0.5574 0.0480 0.1335
−0.40 0.6189 0.0566 0.1008 0.6219 0.0437 0.1299 0.6643 0.0486 0.0994 0.5529 0.0482 0.0765

0.00 0.7356 0.0586 0.0782 0.6258 0.0490 0.0652 0.6260 0.0471 0.0661 0.5572 0.0494 0.0585
0.40 0.7385 0.0724 0.0962 0.6855 0.0537 0.0736 0.6382 0.0474 0.0753 0.6495 0.0680 0.1138
0.80 0.6254 0.0937 0.0675 0.4436 0.0759 0.0470 0.5239 0.0728 0.0576 0.4388 0.0800 0.0539

Eγ=(1085.0±15.0)MeV Eγ=(1120.0±20.0)MeV Eγ=(1160.0±20.0)MeV Eγ=(1200.0±20.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3902 0.0446 0.1032 0.5352 0.0605 0.0926 0.4513 0.0542 0.0532 0.3628 0.0382 0.0974
−0.40 0.5052 0.0452 0.0848 0.4446 0.0505 0.0645 0.3109 0.0340 0.0630 0.3318 0.0357 0.0458

0.00 0.5851 0.0468 0.0627 0.5442 0.0498 0.0594 0.4377 0.0392 0.0460 0.3959 0.0367 0.0434
0.40 0.6476 0.0626 0.0925 0.4040 0.0614 0.0505 0.5064 0.0522 0.0680 0.4187 0.0461 0.0474
0.80 0.4617 0.0971 0.0840 0.3349 0.0744 0.0348 0.3514 0.0748 0.0571 0.4347 0.1008 0.1070

Eγ=(1240.0±20.0)MeV Eγ=(1280.0±20.0)MeV Eγ=(1320.0±20.0)MeV Eγ=(1360.0±20.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.2228 0.0366 0.0674 0.2859 0.0479 0.0390 0.2446 0.0463 0.0326 0.2530 0.0369 0.0691
−0.40 0.2481 0.0280 0.0870 0.2446 0.0378 0.0353 0.2431 0.0356 0.0379 0.1583 0.0276 0.0424

0.00 0.4200 0.0492 0.0542 0.3029 0.0453 0.0327 0.3544 0.0583 0.0610 0.3349 0.0610 0.0699
0.40 0.5209 0.0704 0.0980 0.4042 0.0447 0.0452 0.3269 0.0457 0.0339 0.3533 0.0559 0.0521
0.80 0.3346 0.0882 0.0687 0.2697 0.0804 0.0415 0.3332 0.0816 0.0597 0.3586 0.0911 0.0834

Eγ=(1400.0±20.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.2147 0.0414 0.0685
−0.40 0.1796 0.0397 0.0284

0.00 0.2779 0.0479 0.0291
0.40 0.2249 0.0583 0.0274
0.80 −0.5798 3.0653 0.3846
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Angular Cross Sections σ3/2

Eγ=(725.0±15.0)MeV Eγ=(755.0±15.0)MeV Eγ=(785.0±15.0)MeV Eγ=(815.0±15.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0034 0.0958 1.5524 0.0437 0.0877 1.7722 0.0215 0.0944 1.8643 0.0678 0.0795 1.8115
−0.40 −0.0899 0.1132 1.2196 0.0263 0.0827 1.3380 0.2089 0.0865 0.9955 0.1820 0.0812 0.9619

0.00 −0.0756 0.1163 1.0121 0.0912 0.0933 1.0500 0.0443 0.0917 1.2832 0.2135 0.0762 0.8061
0.40 0.1807 0.1393 0.3419 −0.0578 0.1137 1.2863 0.0156 0.1079 1.2200 −0.1044 0.1060 1.1962
0.80 −0.2335 0.2243 1.0727 −0.3431 0.2599 1.1710 0.1504 0.1818 1.0271 0.0630 0.1891 0.8134

Eγ=(845.0±15.0)MeV Eγ=(875.0±15.0)MeV Eγ=(905.0±15.0)MeV Eγ=(935.0±15.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0889 0.0832 1.3873 0.1379 0.0754 1.2674 0.0215 0.0657 1.3865 0.1298 0.0696 0.7983
−0.40 0.1255 0.0685 1.1188 0.0369 0.0712 1.1264 0.0986 0.0594 0.9107 0.0653 0.0580 0.9544

0.00 0.1461 0.0701 0.7867 0.0632 0.0718 0.8175 0.1948 0.0514 0.5464 0.0529 0.0542 0.7398
0.40 0.0147 0.0913 0.9547 0.1059 0.0711 0.7236 0.1664 0.0602 0.5204 0.0049 0.0785 0.6325
0.80 0.2503 0.1606 0.5756 0.1334 0.1214 0.6863 −0.0973 0.1497 0.7824 −0.1293 0.1717 0.5806

Eγ=(965.0±15.0)MeV Eγ=(995.0±15.0)MeV Eγ=(1025.0±15.0)MeV Eγ=(1055.0±15.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0875 0.0649 0.9609 0.0700 0.0593 0.9380 0.0837 0.0588 0.7505 0.1074 0.0480 0.6444
−0.40 0.1480 0.0566 0.5894 0.1500 0.0437 0.6432 0.0961 0.0486 0.6910 0.1233 0.0482 0.5085

0.00 0.0530 0.0586 0.7154 0.1504 0.0490 0.4642 0.1509 0.0471 0.4948 0.2103 0.0494 0.3347
0.40 0.0213 0.0724 0.6038 0.0856 0.0537 0.5657 0.0998 0.0474 0.5994 0.1143 0.0680 0.3838
0.80 −0.0002 0.0937 0.6632 0.1589 0.0759 0.2718 −0.0340 0.0728 0.5993 0.0871 0.0800 0.3053

Eγ=(1085.0±15.0)MeV Eγ=(1120.0±20.0)MeV Eγ=(1160.0±20.0)MeV Eγ=(1200.0±20.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1821 0.0446 0.3094 0.0227 0.0605 0.6546 0.0062 0.0542 0.4954 0.0520 0.0382 0.4648
−0.40 0.1048 0.0452 0.5062 0.0672 0.0505 0.4541 0.1054 0.0340 0.2770 0.0993 0.0357 0.2748

0.00 0.1390 0.0468 0.4705 0.0785 0.0498 0.4976 0.1344 0.0392 0.3137 0.1596 0.0367 0.2533
0.40 0.1163 0.0626 0.4267 0.2474 0.0614 0.1347 0.1537 0.0522 0.2924 0.2108 0.0461 0.1890
0.80 0.0029 0.0971 0.3217 0.0541 0.0744 0.2755 0.0410 0.0748 0.2325 −0.0011 0.1008 0.2413

Eγ=(1240.0±20.0)MeV Eγ=(1280.0±20.0)MeV Eγ=(1320.0±20.0)MeV Eγ=(1360.0±20.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0843 0.0366 0.2172 0.0693 0.0479 0.2550 0.0504 0.0463 0.2266 0.0212 0.0369 0.3489
−0.40 0.1038 0.0280 0.2409 0.0710 0.0378 0.2085 0.0852 0.0356 0.1946 0.1192 0.0276 0.0584

0.00 0.1287 0.0492 0.2464 0.1487 0.0453 0.1450 0.0820 0.0583 0.1974 0.0980 0.0610 0.1511
0.40 0.0450 0.0704 0.3265 0.1420 0.0447 0.2844 0.1399 0.0457 0.1891 0.0987 0.0559 0.2011
0.80 0.0806 0.0882 0.1639 0.0203 0.0804 0.1927 0.0348 0.0816 0.2112 0.0201 0.0911 0.1974

Eγ=(1400.0±20.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr]

−0.80 0.0619 0.0414 0.2450
−0.40 0.0557 0.0397 0.1534

0.00 0.1078 0.0479 0.1755
0.40 0.1745 0.0583 0.0439
0.80 0.8872 3.0653 0.0527
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Total Cross Sections σ1/2 and σ3/2

Eγ ∆Eγ σ1/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

725.0 15.0 11.7165 0.7346 1.3085
755.0 15.0 15.3567 0.6454 1.6610
785.0 15.0 15.6863 0.6397 1.7514
815.0 15.0 15.1062 0.5794 1.5986
845.0 15.0 13.0489 0.5321 1.4648
875.0 15.0 11.1973 0.4723 1.4139
905.0 15.0 10.2427 0.4112 1.2770
935.0 15.0 9.5436 0.4372 1.0906
965.0 15.0 8.7278 0.3923 1.0077
995.0 15.0 8.0928 0.3199 0.9876

1025.0 15.0 7.9393 0.3122 0.9122
1055.0 15.0 6.9098 0.3260 0.7790
1085.0 15.0 6.2999 0.3131 0.6769
1120.0 20.0 5.7698 0.3383 0.6172
1160.0 20.0 5.1537 0.2820 0.5526
1200.0 20.0 4.8325 0.2627 0.4890
1240.0 20.0 4.1975 0.2856 0.4373
1280.0 20.0 3.7583 0.2778 0.4033
1320.0 20.0 3.7054 0.2903 0.3923
1360.0 20.0 3.5588 0.2807 0.3736
1400.0 20.0 2.9125 0.3203 0.3249

Eγ ∆Eγ σ3/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

725.0 15.0 −0.4562 0.7346 0.2586
755.0 15.0 −0.2382 0.6454 0.3332
785.0 15.0 1.0878 0.6397 0.3128
815.0 15.0 1.0584 0.5794 0.2271
845.0 15.0 1.5065 0.5321 0.2986
875.0 15.0 1.2088 0.4723 0.4650
905.0 15.0 1.0197 0.4112 0.4495
935.0 15.0 0.5615 0.4372 0.3283
965.0 15.0 0.8510 0.3923 0.3018
995.0 15.0 1.5188 0.3199 0.3207

1025.0 15.0 0.9679 0.3122 0.2837
1055.0 15.0 1.5850 0.3260 0.2185
1085.0 15.0 1.5269 0.3131 0.1797
1120.0 20.0 1.0586 0.3383 0.1543
1160.0 20.0 1.0871 0.2820 0.1324
1200.0 20.0 1.3288 0.2627 0.1297
1240.0 20.0 1.2368 0.2856 0.1319
1280.0 20.0 1.1313 0.2778 0.1256
1320.0 20.0 1.0248 0.2903 0.1192
1360.0 20.0 0.9554 0.2807 0.1227
1400.0 20.0 1.0733 0.3203 0.1385
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F.4.5 E for γp → ηp as a Function of W

Angular Distributions for E

W=(1495.0±5.0)MeV W=(1505.0±5.0)MeV W=(1515.0±5.0)MeV W=(1525.0±5.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.1519 0.1708 0.1376 1.1607 0.1088 0.1444 1.0675 0.0932 0.1348 0.9839 0.0848 0.1178
−0.40 1.3086 0.1201 0.1555 1.0349 0.0902 0.1185 0.8388 0.0836 0.0951 1.0385 0.0918 0.1385

0.00 0.8700 0.1156 0.1029 0.8246 0.1171 0.1151 0.8009 0.1292 0.1186 0.8907 0.1494 0.1280
0.40 1.2171 0.1414 0.1662 1.2529 0.1848 0.2441 1.3794 0.2758 0.2926 0.9262 0.3411 0.2175
0.80 1.3794 0.1782 0.1904 1.2249 0.1909 0.1982 1.3675 0.3197 0.3316 1.4249 0.4490 0.3371

W=(1535.0±5.0)MeV W=(1547.5±7.5)MeV W=(1562.5±7.5)MeV W=(1577.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.0261 0.0813 0.1176 0.9337 0.0652 0.1015 0.9418 0.0688 0.1009 0.9615 0.0778 0.1230
−0.40 0.8669 0.0884 0.0974 0.9464 0.0723 0.0985 0.7859 0.0722 0.0821 0.8359 0.0829 0.0960

0.00 0.9111 0.1296 0.1013 1.0768 0.0913 0.1138 0.8655 0.0754 0.0903 0.9290 0.0768 0.1142
0.40 0.7321 0.1859 0.0971 1.0547 0.1140 0.1324 0.9529 0.0871 0.1139 1.1028 0.0899 0.1495
0.80 0.9490 0.4963 0.1721 0.2740 0.5806 0.0759 1.0751 0.3664 0.2156 0.7068 0.4658 0.2152

W=(1592.5±7.5)MeV W=(1607.5±7.5)MeV W=(1622.5±7.5)MeV W=(1637.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.0087 0.0794 0.1172 0.8983 0.0870 0.1155 0.8828 0.0970 0.0949 0.7766 0.1061 0.0899
−0.40 0.8999 0.0862 0.0983 0.8151 0.0863 0.1093 0.8090 0.0904 0.1253 0.6020 0.0935 0.0844

0.00 0.7911 0.0758 0.0897 0.8857 0.0771 0.0926 0.8301 0.0864 0.0875 0.5963 0.0938 0.0622
0.40 1.0590 0.0947 0.1280 0.8508 0.0987 0.1149 0.9397 0.1030 0.0982 0.8488 0.1061 0.0881
0.80 1.2337 0.2964 0.2228 0.8826 0.3086 0.1975 1.0204 0.3280 0.1727 1.1344 0.3317 0.2286

W=(1652.5±7.5)MeV W=(1667.5±7.5)MeV W=(1682.5±7.5)MeV W=(1697.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.5568 0.1106 0.0648 0.4353 0.1388 0.0584 0.7294 0.1556 0.0877 0.5732 0.1464 0.0597
−0.40 0.5011 0.1119 0.0546 0.6330 0.1072 0.1064 0.5307 0.1172 0.0942 0.4236 0.1239 0.0456

0.00 0.5522 0.0991 0.0769 0.4466 0.1103 0.0464 0.4483 0.1128 0.0464 0.5305 0.1013 0.0669
0.40 0.9085 0.1255 0.0944 0.6743 0.1138 0.0705 0.4185 0.1143 0.0463 0.5571 0.1323 0.0742
0.80 2.1474 0.5757 0.4892 0.7557 0.3347 0.0965 1.1846 0.3855 0.2342 0.4700 0.2320 0.0490

W=(1712.5±7.5)MeV W=(1727.5±7.5)MeV W=(1742.5±7.5)MeV W=(1757.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.2078 0.1940 0.0298 0.2483 0.1980 0.0344 0.9818 0.2121 0.1149 0.4261 0.1752 0.0444
−0.40 0.5212 0.1386 0.0600 0.1104 0.1359 0.0134 0.1890 0.1345 0.0285 0.3577 0.1602 0.0389

0.00 0.1691 0.1082 0.0185 0.5596 0.1129 0.0612 0.3053 0.1242 0.0329 0.5580 0.1469 0.0769
0.40 0.4330 0.1178 0.0498 0.6108 0.1034 0.0701 0.7286 0.1274 0.0872 0.6731 0.1316 0.0871
0.80 0.9787 0.2416 0.1184 0.6114 0.1709 0.1006 0.4336 0.2802 0.0767 1.1856 0.3007 0.2131

W=(1772.5±7.5)MeV W=(1787.5±7.5)MeV W=(1802.5±7.5)MeV W=(1817.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.6634 0.2340 0.1064 0.7415 0.2425 0.1129 0.8449 0.2334 0.0910 0.0062 0.2753 0.0010
−0.40 0.4069 0.1445 0.0686 0.3926 0.1698 0.0408 0.3900 0.1474 0.0766 0.3019 0.1788 0.0434

0.00 0.4352 0.1047 0.0577 0.6325 0.1238 0.0702 0.4703 0.1635 0.0581 0.5942 0.1547 0.0618
0.40 0.6035 0.1225 0.0683 0.7974 0.1655 0.1200 0.2152 0.1694 0.0322 0.5989 0.1599 0.0698
0.80 0.9367 0.2330 0.1260 0.7118 0.2227 0.0880 1.2895 0.3281 0.1921 1.0923 0.3522 0.2237
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W=(1832.5±7.5)MeV W=(1847.5±7.5)MeV W=(1862.5±7.5)MeV W=(1882.5±12.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.5330 0.2511 0.0555 0.0553 0.3015 0.0089 −0.1023−0.3277 0.0137 −0.0468−0.3483 0.0052
−0.40 0.2568 0.1772 0.0556 0.0393 0.2025 0.0058 0.5509 0.3498 0.0592 0.3230 0.2404 0.0610

0.00 0.2423 0.1531 0.0253 0.3145 0.2503 0.0496 0.3843 0.1531 0.1198 0.2884 0.1743 0.0414
0.40 0.6584 0.1409 0.0997 0.5132 0.1731 0.0554 0.7622 0.2028 0.0793 0.5282 0.1551 0.1111
0.80 0.4883 0.2526 0.0583 0.8539 0.2730 0.0891 0.8190 0.2978 0.0992 0.4967 0.2888 0.0597

Total Distributions for E

W ∆W E ∆stat ∆sys
[MeV] [MeV]

1495.0 5.0 1.1948 0.0665 0.1503
1505.0 5.0 1.0929 0.0610 0.1600
1515.0 5.0 1.0417 0.0752 0.1692
1525.0 5.0 1.0303 0.0967 0.1582
1535.0 5.0 0.8836 0.0940 0.1281
1547.5 7.5 0.9119 0.0756 0.1096
1562.5 7.5 0.9014 0.0615 0.1147
1577.5 7.5 0.9198 0.0626 0.1241
1592.5 7.5 0.9832 0.0565 0.1182
1607.5 7.5 0.8620 0.0555 0.1025
1622.5 7.5 0.8782 0.0567 0.0899
1637.5 7.5 0.7425 0.0567 0.0809
1652.5 7.5 0.7261 0.0625 0.0719
1667.5 7.5 0.5714 0.0614 0.0637
1682.5 7.5 0.5803 0.0648 0.0578
1697.5 7.5 0.5090 0.0625 0.0528
1712.5 7.5 0.4465 0.0668 0.0487
1727.5 7.5 0.4664 0.0614 0.0507
1742.5 7.5 0.4915 0.0728 0.0597
1757.5 7.5 0.6339 0.0784 0.0679
1772.5 7.5 0.5874 0.0694 0.0698
1787.5 7.5 0.6520 0.0804 0.0697
1802.5 7.5 0.5899 0.0894 0.0689
1817.5 7.5 0.5705 0.0943 0.0622
1832.5 7.5 0.4409 0.0842 0.0522
1847.5 7.5 0.4345 0.1052 0.0501
1862.5 7.5 0.5718 0.1112 0.0538
1882.5 12.5 0.3949 0.1024 0.0501
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F.4.6 Helicity Dependent Cross Sections for γp → ηp as a Function of W

Angular Cross Sections σ1/2

W=(1495.0±5.0)MeV W=(1505.0±5.0)MeV W=(1515.0±5.0)MeV W=(1525.0±5.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.3001 0.1068 0.1553 1.9828 0.1027 0.2467 2.2001 0.1018 0.2777 2.2610 0.0991 0.2706
−0.40 1.3845 0.0755 0.1645 1.9211 0.0880 0.2200 2.0252 0.0947 0.2297 2.4861 0.1174 0.3315

0.00 1.1608 0.0740 0.1373 1.7769 0.1166 0.2481 2.2309 0.1657 0.3305 2.5699 0.2096 0.3693
0.40 1.3199 0.0870 0.1802 2.0839 0.1740 0.4060 2.6497 0.3144 0.5621 2.4365 0.4361 0.5722
0.80 1.4363 0.1127 0.1982 1.9520 0.1707 0.3159 2.4212 0.3302 0.5872 2.7590 0.5149 0.6528

W=(1535.0±5.0)MeV W=(1547.5±7.5)MeV W=(1562.5±7.5)MeV W=(1577.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 2.3192 0.0957 0.2659 2.0652 0.0711 0.2245 1.8746 0.0680 0.2009 1.8116 0.0734 0.2317
−0.40 2.3255 0.1150 0.2612 2.4159 0.0933 0.2515 2.2624 0.0957 0.2363 2.1733 0.1024 0.2495

0.00 2.5934 0.1828 0.2883 2.4906 0.1134 0.2632 2.0141 0.0843 0.2102 1.9450 0.0806 0.2390
0.40 2.1635 0.2374 0.2870 2.2809 0.1301 0.2862 2.0347 0.0941 0.2433 1.9766 0.0868 0.2679
0.80 2.1732 0.5573 0.3942 1.3822 0.6312 0.3828 2.1944 0.3919 0.4400 1.6115 0.4418 0.4908

W=(1592.5±7.5)MeV W=(1607.5±7.5)MeV W=(1622.5±7.5)MeV W=(1637.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.6081 0.0652 0.1869 1.3226 0.0620 0.1700 0.9645 0.0509 0.1037 0.7576 0.0463 0.0877
−0.40 1.6743 0.0782 0.1828 1.2532 0.0616 0.1680 0.9788 0.0509 0.1516 0.7293 0.0442 0.1022

0.00 1.5329 0.0665 0.1738 1.3406 0.0565 0.1402 0.9592 0.0466 0.1011 0.6995 0.0421 0.0729
0.40 1.5669 0.0739 0.1894 1.2317 0.0670 0.1663 0.8662 0.0474 0.0905 0.6883 0.0407 0.0714
0.80 1.6433 0.2216 0.2968 1.1607 0.1923 0.2598 0.7483 0.1232 0.1266 0.6461 0.1022 0.1302

W=(1652.5±7.5)MeV W=(1667.5±7.5)MeV W=(1682.5±7.5)MeV W=(1697.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4485 0.0328 0.0522 0.3727 0.0368 0.0500 0.3573 0.0330 0.0430 0.2971 0.0283 0.0309
−0.40 0.5254 0.0404 0.0572 0.4509 0.0311 0.0758 0.3464 0.0278 0.0615 0.3515 0.0316 0.0379

0.00 0.4749 0.0313 0.0662 0.4183 0.0327 0.0435 0.4047 0.0324 0.0419 0.4262 0.0291 0.0537
0.40 0.5026 0.0342 0.0522 0.4087 0.0287 0.0427 0.3770 0.0313 0.0417 0.4171 0.0363 0.0555
0.80 0.5349 0.0999 0.1218 0.2242 0.0437 0.0286 0.3022 0.0548 0.0597 0.2308 0.0376 0.0241

W=(1712.5±7.5)MeV W=(1727.5±7.5)MeV W=(1742.5±7.5)MeV W=(1757.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1947 0.0317 0.0279 0.1847 0.0297 0.0256 0.2510 0.0276 0.0294 0.1727 0.0218 0.0180
−0.40 0.3243 0.0305 0.0373 0.2311 0.0291 0.0280 0.2205 0.0257 0.0332 0.2358 0.0286 0.0257

0.00 0.3276 0.0310 0.0358 0.4446 0.0331 0.0486 0.3592 0.0349 0.0387 0.4092 0.0393 0.0564
0.40 0.4345 0.0366 0.0500 0.4881 0.0325 0.0560 0.5244 0.0397 0.0628 0.4910 0.0396 0.0636
0.80 0.3836 0.0487 0.0464 0.3100 0.0347 0.0510 0.2811 0.0559 0.0497 0.4413 0.0625 0.0793

W=(1772.5±7.5)MeV W=(1787.5±7.5)MeV W=(1802.5±7.5)MeV W=(1817.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1974 0.0283 0.0317 0.1907 0.0271 0.0290 0.1809 0.0235 0.0195 0.0956 0.0265 0.0152
−0.40 0.2257 0.0241 0.0380 0.2347 0.0294 0.0244 0.2159 0.0238 0.0424 0.1891 0.0267 0.0272

0.00 0.3673 0.0277 0.0487 0.3929 0.0307 0.0436 0.3392 0.0384 0.0419 0.3540 0.0352 0.0368
0.40 0.4596 0.0362 0.0520 0.4779 0.0450 0.0719 0.3023 0.0428 0.0452 0.4088 0.0418 0.0476
0.80 0.4217 0.0526 0.0567 0.3780 0.0508 0.0467 0.4365 0.0646 0.0650 0.4597 0.0790 0.0941
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W=(1832.5±7.5)MeV W=(1847.5±7.5)MeV W=(1862.5±7.5)MeV W=(1882.5±12.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1288 0.0217 0.0134 0.0936 0.0272 0.0151 0.0722 0.0268 0.0101 0.0588 0.0221 0.0065
−0.40 0.1674 0.0245 0.0362 0.1368 0.0274 0.0201 0.1725 0.0397 0.0185 0.1406 0.0266 0.0265

0.00 0.2833 0.0357 0.0296 0.2662 0.0512 0.0420 0.2457 0.0283 0.0766 0.2346 0.0330 0.0337
0.40 0.3812 0.0337 0.0577 0.3379 0.0397 0.0365 0.4010 0.0476 0.0417 0.3008 0.0324 0.0633
0.80 0.3072 0.0537 0.0367 0.3636 0.0558 0.0380 0.4234 0.0722 0.0513 0.3329 0.0673 0.0400

Angular Cross Sections σ3/2

W=(1495.0±5.0)MeV W=(1505.0±5.0)MeV W=(1515.0±5.0)MeV W=(1525.0±5.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0918 0.1068 0.0425 −0.1474 0.1027 0.0749 −0.0719 0.1018 0.0823 0.0184 0.0991 0.0684
−0.40 −0.1850 0.0755 0.0496 −0.0329 0.0880 0.0478 0.1776 0.0947 0.0541 −0.0470 0.1174 0.1065

0.00 0.0807 0.0740 0.0364 0.1709 0.1166 0.0929 0.2467 0.1657 0.1336 0.1486 0.2096 0.1363
0.40 −0.1293 0.0870 0.0658 −0.2339 0.1740 0.1928 −0.4225 0.3144 0.2877 0.0933 0.4361 0.2668
0.80 −0.2290 0.1127 0.0796 −0.1973 0.1707 0.1352 −0.3758 0.3302 0.3091 −0.4835 0.5149 0.3485

W=(1535.0±5.0)MeV W=(1547.5±7.5)MeV W=(1562.5±7.5)MeV W=(1577.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0299 0.0957 0.0578 0.0708 0.0711 0.0359 0.0562 0.0680 0.0272 0.0356 0.0734 0.0694
−0.40 0.1658 0.1150 0.0568 0.0665 0.0933 0.0147 0.2712 0.0957 0.0329 0.1943 0.1024 0.0620

0.00 0.1207 0.1828 0.0562 −0.0922 0.1134 0.0288 0.1452 0.0843 0.0203 0.0716 0.0806 0.0671
0.40 0.3346 0.2374 0.1092 −0.0608 0.1301 0.0832 0.0490 0.0941 0.0624 −0.0967 0.0868 0.0912
0.80 0.0569 0.5573 0.1662 0.7877 0.6312 0.2903 −0.0794 0.3919 0.1954 0.2769 0.4418 0.2719

W=(1592.5±7.5)MeV W=(1607.5±7.5)MeV W=(1622.5±7.5)MeV W=(1637.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0070 0.0652 0.0426 0.0708 0.0620 0.0536 0.0601 0.0509 0.0159 0.0952 0.0463 0.0242
−0.40 0.0882 0.0782 0.0318 0.1277 0.0616 0.0603 0.1033 0.0509 0.0632 0.1812 0.0442 0.0469

0.00 0.1788 0.0665 0.0436 0.0813 0.0565 0.0131 0.0891 0.0466 0.0137 0.1769 0.0421 0.0191
0.40 −0.0449 0.0739 0.0504 0.0993 0.0670 0.0585 0.0269 0.0474 0.0067 0.0563 0.0407 0.0063
0.80 −0.1719 0.2216 0.1355 0.0724 0.1923 0.1226 −0.0076 0.1232 0.0506 −0.0407 0.1022 0.0595

W=(1652.5±7.5)MeV W=(1667.5±7.5)MeV W=(1682.5±7.5)MeV W=(1697.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1277 0.0328 0.0202 0.1466 0.0368 0.0268 0.0559 0.0330 0.0139 0.0806 0.0283 0.0086
−0.40 0.1746 0.0404 0.0216 0.1014 0.0311 0.0381 0.1062 0.0278 0.0344 0.1423 0.0316 0.0165

0.00 0.1370 0.0313 0.0318 0.1600 0.0327 0.0168 0.1542 0.0324 0.0160 0.1307 0.0291 0.0241
0.40 0.0241 0.0342 0.0033 0.0795 0.0287 0.0089 0.1546 0.0313 0.0190 0.1186 0.0363 0.0256
0.80 −0.1950 0.0999 0.0767 0.0312 0.0437 0.0101 −0.0255 0.0548 0.0277 0.0832 0.0376 0.0088

W=(1712.5±7.5)MeV W=(1727.5±7.5)MeV W=(1742.5±7.5)MeV W=(1757.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1277 0.0317 0.0208 0.1112 0.0297 0.0178 0.0023 0.0276 0.0069 0.0695 0.0218 0.0073
−0.40 0.1021 0.0305 0.0151 0.1851 0.0291 0.0232 0.1504 0.0257 0.0256 0.1116 0.0286 0.0129

0.00 0.2328 0.0310 0.0260 0.1256 0.0331 0.0164 0.1912 0.0349 0.0214 0.1161 0.0393 0.0267
0.40 0.1719 0.0366 0.0234 0.1179 0.0325 0.0193 0.0823 0.0397 0.0201 0.0960 0.0396 0.0249
0.80 0.0041 0.0487 0.0121 0.0747 0.0347 0.0258 0.1111 0.0559 0.0304 −0.0375 0.0625 0.0354
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W=(1772.5±7.5)MeV W=(1787.5±7.5)MeV W=(1802.5±7.5)MeV W=(1817.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0400 0.0283 0.0151 0.0283 0.0271 0.0126 0.0152 0.0235 0.0033 0.0945 0.0265 0.0151
−0.40 0.0951 0.0241 0.0235 0.1024 0.0294 0.0107 0.0948 0.0238 0.0277 0.1014 0.0267 0.0179

0.00 0.1446 0.0277 0.0259 0.0884 0.0307 0.0133 0.1222 0.0384 0.0200 0.0901 0.0352 0.0095
0.40 0.1136 0.0362 0.0176 0.0539 0.0450 0.0296 0.1953 0.0428 0.0336 0.1026 0.0418 0.0173
0.80 0.0138 0.0526 0.0187 0.0636 0.0508 0.0163 −0.0552 0.0646 0.0269 −0.0203 0.0790 0.0425

W=(1832.5±7.5)MeV W=(1847.5±7.5)MeV W=(1862.5±7.5)MeV W=(1882.5±12.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0392 0.0217 0.0042 0.0838 0.0272 0.0140 0.0886 0.0268 0.0118 0.0646 0.0221 0.0071
−0.40 0.0990 0.0245 0.0273 0.1264 0.0274 0.0189 0.0500 0.0397 0.0061 0.0720 0.0266 0.0184

0.00 0.1728 0.0357 0.0182 0.1388 0.0512 0.0281 0.1093 0.0283 0.0534 0.1296 0.0330 0.0225
0.40 0.0785 0.0337 0.0267 0.1087 0.0397 0.0131 0.0541 0.0476 0.0060 0.0929 0.0324 0.0373
0.80 0.1056 0.0537 0.0164 0.0287 0.0558 0.0039 0.0421 0.0722 0.0153 0.1119 0.0673 0.0178

Total Cross Sections σ1/2 and σ3/2

W ∆W σ1/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1495.0 5.0 16.6555 0.5242 2.0954
1505.0 5.0 24.3533 0.7261 3.5198
1515.0 5.0 28.3466 1.0673 4.6315
1525.0 5.0 31.1512 1.5087 4.7996
1535.0 5.0 28.7961 1.4600 4.0577
1547.5 7.5 27.3513 1.0979 3.3763
1562.5 7.5 25.8278 0.8548 3.2629
1577.5 7.5 24.0998 0.8027 3.1581
1592.5 7.5 20.0534 0.5845 2.5604
1607.5 7.5 15.7801 0.4809 1.7876
1622.5 7.5 11.2658 0.3488 1.2347
1637.5 7.5 8.7058 0.2910 0.8778
1652.5 7.5 5.9202 0.2206 0.6332
1667.5 7.5 4.6903 0.1889 0.4955
1682.5 7.5 4.3925 0.1859 0.4516
1697.5 7.5 4.2755 0.1825 0.4503
1712.5 7.5 4.1470 0.1967 0.4522
1727.5 7.5 4.1448 0.1793 0.4575
1742.5 7.5 4.0299 0.2015 0.4717
1757.5 7.5 4.2811 0.2107 0.4778
1772.5 7.5 4.1116 0.1858 0.4627
1787.5 7.5 4.1422 0.2073 0.4446
1802.5 7.5 3.6558 0.2108 0.4318
1817.5 7.5 3.6750 0.2259 0.4042
1832.5 7.5 3.1541 0.1906 0.3566
1847.5 7.5 3.0125 0.2265 0.3272
1862.5 7.5 3.2665 0.2396 0.3316
1882.5 12.5 2.6599 0.2059 0.3374

W ∆W σ3/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1495.0 5.0 −1.4783 0.5242 0.6653
1505.0 5.0 −1.0809 0.7261 1.3007
1515.0 5.0 −0.5794 1.0673 1.8147
1525.0 5.0 −0.4645 1.5087 1.8441
1535.0 5.0 1.7802 1.4600 1.3824
1547.5 7.5 1.2607 1.0979 0.9750
1562.5 7.5 1.3400 0.8548 0.9546
1577.5 7.5 1.0062 0.8027 0.9956
1592.5 7.5 0.1701 0.5845 0.7433
1607.5 7.5 1.1698 0.4809 0.3823
1622.5 7.5 0.7306 0.3488 0.1767
1637.5 7.5 1.2863 0.2910 0.1199
1652.5 7.5 0.9395 0.2206 0.1225
1667.5 7.5 1.2792 0.1889 0.1257
1682.5 7.5 1.1667 0.1859 0.1298
1697.5 7.5 1.3910 0.1825 0.1482
1712.5 7.5 1.5867 0.1967 0.1740
1727.5 7.5 1.5083 0.1793 0.1913
1742.5 7.5 1.3738 0.2015 0.1919
1757.5 7.5 0.9592 0.2107 0.1714
1772.5 7.5 1.0688 0.1858 0.1410
1787.5 7.5 0.8726 0.2073 0.1329
1802.5 7.5 0.9429 0.2108 0.1485
1817.5 7.5 1.0049 0.2259 0.1634
1832.5 7.5 1.2239 0.1906 0.1547
1847.5 7.5 1.1876 0.2265 0.1235
1862.5 7.5 0.8899 0.2396 0.1227
1882.5 12.5 1.1538 0.2059 0.1838
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F.4.7 E for γpn → ηn as a Function of W

Angular Distributions for E

W=(1495.0±5.0)MeV W=(1505.0±5.0)MeV W=(1515.0±5.0)MeV W=(1525.0±5.0)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.4033 0.3764 0.1957 1.2430 0.2053 0.2700 1.0640 0.1849 0.1487 1.0244 0.1751 0.1590
−0.40 1.0771 0.2390 0.2214 0.7876 0.1885 0.1246 0.9789 0.2052 0.1035 0.8454 0.2010 0.1293

0.00 1.4320 0.2797 0.2952 0.9014 0.2196 0.1561 0.7771 0.2143 0.0822 0.7526 0.2304 0.0781
0.40 0.7804 0.2886 0.0871 0.5983 0.2593 0.0653 0.9075 0.2404 0.1167 0.8029 0.3333 0.1253
0.80 1.4920 0.4049 0.1628 0.7395 0.3523 0.1075 1.5795 0.3293 0.1691 0.8702 0.4148 0.1247

W=(1535.0±5.0)MeV W=(1547.5±7.5)MeV W=(1562.5±7.5)MeV W=(1577.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.8374 0.1388 0.2087 1.0420 0.1393 0.1540 0.9926 0.1337 0.1773 1.0927 0.1415 0.1807
−0.40 0.8859 0.1889 0.0941 0.6405 0.1332 0.0984 1.0328 0.1422 0.1338 0.9951 0.1496 0.1117

0.00 0.8734 0.2104 0.0905 0.7959 0.1473 0.1430 0.8980 0.1492 0.1343 0.5372 0.1372 0.0849
0.40 0.8367 0.2282 0.0868 1.3872 0.1992 0.1457 0.9289 0.1726 0.0964 1.0556 0.1772 0.1219
0.80 0.2622 0.3879 0.0372 1.3832 0.3413 0.1802 0.9438 0.3618 0.1799 0.8881 0.3191 0.1199

W=(1592.5±7.5)MeV W=(1607.5±7.5)MeV W=(1622.5±7.5)MeV W=(1637.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.4495 0.1322 0.1003 0.7207 0.1342 0.1517 1.0349 0.1605 0.1740 0.6287 0.1487 0.1175
−0.40 0.7492 0.1576 0.1075 0.5912 0.1705 0.0612 0.8112 0.1498 0.1865 0.7310 0.1855 0.0795

0.00 0.7177 0.1460 0.0819 1.0011 0.1580 0.1132 0.6698 0.1384 0.0988 0.8984 0.1645 0.0973
0.40 1.0586 0.1912 0.1170 0.8501 0.1973 0.0987 0.5839 0.1481 0.1018 0.9418 0.1731 0.0980
0.80 1.5904 0.4137 0.2459 1.6354 0.5148 0.3447 0.7799 0.3434 0.0949 0.9740 0.5531 0.2332

W=(1652.5±7.5)MeV W=(1667.5±7.5)MeV W=(1682.5±7.5)MeV W=(1697.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.1516 0.1643 0.1519 0.9530 0.1591 0.1150 0.7056 0.1452 0.1574 0.5450 0.1537 0.1529
−0.40 0.7593 0.1692 0.0806 0.6662 0.1302 0.1103 0.4998 0.1498 0.0807 0.7337 0.1616 0.1202

0.00 0.5688 0.1255 0.0688 0.6625 0.1200 0.0814 0.5239 0.1239 0.0768 0.5957 0.1519 0.0622
0.40 0.8042 0.1635 0.0982 0.8394 0.1484 0.0883 0.5469 0.1412 0.0587 0.5565 0.1601 0.0604
0.80 0.3705 0.3176 0.0394 0.6057 0.3220 0.0798 1.3417 0.3396 0.1392 0.5198 0.3132 0.0539

W=(1712.5±7.5)MeV W=(1727.5±7.5)MeV W=(1742.5±7.5)MeV W=(1757.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 0.8013 0.1943 0.2071 1.0840 0.3543 0.1752 0.7454 0.2803 0.1140 0.7687 0.2541 0.1265
−0.40 0.8614 0.2153 0.1115 0.3713 0.1670 0.1157 0.8836 0.1925 0.2345 0.1958 0.2187 0.0236

0.00 0.7529 0.1562 0.0896 0.4710 0.1427 0.0808 0.4000 0.1585 0.0720 0.5188 0.1578 0.0794
0.40 0.3203 0.1520 0.0376 0.3910 0.1927 0.0488 0.5515 0.1853 0.0572 0.1519 0.1773 0.0157
0.80 0.5691 0.2599 0.0855 0.1017 0.4902 0.0245 0.5656 0.4174 0.0596 1.8160 1.0334 0.5952

W=(1772.5±7.5)MeV W=(1787.5±7.5)MeV W=(1802.5±7.5)MeV W=(1817.5±7.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.1719 0.3151 0.1643 0.5511 0.2511 0.0992 0.8679 0.2942 0.1953 0.4830 0.3032 0.0679
−0.40 0.4751 0.2489 0.0511 0.7473 0.2765 0.0818 0.0763 0.2315 0.0124 0.2632 0.2072 0.1036

0.00 0.6092 0.1881 0.0631 0.7912 0.2418 0.0906 0.1139 0.1959 0.0128 0.5216 0.2580 0.0643
0.40 0.7597 0.2090 0.0971 0.6860 0.2529 0.1015 0.3900 0.2083 0.0438 0.3867 0.3044 0.0682
0.80 0.7108 0.5313 0.1261 1.5321 0.6537 0.3595 0.1397 0.3656 0.0146 0.7492 0.3145 0.1340
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W=(1832.5±7.5)MeV W=(1847.5±7.5)MeV W=(1862.5±7.5)MeV W=(1882.5±12.5)MeV
cos(θ∗η) E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys E ∆stat ∆sys

−0.80 1.2071 0.4022 0.1410 0.2181 0.3551 0.0243 0.2693 0.3334 0.0699 1.0649 0.4084 0.2491
−0.40 0.0723 0.2677 0.0164 −0.0956−0.3588 0.0104 0.3095 0.3093 0.1200 0.3836 0.3471 0.1236

0.00 0.9564 0.3748 0.1292 0.3981 0.1885 0.1846 0.0847 0.2965 0.0089 0.1786 0.2944 0.0330
0.40 0.7478 0.2912 0.0781 0.2845 0.2261 0.0578 0.7540 0.4401 0.1020 0.1896 0.3094 0.0336
0.80 1.6737 0.6342 0.1786 0.4518 0.4894 0.0681 1.0374 0.6613 0.1561 −0.2746−0.5931 0.0441

Total Distributions for E

W ∆W E ∆stat ∆sys
[MeV] [MeV]

1495.0 5.0 1.2240 0.1486 0.1719
1505.0 5.0 0.8799 0.1107 0.1244
1515.0 5.0 1.0787 0.1072 0.1028
1525.0 5.0 0.8787 0.1174 0.0924
1535.0 5.0 0.7660 0.0980 0.0935
1547.5 7.5 1.0111 0.0821 0.1063
1562.5 7.5 0.9701 0.0823 0.1091
1577.5 7.5 0.9376 0.0825 0.0995
1592.5 7.5 0.8115 0.0852 0.0932
1607.5 7.5 0.8631 0.0885 0.0988
1622.5 7.5 0.7999 0.0806 0.1031
1637.5 7.5 0.7918 0.0924 0.0916
1652.5 7.5 0.7765 0.0810 0.0821
1667.5 7.5 0.7598 0.0733 0.0860
1682.5 7.5 0.6722 0.0734 0.0887
1697.5 7.5 0.5931 0.0796 0.0855
1712.5 7.5 0.6523 0.0858 0.0785
1727.5 7.5 0.4820 0.1027 0.0703
1742.5 7.5 0.6254 0.1038 0.0667
1757.5 7.5 0.5070 0.1097 0.0705
1772.5 7.5 0.7479 0.1220 0.0789
1787.5 7.5 0.7946 0.1340 0.0717
1802.5 7.5 0.3216 0.1139 0.0522
1817.5 7.5 0.4825 0.1243 0.0505
1832.5 7.5 0.8819 0.1633 0.0564
1847.5 7.5 0.2742 0.1303 0.0508
1862.5 7.5 0.4325 0.1687 0.0506
1882.5 12.5 0.3604 0.1631 0.0638
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F.4.8 Helicity Dependent Cross Sections for γn → ηn as a Function of W

Angular Cross Sections σ1/2

W=(1495.0±5.0)MeV W=(1505.0±5.0)MeV W=(1515.0±5.0)MeV W=(1525.0±5.0)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.3707 0.2245 0.1912 1.7173 0.1636 0.3730 1.8841 0.1738 0.2634 1.8086 0.1611 0.2808
−0.40 1.0691 0.1292 0.2198 1.2498 0.1358 0.1977 1.4730 0.1570 0.1558 1.2304 0.1402 0.1882

0.00 1.0714 0.1299 0.2209 1.1803 0.1444 0.2044 1.4064 0.1763 0.1488 1.3681 0.1858 0.1421
0.40 0.9781 0.1630 0.1091 1.1237 0.1886 0.1227 1.4545 0.1915 0.1871 1.4336 0.2702 0.2236
0.80 1.7078 0.2943 0.1864 1.6568 0.3405 0.2408 2.1706 0.2928 0.2324 1.5296 0.3469 0.2193

W=(1535.0±5.0)MeV W=(1547.5±7.5)MeV W=(1562.5±7.5)MeV W=(1577.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 1.6800 0.1316 0.4188 1.6777 0.1173 0.2479 1.5100 0.1044 0.2697 1.4444 0.1010 0.2388
−0.40 1.5106 0.1579 0.1604 1.2409 0.1045 0.1906 1.4791 0.1091 0.1916 1.3982 0.1105 0.1570

0.00 1.5372 0.1795 0.1592 1.1361 0.0968 0.2041 1.0370 0.0849 0.1551 0.7454 0.0692 0.1177
0.40 1.4130 0.1824 0.1466 1.5341 0.1333 0.1611 1.1152 0.1037 0.1157 1.1636 0.1028 0.1343
0.80 1.0034 0.3137 0.1423 1.6605 0.2465 0.2163 1.4018 0.2669 0.2672 1.1579 0.2020 0.1564

W=(1592.5±7.5)MeV W=(1607.5±7.5)MeV W=(1622.5±7.5)MeV W=(1637.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.8509 0.0796 0.1898 0.9342 0.0753 0.1966 0.9135 0.0745 0.1536 0.6904 0.0650 0.1290
−0.40 0.9329 0.0864 0.1339 0.7891 0.0863 0.0817 0.6604 0.0568 0.1519 0.7369 0.0807 0.0801

0.00 0.7701 0.0670 0.0879 0.7569 0.0616 0.0856 0.5787 0.0493 0.0854 0.7050 0.0626 0.0763
0.40 0.9584 0.0912 0.1059 0.7424 0.0808 0.0862 0.5327 0.0514 0.0929 0.7171 0.0658 0.0746
0.80 1.2071 0.1985 0.1866 0.9546 0.1909 0.2012 0.5589 0.1105 0.0680 0.5770 0.1638 0.1382

W=(1652.5±7.5)MeV W=(1667.5±7.5)MeV W=(1682.5±7.5)MeV W=(1697.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.9484 0.0755 0.1251 0.8648 0.0732 0.1043 0.6267 0.0557 0.1398 0.4579 0.0473 0.1285
−0.40 0.7952 0.0786 0.0844 0.7145 0.0584 0.1183 0.5122 0.0530 0.0827 0.5216 0.0504 0.0854

0.00 0.6427 0.0530 0.0777 0.7095 0.0531 0.0872 0.5739 0.0485 0.0841 0.5990 0.0585 0.0625
0.40 0.7838 0.0729 0.0957 0.7427 0.0621 0.0782 0.6258 0.0592 0.0672 0.6079 0.0642 0.0660
0.80 0.3804 0.0904 0.0404 0.4711 0.0973 0.0621 0.5608 0.0876 0.0582 0.3238 0.0693 0.0336

W=(1712.5±7.5)MeV W=(1727.5±7.5)MeV W=(1742.5±7.5)MeV W=(1757.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.4462 0.0500 0.1153 0.5269 0.0910 0.0852 0.3139 0.0516 0.0480 0.3210 0.0475 0.0528
−0.40 0.4427 0.0528 0.0573 0.2898 0.0367 0.0903 0.3612 0.0387 0.0959 0.2341 0.0438 0.0282

0.00 0.5676 0.0522 0.0676 0.4400 0.0441 0.0755 0.3558 0.0415 0.0641 0.3974 0.0426 0.0608
0.40 0.4535 0.0537 0.0533 0.4904 0.0693 0.0612 0.4805 0.0589 0.0498 0.3510 0.0553 0.0364
0.80 0.3253 0.0573 0.0489 0.2641 0.1190 0.0637 0.2767 0.0762 0.0291 0.5866 0.2186 0.1923

W=(1772.5±7.5)MeV W=(1787.5±7.5)MeV W=(1802.5±7.5)MeV W=(1817.5±7.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3536 0.0531 0.0496 0.2620 0.0437 0.0471 0.2676 0.0438 0.0602 0.2310 0.0484 0.0325
−0.40 0.2713 0.0468 0.0292 0.2975 0.0483 0.0326 0.1787 0.0395 0.0291 0.1703 0.0291 0.0670

0.00 0.4165 0.0500 0.0432 0.4231 0.0584 0.0485 0.2623 0.0472 0.0296 0.3697 0.0638 0.0456
0.40 0.5551 0.0677 0.0709 0.4712 0.0721 0.0697 0.3569 0.0550 0.0401 0.3872 0.0861 0.0683
0.80 0.2815 0.0897 0.0499 0.4980 0.1329 0.1169 0.2031 0.0678 0.0213 0.2962 0.0582 0.0530
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W=(1832.5±7.5)MeV W=(1847.5±7.5)MeV W=(1862.5±7.5)MeV W=(1882.5±12.5)MeV
cos(θ∗η) dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys dσ1/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3289 0.0619 0.0384 0.1752 0.0521 0.0196 0.1555 0.0423 0.0404 0.2088 0.0440 0.0488
−0.40 0.1381 0.0354 0.0314 0.1191 0.0481 0.0131 0.1260 0.0309 0.0489 0.1022 0.0267 0.0329

0.00 0.3838 0.0748 0.0519 0.2473 0.0350 0.1147 0.2253 0.0628 0.0236 0.1634 0.0422 0.0302
0.40 0.4060 0.0693 0.0424 0.2750 0.0501 0.0558 0.3222 0.0824 0.0436 0.1626 0.0439 0.0288
0.80 0.3746 0.0955 0.0400 0.2597 0.0908 0.0391 0.2659 0.0914 0.0400 0.0717 0.0629 0.0142

Angular Cross Sections σ3/2

W=(1495.0±5.0)MeV W=(1505.0±5.0)MeV W=(1515.0±5.0)MeV W=(1525.0±5.0)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.2300 0.2245 0.0785 −0.1860 0.1636 0.1827 −0.0584 0.1738 0.0914 −0.0218 0.1611 0.1058
−0.40 −0.0397 0.1292 0.0985 0.1485 0.1358 0.0850 0.0157 0.1570 0.0160 0.1031 0.1402 0.0758

0.00 −0.1903 0.1299 0.1142 0.0612 0.1444 0.0864 0.1764 0.1763 0.0249 0.1931 0.1858 0.0208
0.40 0.1206 0.1630 0.0260 0.2824 0.1886 0.0380 0.0705 0.1915 0.0586 0.1567 0.2702 0.0942
0.80 −0.3372 0.2943 0.0495 0.2481 0.3405 0.1004 −0.4876 0.2928 0.0620 0.1062 0.3469 0.0818

W=(1535.0±5.0)MeV W=(1547.5±7.5)MeV W=(1562.5±7.5)MeV W=(1577.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.1487 0.1316 0.2079 −0.0345 0.1173 0.0903 0.0056 0.1044 0.1103 −0.0640 0.1010 0.0974
−0.40 0.0914 0.1579 0.0211 0.2719 0.1045 0.0903 −0.0239 0.1091 0.0585 0.0035 0.1105 0.0303

0.00 0.1039 0.1795 0.0108 0.1291 0.0968 0.0938 0.0557 0.0849 0.0593 0.2244 0.0692 0.0623
0.40 0.1256 0.1824 0.0138 −0.2488 0.1333 0.0300 0.0411 0.1037 0.0057 −0.0315 0.1028 0.0307
0.80 0.5865 0.3137 0.0981 −0.2670 0.2465 0.0810 0.0405 0.2669 0.1155 0.0686 0.2020 0.0536

W=(1592.5±7.5)MeV W=(1607.5±7.5)MeV W=(1622.5±7.5)MeV W=(1637.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.3231 0.0796 0.1207 0.1516 0.0753 0.1007 −0.0157 0.0745 0.0616 0.1574 0.0650 0.0679
−0.40 0.1338 0.0864 0.0547 0.2028 0.0863 0.0210 0.0688 0.0568 0.0752 0.1145 0.0807 0.0184

0.00 0.1266 0.0670 0.0252 −0.0004 0.0616 0.0172 0.1144 0.0493 0.0383 0.0377 0.0626 0.0123
0.40 −0.0273 0.0912 0.0192 0.0601 0.0808 0.0219 0.1400 0.0514 0.0493 0.0215 0.0658 0.0044
0.80 −0.2751 0.1985 0.0897 −0.2301 0.1909 0.1113 0.0691 0.1105 0.0213 0.0076 0.1638 0.0631

W=(1652.5±7.5)MeV W=(1667.5±7.5)MeV W=(1682.5±7.5)MeV W=(1697.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0668 0.0755 0.0420 0.0208 0.0732 0.0275 0.1082 0.0557 0.0735 0.1348 0.0473 0.0785
−0.40 0.1088 0.0786 0.0154 0.1431 0.0584 0.0573 0.1708 0.0530 0.0458 0.0801 0.0504 0.0391

0.00 0.1767 0.0530 0.0315 0.1440 0.0531 0.0319 0.1793 0.0485 0.0432 0.1518 0.0585 0.0164
0.40 0.0850 0.0729 0.0295 0.0648 0.0621 0.0101 0.1833 0.0592 0.0222 0.1732 0.0642 0.0219
0.80 0.1747 0.0904 0.0192 0.1157 0.0973 0.0267 −0.0818 0.0876 0.0087 0.1023 0.0693 0.0107

W=(1712.5±7.5)MeV W=(1727.5±7.5)MeV W=(1742.5±7.5)MeV W=(1757.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 0.0492 0.0500 0.0589 −0.0212 0.0910 0.0341 0.0458 0.0516 0.0208 0.0420 0.0475 0.0236
−0.40 0.0330 0.0528 0.0188 0.1329 0.0367 0.0636 0.0223 0.0387 0.0469 0.1574 0.0438 0.0203

0.00 0.0800 0.0522 0.0207 0.1582 0.0441 0.0441 0.1525 0.0415 0.0406 0.1259 0.0426 0.0322
0.40 0.2334 0.0537 0.0308 0.2147 0.0693 0.0331 0.1389 0.0589 0.0144 0.2584 0.0553 0.0268
0.80 0.0893 0.0573 0.0244 0.2153 0.1190 0.0568 0.0768 0.0762 0.0086 −0.1700 0.2186 0.1189
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W=(1772.5±7.5)MeV W=(1787.5±7.5)MeV W=(1802.5±7.5)MeV W=(1817.5±7.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0280 0.0531 0.0182 0.0758 0.0437 0.0261 0.0189 0.0438 0.0287 0.0805 0.0484 0.0170
−0.40 0.0966 0.0468 0.0113 0.0430 0.0483 0.0075 0.1534 0.0395 0.0262 0.0993 0.0291 0.0522

0.00 0.1011 0.0500 0.0105 0.0493 0.0584 0.0126 0.2087 0.0472 0.0240 0.1162 0.0638 0.0202
0.40 0.0758 0.0677 0.0249 0.0877 0.0721 0.0309 0.1566 0.0550 0.0197 0.1713 0.0861 0.0437
0.80 0.0476 0.0897 0.0242 −0.1046 0.1329 0.0644 0.1533 0.0678 0.0161 0.0425 0.0582 0.0251

W=(1832.5±7.5)MeV W=(1847.5±7.5)MeV W=(1862.5±7.5)MeV W=(1882.5±12.5)MeV
cos(θ∗η) dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys dσ3/2/dΩ ∆stat ∆sys

[µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr] [µb/sr]

−0.80 −0.0309 0.0619 0.0102 0.1124 0.0521 0.0131 0.0895 0.0423 0.0306 −0.0066 0.0440 0.0226
−0.40 0.1195 0.0354 0.0289 0.1442 0.0481 0.0157 0.0665 0.0309 0.0366 0.0455 0.0267 0.0230

0.00 0.0086 0.0748 0.0171 0.1065 0.0350 0.0807 0.1901 0.0628 0.0200 0.1139 0.0422 0.0242
0.40 0.0586 0.0693 0.0069 0.1532 0.0501 0.0406 0.0452 0.0824 0.0166 0.1107 0.0439 0.0227
0.80 −0.0944 0.0955 0.0115 0.0981 0.0908 0.0221 −0.0049 0.0914 0.0148 0.1259 0.0629 0.0202

Total Cross Sections σ1/2 and σ3/2

W ∆W σ1/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1495.0 5.0 15.5842 1.0923 2.1889
1505.0 5.0 17.7952 1.0831 2.2608
1515.0 5.0 21.1650 1.1352 2.2450
1525.0 5.0 18.6868 1.2050 2.0912
1535.0 5.0 18.1985 1.0486 2.0157
1547.5 7.5 18.0120 0.7633 2.0057
1562.5 7.5 16.5680 0.7222 1.8492
1577.5 7.5 14.9428 0.6633 1.5748
1592.5 7.5 11.4132 0.5514 1.3070
1607.5 7.5 10.2233 0.4995 1.1569
1622.5 7.5 8.2069 0.3803 1.0824
1637.5 7.5 8.4573 0.4476 0.9718
1652.5 7.5 8.9360 0.4206 0.9316
1667.5 7.5 8.7981 0.3815 0.9859
1682.5 7.5 7.2353 0.3323 0.9638
1697.5 7.5 6.2607 0.3239 0.8511
1712.5 7.5 5.6044 0.3029 0.7282
1727.5 7.5 5.0273 0.3578 0.6187
1742.5 7.5 4.5094 0.2979 0.5427
1757.5 7.5 4.3377 0.3252 0.5069
1772.5 7.5 4.7226 0.3397 0.5100
1787.5 7.5 4.7185 0.3631 0.5010
1802.5 7.5 3.2270 0.2876 0.4423
1817.5 7.5 3.6199 0.3136 0.4062
1832.5 7.5 3.9761 0.3571 0.4156
1847.5 7.5 2.7018 0.2876 0.3970
1862.5 7.5 2.5653 0.3136 0.3476
1882.5 12.5 1.8212 0.2326 0.3225

W ∆W σ3/2 ∆stat ∆sys
[MeV] [MeV] [µb] [µb] [µb]

1495.0 5.0 −1.5699 1.0923 0.8297
1505.0 5.0 1.1368 1.0831 0.6507
1515.0 5.0 −0.8015 1.1352 0.4411
1525.0 5.0 1.2066 1.2050 0.3123
1535.0 5.0 2.4111 1.0486 0.3815
1547.5 7.5 −0.0995 0.7633 0.4270
1562.5 7.5 0.2516 0.7222 0.3158
1577.5 7.5 0.4812 0.6633 0.2301
1592.5 7.5 1.1877 0.5514 0.2219
1607.5 7.5 0.7514 0.4995 0.2509
1622.5 7.5 0.9122 0.3803 0.2647
1637.5 7.5 0.9827 0.4476 0.1864
1652.5 7.5 1.1244 0.4206 0.1464
1667.5 7.5 1.2006 0.3815 0.2624
1682.5 7.5 1.4184 0.3323 0.3729
1697.5 7.5 1.5990 0.3239 0.3685
1712.5 7.5 1.1795 0.3029 0.3108
1727.5 7.5 1.7571 0.3578 0.2559
1742.5 7.5 1.0394 0.2979 0.2066
1757.5 7.5 1.4191 0.3252 0.1412
1772.5 7.5 0.6813 0.3397 0.1065
1787.5 7.5 0.5401 0.3631 0.1554
1802.5 7.5 1.6564 0.2876 0.1978
1817.5 7.5 1.2637 0.3136 0.1590
1832.5 7.5 0.2495 0.3571 0.1470
1847.5 7.5 1.5389 0.2876 0.1930
1862.5 7.5 1.0163 0.3136 0.2089
1882.5 12.5 0.8563 0.2326 0.2117
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[170] S. Böse, “Modifikation und Test des Lichtpulsersystems für den Crystal Barrel
Aufbau an ELSA”, Diploma thesis (Rheinische Friedrich-Wilhelms-Universität
Bonn, June 2006).

[171] S. Brandt, Data analysis: Using statistical methods and computer programs (Spek-
trum Akademischer Verlag, 1999), ISBN: 978-3827401588.

[172] M. Dieterle, “Comparison of the Experimental Resolution in Case of Using a
1.76 or 4.76 cm LD2 Target”, Master Project thesis (Universität Basel, 2009).

[173] O. Hen et al., “Momentum sharing in imbalanced Fermi systems”, Science 346,
614–617 (2014) 10.1126/science.1256785.

[174] U. S. of Commerce on behalf of the United States of America., NIST Chemistry
WebBook, http://webbook.nist.gov/chemistry, Accessed: 27.08.2015.

[175] H. Dutz, personal communication, 22.06.2015.

[176] M. Roebig-Landau et al., “Near threshold photoproduction of η mesons from
complex nuclei”, Phys.Lett. B373, 45–50 (1996) 10.1016/0370-2693(96)00125-
6.

[177] T. Mertens et al., “Photoproduction of η-mesons off nuclei for Eγ ≤ 2.2 GeV”,
arXiv 38, 195–207 (2008) 10.1140/epja/i2007-10667-y.

[178] B. Krusche et al., “Constraining N∗(1535) parameters from the eta photopro-
duction”, Phys.Lett. B397, 171–176 (1997) 10.1016/S0370-2693(97)00160-3.

[179] L. Tiator et al., MAID 2000, http://portal.kph.uni-mainz.de/MAID//eta/
etamaid.html, Accessed: 08.08.2015.

326

http://dx.doi.org/10.1007/978-3-540-68080-2
http://dx.doi.org/10.1126/science.1256785
http://dx.doi.org/10.1126/science.1256785
http://dx.doi.org/10.1126/science.1256785
http://webbook.nist.gov/chemistry
http://dx.doi.org/10.1016/0370-2693(96)00125-6
http://dx.doi.org/10.1016/0370-2693(96)00125-6
http://dx.doi.org/10.1016/0370-2693(96)00125-6
http://dx.doi.org/10.1140/epja/i2007-10667-y
http://dx.doi.org/10.1140/epja/i2007-10667-y
http://dx.doi.org/10.1016/S0370-2693(97)00160-3
http://dx.doi.org/10.1016/S0370-2693(97)00160-3
http://portal.kph.uni-mainz.de/MAID//eta/etamaid.html
http://portal.kph.uni-mainz.de/MAID//eta/etamaid.html


REFERENCES

[180] M. Oberle et al., “Measurement of the beam-helicity asymmetry I� in the pho-
toproduction of π0 π± pairs off protons and off neutrons”, The European Phys-
ical Journal A 50, 54 (2014) 10.1140/epja/i2014-14054-5.

[181] M. Dieterle, “Measurement of Polarization Observables in π0 and π0π0 Photo-
production from Protons and Neutrons at MAMI and ELSA”, PhD thesis (Uni-
versität Basel, Basel, in preparation).

[182] V. Crede and W. Roberts, “Progress towards understanding baryon resonances”,
Reports on Progress in Physics 76, 076301 (2013) 10.1088/0034-4885/76/7/
076301.

[183] A. M. Sandorfi et al., “Determining pseudoscalar meson photoproduction am-
plitudes from complete experiments”, Journal of Physics G: Nuclear and Parti-
cle Physics 38, 053001 (2011) 10.1088/0954-3899/38/5/053001.

327

http://dx.doi.org/10.1140/epja/i2014-14054-5
http://dx.doi.org/10.1140/epja/i2014-14054-5
http://dx.doi.org/10.1140/epja/i2014-14054-5
http://dx.doi.org/10.1088/0034-4885/76/7/076301
http://dx.doi.org/10.1088/0034-4885/76/7/076301
http://dx.doi.org/10.1088/0034-4885/76/7/076301
http://dx.doi.org/10.1088/0954-3899/38/5/053001
http://dx.doi.org/10.1088/0954-3899/38/5/053001
http://dx.doi.org/10.1088/0954-3899/38/5/053001

	Contents
	Introduction
	The Structure of the Nucleon
	Nucleon Resonances
	Model Descriptions

	Formalism of Eta Meson Photoproduction
	Kinematics
	Electromagnetic Multipoles
	Amplitude Representation

	Observables
	The Complete Experiment
	Extraction of Resonance Parameters

	Current Experimental Data
	Narrow Structure on the Neutron
	Double Polarisation Observable E


	Experimental Setup
	Acceleration Facilities
	MAMI
	ELSA

	Generation of Photon Beams
	Bremsstrahlung Process
	Circularly Polarised Photons
	Photon Tagging

	Targets
	Liquid Deuterium Target
	3He Target
	Frozen Spin Target
	Carbon Target

	Detectors Setup
	A2 Detector Setup
	CBELSA/TAPS Detector Setup

	Trigger
	A2 Trigger
	CBELSA/TAPS Trigger


	Data Sets and Polarisation Values
	Data Sets
	Electron Polarisation
	Mott Measurement
	Moeller Measurement

	Photon Polarisation
	Target Polarisation
	D-Wave Admixture
	Issue with the A2 Target Polarisation Values


	Software
	A2 Software
	AcquRoot
	A2 Geant
	PLUTO
	OSCAR

	CBELSA/TAPS Software
	EXPLORA, MyAnalysis and libTOCB
	CBGEANT


	Event Reconstruction
	A2 Event Reconstruction
	Tagger
	Crystal Ball
	TAPS

	CBELSA/TAPS Event Reconstruction
	Tagger
	Crystal Barrel and Forward Plug
	MiniTAPS


	Calibration
	Energy Calibration
	A2 Energy Calibration
	CBELSA/TAPS Energy Calibration

	Time Calibration
	A2 Time Calibration
	CBELSA/TAPS Time Calibration


	Reaction Selection
	Event Classes
	Reconstruction of the Eta Meson
	Energy and Angular Resolutions
	Confidence Levels

	Time Cuts
	Coincidence Cuts
	Random Background Subtraction

	Background Rejection
	Pulse Shape Analysis
	Coplanarity
	Missing Mass
	Invariant Mass
	Polar Angle Cuts

	Further Checks
	Time of Flight
	Delta E versus E
	Cluster Multiplicity
	Fermi Momentum


	Extraction of Observables
	Unpolarised Cross Section
	Double Polarisation Observable E
	Version 1 - Carbon Subtraction Method
	Version 2 - Direct Method

	Helicity Dependent Cross Sections 
	Version 1
	Version 2
	Version 3

	Target Surface Density
	W-Reconstruction
	Photon Flux
	A2 Photon Flux
	CBELSA/TAPS Photon Flux
	E- and W- Dependent Flux
	Helicity Dependent Photon Flux

	Extraction of the Yields
	Detection Efficiency
	Nucleon Detection Efficiency Correction
	Software Trigger
	Summary of Efficiencies

	Empty Target Subtraction
	Carbon Subtraction
	Data Merging
	Systematic Uncertainties
	Unpolarised Cross Sections
	Double Polarisation Observable E and Helicity Dependent Cross Sections


	Results and Conclusions
	Unpolarised Cross Section from 3He (A2)
	Incident Photon Energy E
	Final State Energy W

	Unpolarised Cross Section from LD2 (CBELSA/TAPS)
	Incident Photon Energy E
	Final State Energy W

	Polarisation Observable E from CBELSA/TAPS Data
	Consistency Checks
	Results

	Polarisation Observable E from A2 Data
	Consistency Checks
	Results as a Function of the Incident Photon Energy E
	Results as a Function of the Final State Energy W

	Discussion of the Polarisation Observables
	Angular Distributions
	Cross Sections for Different Polar Angles
	Comparison of A2 and CBELSA/TAPS Results

	Conclusions

	Appendix
	Hadron Multiplets
	Meson Multiplets
	Baryon Multiplets
	Antidecuplet of Pentaquarks

	Polarisation Observables
	General Form of the Cross Section
	Complete Set of Observables

	Efficiencies
	Systematic Uncertainties for the 3He Cross Sections
	Angular Distributions for the Polarisation Observables
	Data Tables
	Unpolarised Cross Sections from 3He (A2)
	gN eta(N) as a Function of E
	gp etap as a Function of E
	gn etan as a Function of E
	gp etap as a Function of W
	gn etan as a Function of W

	Unpolarised Cross Sections from LD2 (CBELSA/TAPS)
	gN eta(N) as a Function of E
	gp etap as a Function of E
	gn etan as a Function of E
	g(n) eta(n) as a Function of E
	gp etap as a Function of W
	gn etan as a Function of W

	Polarisation Observable E and Helicity Dependent Cross Sections from CBELSA/TAPS Data
	E for gp etap as a Function of E
	Helicity Dependent Cross Sections for gp etap as a Function of E
	E for gn eta(n) as a Function of E
	Helicity Dependent Cross Sections for gn eta(n) as a Function of E
	E for gp etap as a Function of W
	Helicity Dependent Cross Sections for gp etap as a Function of W

	Polarisation Observable E and Helicity Dependent Cross Sections from A2 Data
	E for gp etap as a Function of E
	Helicity Dependent Cross Sections for gp etap as a Function of E
	E for gn etan as a Function of E
	Helicity Dependent Cross Sections for gn etan as a Function of E
	E for gp etap as a Function of W
	Helicity Dependent Cross Sections for gp etap as a Function of W
	E for gn etan as a Function of W
	Helicity Dependent Cross Sections for gn etan as a Function of W


	References

