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Abstract. Within project A.1 of the SFB/TR16 “Subnuclear Structure of Matter”, a large amount of data on

photoproduction reactions has been accumulated at the Bonn Electron Stretcher Accelerator ELSA with the

CBELSA/TAPS detector and was analysed in detail. In particular, data have been taken with unpolarized or

with linearly or circularly polarized photons and with unpolarized or with longitudinally or transversely polar-

ized protons. Photoproduction off neutrons was studied to determine the helicity amplitudes for the excitation

of resonances off neutrons. In a partial wave analysis of the data, new resonances have been found and the

properties of new and of known resonances have been determined, including the measurement of partial widths

of so far unmeasured decay modes.

1 Introduction

The discovery of the Ω− baryon with strangeness S = −3
at the predicted mass in the reaction K−p → (Ξ0π−)K+Ks

[1] established SU(3) symmetry and the conjecture that

mesons and baryons are composed of constituent quarks

[2, 3] and paved the path to an understanding of the par-

ticle zoo. Like the Δ++(1232) and the Δ−(1232), the Ω−
was interpreted as bound state containing three identical

quarks (sss) while the two Δ(1232) were interpreted as

(uuu) and (ddd) resonances. The spin and parity of these

three baryons was JP = 3/2+; with a quark spin s = 1/2,
the three quark spins had to be aligned to yield a total

quark spin S = 3/2. As ground states, these baryons had

to have no intrinsic orbital angular momentum. However,

with three identical quarks in a relative S -wave, this con-
figuration was in conflict with the well-established Pauli

principle which forbids two fermions with identical quan-

tum numbers.

The solution was to introduce a further quantum num-

ber, color, and to postulate that three quarks with differ-

ent colors (and a colored quark and an antiquark with

anticolor) form a color singlet, and that the color wave-

function is antisymmetric with respect to the exchange of

two colors [4, 5]. The concept of color proved to be ex-

tremely important. From the request of local gauge in-

variance, a new theory of strong interactions, Quantum

Chromo Dynamics or QCD, was deduced [6, 7] which as-

signed to quarks a new triple-valued charge called color.

The fact that free quarks were never observed was under-

stood by the hypothesis that color is confined [8], even

though their mutual interactions were supposed to be weak

at large momentum transfers or at small distances [9–11].

Even the baryon resonances seemed to be adequately de-
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scribed: Isgur and Karl demonstrated in their seminal pa-

pers that the hyperfine interaction between quarks sug-

gested in QCD can, without further free parameters, ex-

plain the size and pattern of the splittings and the mixing

angles observed experimentally in nonstrange, negative

parity baryons [12]. The masses and mixing angles of the

positive-parity baryons were also reasonably well repro-

duced in their QCD-inspired model [13]. In short: meson

and baryon spectroscopy seemed to be well understood,

and QCD was considered to be the established theory of

strong interactions, with no mysteries and nothing more to

learn. A survey of results on QCD from high-energy ex-

periments can be found in an article by S. Bethke, G. Dis-

sertori, and G. P. Salam [15] in the Review of Particle

Properties RPP [16].

A few years before Isgur and Karl calculated the

baryon spectrum, a family of new meson resonances had

been discovered [17, 18] with the J/ψ as ground state.

The interest of the particle physics community turned

first to glueballs [19] and hybrids [20], then to the weak-

interaction bosons [21, 22], to the Higgs particle [23], and

to tests of the Standard Model (see, e.g. [24]).

It was realized only later that important physics was

left behind unexplored. New theoretical concepts were

formulated which needed to be confronted with experi-

mental data but, on the experimental side, the evidence

for a large number of nucleon and Δ resonances was chal-

lenged when new and precise data were included in the

analysis. From a theoretical point of view, it was real-

ized that low-energy approximations of QCD [25] lead

to the Gell-Mann-Oakes-Renner relation [26] which as-

signs a mass of a few MeV to light (current) quarks while

quark models assume a (constituent) quark mass of about

350MeV. How is the mass generated? The mass gap be-

tween current and constituent quarks was interpreted by

spontaneous breaking of the chiral symmetry expected for
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nearly massless quarks [27, 28]. An important conse-

quence is the large mass gap between chiral partners: the

masses of the nucleon, with spin-parity JP = 1/2+, and
its chiral partner N(1535)1/2−, with spin-parity JP = 1/2−
and mass M = 1535MeV, differ by about 600MeV. But

it is not understood how QCD generates the structure of

hadrons and how symmetries influence their structures and

their dynamics.

An important development occurred in the realm of

low-energy QCD [29]. QCD functions can be expanded in

powers of the external momenta and of the quark masses.

The Ward identities of chiral symmetry determine the ex-

pansion in terms of a few coupling constants (LECs) of a

unique effective low-energy Lagrangian. Chiral Dynam-

ics has become an rapidly expanding field (see [30] for a

review), and is one of the cornerstones of the SFB/TR16

(see contributions of projects A.6, A.7, B.3, B.6, C.2, C.9

to these proceedings) and the CRC110 (projects A.2, A.3,

A.4, A.5, B.6, B.7, B.8). Precise data on photoproduction

of baryon resonances are an important ingredient for fur-

ther advances of the field.

On the experimental side, in 1994 there were 17 N∗
and 13 Δ∗ resonances below a mass of 2200MeV [31].

These resonances were all deduced from an analysis of

data on πN elastic and charge exchange scattering [32, 33].

These numbers are surprisingly low and, even worse, a

large fraction of these resonances were not observed in the

a later analysis based on a larger data sample [34] report-

ing 11 N∗ and 9 Δ∗ only. The latter analysis included high
precision data from the meson factories (see [34] for a list

of data). This analysis predicted the spin rotation parame-

ters [35–37] and the backward asymmetry [38] in the elas-

tic pion-proton scattering from ITEP/PNPI very precisely

while the predictions from [32, 33] show clear discrepan-

cies with the data. Hence the number of trustworthy reso-

nances was reduced to 11 N∗ and 9 Δ∗ only.
At this point, we mention a basic problem in the anal-

ysis of data on πN elastic and charge exchange scattering.

The process is governed by two amplitudes. One of them

represents a nucleon spin-flip in the scattering process, the

other one a non-flip process. The two complex amplitudes

are written in terms of two magnitudes and two phases.

Two constraints come from experiment: the differential

cross section dσ/dΩ and the asymmetry due to a target

polarization P. Refs. [32, 33] make extensive use of dis-

persion relations to relate the ratio of the real to imaginary

part of the scattering amplitude. In [34], an iterative proce-

dure is used which includes energy-dependent fits to guide

the solution. Thus there is an intrinsic under-determination

of the scattering amplitude.

In the case of photoproduction, there are four complex

amplitudes, nucleon spin-flip and non-flip, photon and nu-

cleon spin aligned or anti-aligned. Thus at least seven

(in fact eight) appropriate observables need to be deter-

mined in single pseudoscalar meson photoproduction, and

one overall phase still remains open [60]. The measure-

ment of a sufficient number of observables is the central

theme of the efforts to measure the excitation spectrum

of the nucleon in photoproduction. In general, if the tar-

get and beam polarization can be controlled and the recoil

polarization can be determined in an experiment, even 16

observables become accessible overdetermining the am-

plitudes.

At a first glance it seems that πN elastic and charge

exchange scattering or pion-induced inelastic reactions

might be the better choice to study the nucleon excitation

spectrum since fewer observables need to be measured.

However, the larger number of contributing amplitudes re-

sults in a larger number of interfering amplitudes, and the

interference between large and small amplitudes increases

the sensitivity to tiny effects. This is a great advantage of

photoproduction experiments. A second advantage is that

resonances with very small coupling to πN but “normal”

γN couplings may become experimentally accessible. The

de-coupling of resonances from πN was made responsible

for the non-observation of the many resonances predicted

by quark models.

2 What has been reached?

Before discussing in detail the outcome of the experi-

ments carried out within the A.1 project of the SFB/TR16,

we would like to mention here the main achievements.

In 2011, we performed a first systematic search for new

baryon resonances [39–42]. A very important result was

that the resonances proposed by the groups led by Höh-

ler [32] and Cutkosky [33] were confirmed in the Bonn-

Gatchina (BnGa) partial wave analysis (see project A.2

“Partial Wave Analysis”). This analysis included πN scat-

tering data but the results were largely based on the new

photoproduction data taken within the SFB/TR16 and at

other places. Thirteen resonances were observed which

were not seen in the most recent analysis based on πN elas-

tic scattering data [34]. There were six new entries in the

Table 1. New resonances found in the BnGa-PWA, resonances

for which the star rating was improved, and resonances

confirmed by the BnGa-PWA but not seen in the

GWU-Arndt’06-analysis.

RPP our RPP GWU’06

2010 analyses 2012

N(1700)3/2− *** *** *** no evidence

N(1710)1/2+ *** *** *** no evidence

N(1860)5/2+ * **

N(1875)3/2− *** *** no evidence

N(1880)1/2+ ** ** no evidence

N(1895)1/2− ** ** no evidence

N(1900)3/2+ ** *** *** no evidence

N(1990)7/2+ ** ** ** no evidence

N(2000)5/2+ ** ** ** no evidence

N(2060)5/2− *** ** no evidence

N(2150)3/2− ** ** no evidence

Δ(1900)1/2− * * ** no evidence

Δ(1920)3/2+ *** *** *** no evidence

Δ(1940)3/2− * ** ** no evidence
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Table 2. Properties of the N(1900)3/2+ resonance from the

BnGa multichannel partial wave analysis. Along with the name

of the resonance, the star rating of the Particle Data Group [16]

is given. BnGa suggested an upgrade to four stars, marked by

a �. The helicity couplings A1/2,3/2 are given in GeV− 1
2 . The

electromagnetic transition amplitudes γp, γp1/2, γp3/2 are

defined as elements of the transition matrix and dimensionless.

πN → πN stands for the elastic pole residue, 2 (πN → X)/Γ for

inelastic pole residues. They are normalized by a factor 2/Γ

with Γ = Γpole.

N(1900)3/2+ ***�

N(1900)3/2+ pole parameters

Mpole 1910±30 Γpole 280±50
A1/2 0.026±0.014 Phase (60±35)◦
A3/2 -(0.070±0.030) Phase (70±50)◦

N(1900)3/2+ transition residues phase

πN → πN 4±2 (MeV) -(10±40)◦
2 (πN → Δ(1232)πL=1)/Γ 0.07±0.04 -(65±30)◦
2 (πN → Δ(1232)πL=3)/Γ 0.10±0.05 (80±30)◦
2 (πN → Nσ)/Γ 0.03±0.02 -(110±35)◦
2 (πN → N(1520)π)/Γ 0.07±0.04 -(105±35)◦

N(1900)3/2+ photocouplings phase

(γp)1/2 → Δ(1232)πL=1 7±4 10−3 (15±30)◦
(γp)1/2 → Δ(1232)πL=3 12±6 10−3 (160±30)◦
(γp)1/2 → Nσ 3±1.5 10−3 -(30±30)◦
(γp)1/2 → N(1520)π 8±4 10−3 -(15±35)◦
(γp)3/2 → Δ(1232)πL=1 14±7 10−3 -(145±30)◦
(γp)3/2 → Δ(1232)πL=3 24±10 10−3 (15±30)◦
(γp)3/2 → Nσ 7±4 10−3 (160±35)◦
(γp)3/2 → N(1520)π 16±8 10−3 -(170±25)◦
γp → Δ(1232)πL=1 E1+ 7±4 10−3 -(150±30)◦
γp → Δ(1232)πL=3 E1+ 13±7 10−3 (5±25)◦
γp → Nσ E1+ 4±2 10−3 (155±30)◦
γp → N(1520)π E1+ 8±5 10−3 (170±25)◦
γp → Δ(1232)πL=1 M1+ 10±6 10−3 (50±30)◦
γp → Δ(1232)πL=3 M1+ 18±9 10−3 -(155±30)◦
γp → Nσ M1+ 5±3 10−3 -(10±25)◦
γp → N(1520)π M1+ 12±8 10−3 (10±25)◦

N3/2+ (1900) Breit-Wigner parameters

MBW 1910±30 ΓBW 270±50
Br(πN) 3±2% Br(Nσ) 4±3%
Br(Δ(1232)πL=1) 17±8% Br(Δ(1232)πL=3) 33±12%
Br(N(1520)π) 15±8%
A1/2

BW 0.024±0.014 A3/2
BW -0.067±0.030

Review of Particle Properties, and two resonances were

upgraded in their star-rating because of the BnGa analy-

sis. This success underlines the impact photoproduction

experiments can make in the study of baryon resonances.

Table 1 lists the impact of the new photoproduction data

on the number of observed resonances. At present, we

perform a new systematic search for missing resonances
based on the data taken up to now. The fits are performed

with five further resonances not yet included in the Review

of Particle Properties. It is unclear at present, how signif-

icant these are, if some resonances will be upgraded due

to the new study, and whether further resonances will be

required to achieve a good fit.

A further important step forward are new informations

about the properties of baryon resonances. In the recent

years, we included the reactions γp → pπ0η [43–48] and

γp → pπ0π0 [49–57] into the BnGa data base. As a result,
more than 500 resonance properties derived from these

analyses are listed in the 2016 edition of the Review of

Particle Properties [58]. Table 2 gives the properties of

N(1900)3/2+ as an example. The πN branching ratio is

rather small: this is the reason why it was not seen in [32–

34]. The sum of the observed branching ratios as given in

table 2 is 72±14%. Measured are also branching ratios for

decays into Nη (10±4%), ΛK (13±5%), and ΣK (6±3%
[39]), and into Nω (15±8% [59]). The total sum is already

more than, but compatible with, 100%, leaving little room

for decays into Nρ. These are presently under study. This

example shows the strength of a coupled channel analy-

sis: the sum of all decay branching ratios of a trustworthy

resonance must be compatible with or at least close to 1.

Not all the quantities listed in Table 2 are physically

significant. Nevertheless they demonstrate that our knowl-

edge on the spectrum of nucleon excitations has increased

very substantially.

3 The CBELSA/TAPS experiment at ELSA

3.1 Observables

Fig. 1 shows the total cross section for γp → pπ0, to-
gether with the Breit-Wigner shapes of the contributing

resonances based on RPP values for masses, widths, Nπ
decay branching ratios and helicity amplitudes. There are

clear peaks which can be assigned to photoproduction of

Δ(1232)3/2+, N(1520)3/2−, and N(1680)5/2+. But there
are more resonances which are not seen as obvious peaks:

baryon resonances are broad and overlap and, obviously,

small resonance contributions are difficult to extract from

the data. The resonances appear in different partial waves,

and these need to be separated and identified. As men-

tioned in the introduction, photoproduction is governed by
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(1232) 3/2+Δ

N(1440) 1/2+

N(1520) 3/2-

N(1535) 1/2- N(1650) 1/2-

N(1680) 5/2+

(1700) 3/2-Δ
(1950) 7/2+Δ
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Figure 1. γp → pπ0 total cross section (CBELSA/TAPS-data), also

indicated are the pure Breit-Wigner shapes of the different resonances

contributing to the reaction. The phase space dependence is not included

here and the couplings are taken from the RPP [16]. πN-P-, -D-, and

-F-wave resonances are shown in green, blue and red, respectively.
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Table 3. Observables in single pseudoscalar meson photoproduction.

Measurements of the observables marked in blue have been performed

within the SFB/TR16 for various final states with neutral mesons.

γ Target Recoil Target–Recoil

x′ y′ z′ x′ x′ z′ z′

x y z x z x z
unpol. σ 0 T 0 0 P 0 Tx′ −Lx′ Tz′ Lz′

linear -Σ H -P -G Ox′ -T Oz′ -Lz′ Tz′ -Lx′ -Tx′

circ. 0 F 0 -E Cx′ 0 Cz′ 0 0 0 0

four complex amplitudes; for an energy-independent re-

construction of the amplitudes, at least eight carefully cho-

sen observables need to be measured [60] even though still

one phase per interval in energy and angle remains unde-

termined.

Alternatively, energy-dependent fits can be made like

Bonn-Gatchina (A.2), Jülich-Bonn (B.3), or Gießen (B.7),

or multipole analyses in which the angular dependence is

exploited in the first step. Truncated multipole analyses

require measurements of a smaller number of observables

[61]; a first attempt in [62] was successful.

Table 3 shows the 16 observables which are experi-

mentally measurable. These polarization observables, or

at least 8 carefully chosen ones [60], need to be measured

over the full solid angle with high precision. This aim

defines the requirements the photon beam, the target and

the detector to study light-baryon resonances should meet:

The electron accelerator needs to deliver unpolarized or

polarized electrons with a large duty cycle from which an

intense well collimated photon beamwith no, linear, or cir-

cular polarization can be produced. Of course the energy

of the photon beam should span an energy range which al-

lows to cover the excitation spectrum. A target, with pro-

tons or “neutrons”, should be polarizable in longitudinal

(along the photon beam) or transverse direction. No polar-

ization is required to measure the differential cross section

dσ/dΩ. The beam asymmetry Σ is given by the difference

of two perpendicular settings of the linear photon polariza-

tion plane. When the target is polarized perpendicular to

the beam direction, T can be determined. If we do not con-

sider the difficult measurement of the recoil polarization,

all other observables require then both, photon and target

to be polarized. An ideal detector would measure charged

and neutral (i.e. photons) particles with high precision and

complete solid angle coverage.

For two-meson production or the production of

mesons with non-zero spin, the number of observables to

be measured is significantly higher. Additional observ-

ables become accessible using a polarized beam and/or

target. Following [63] at least 15 carefully chosen observ-

ables need to be measured for double pseudoscalar meson

photoproduction. Additional observables can be deduced

with the same kind of polarization settings as in the case

of photoproduction of one pseudoscalar meson. However,

to achieve a complete experiment in double-pseudoscalar

meson photoproduction also triple-polarization observ-

ables need to be measured. The latter are not needed in

the case of single-pseudoscaler meson photoproduction.

In Bonn, the ELectron Stretcher Accelerator

ELSA [64] with its possibility to accelerate polar-

ized electrons [66] (see contribution of project D.2

to these proceedings) and its goniometry to produce

linear photon polarization [67] fulfills the requirements

discussed. Unpolarized as well as circularly and linearly

polarized photon beams are available for the experiments.

In addition, the Bonn frozen spin polarized target [68]

makes polarized protons and “neutrons” available (see

contribution of project D.1 to these proceedings). Using

the CBELSA/TAPS experiment, the polarization observ-

ables marked in blue in Table 3 have been determined

within project A.1 for various different final states.

Depending on their cross sections, additional statistics is

often still desirable.

3.2 Detector requirements

The missing resonances were expected to decouple from

the πN-channel [69]. Obviously, it is difficult or even im-

possible to observe baryon resonances with very small or

nearly vanishing πN coupling in πN elastic and charge ex-

change scattering, or in photoproduction of single pions.

However, baryon resonances have to decay and may cou-

ple with rather different strengths to different final states.

The study of various final states, including the multi-

meson photoproduction, is necessary to gain a complete

picture of the spectrum and the properties of nucleon exci-

tations.

 [GeV]γE
0 0.5 1 1.5 2 2.5 3

b
]

μ
 [σ

1

10

210

 [GeV]s

1 1.5 2 2.5

γp→ X

γp→ pπ0

γp→ pη
γp→ pπ0π0

γp→ K+Λ γp→ pπ0η

γp→ K+Σ0

Figure 2. Total photon absorption cross section as well as total cross

sections for different final states: γp → X [58], γp → π0p [70–72],

γp → pη [73–79], γp → K+Λ [80, 81], γp → K+Σ0 [80, 81], γp →
pπ0η [45, 46, 48], γp → pπ0π0 [49–54, 57].

Figure 2 shows the inclusive total cross section for

γp → X [58], and the contributions from different final

states. At low energies, the formation of Δ(1232)3/2+

dominates photoproduction. Over a wide range, the inclu-

sive total cross section adopts a value of about 200 μb. The
γp → pπ0 cross section falls off rapidly with energy; the

peaks have been assigned to Δ(1232)3/2+, and dominantly

to N(1520)3/2−, and N(1680)5/2+ (of course also other

resonances with smaller cross section contribute to the

second and third resonance region, see also Fig. 1). The
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Figure 3. Experimental Setup of the CBELSA/TAPS Experiment.

small additional enhancement at Eγ = 1.5GeV is mostly

due to Δ(1950)7/2+. Above the threshold of the reaction,

the γp → pη cross section is dominated by formation of

N(1535)1/2−. The two reactions with open strangeness

in the final state shown (γp → K+Λ and γp → K+Σ)

have cross sections which are, at intermediate energies, in

size similar to the γp → pη cross section. The reactions

γp → π0π0p and γp → π0ηp gain importance with in-

creasing energy. A comparison of the different total cross

sections by eye already indicates that different resonances

couple with rather different strengths to the different final

states. This clearly indicates the importance of the analysis

of different final states to gain a complete understanding

of the spectrum. The large gap between the inclusive to-

tal cross sections and the cross sections for exclusive final

states is mainly due to reactions like γp → π+π−p, π+π0n,
and 3πN.

The ideal detector would hence measure the momenta

of charged and neutral final-state particles and identify

photons and neutrons, and charged pions, kaons, and pro-

tons. In practice, present-day detectors are either very well

suited for the measurements of charged or neutral decay

products. The CBELSA/TAPS detector (section 3.3) is

ideally suited to measure neutral mesons decaying into

photons. This is advantageous since background am-

plitudes like charged pion t-channel exchange or Kroll-

Rudermann-terms do not contribute. Hence the fractional

contribution of the resonant amplitudes is larger than for

reactions with charged mesons in the final state. Project

B.1 of this SFB added further final states such as e.g.

K0Σ+ [84]. The BGO-OD-experiment provides the op-

tion to measure charged particles in forward direction with

very good resolution. For further details on the BGO-

OD-experiment and its capabilities to measure charged

and neutral particles, see the contribution of project B.1

to these proceedings.

The CLAS detector at JLab is very well suited to

measure charged particles, making data on additional

final states such as e.g. K+Λ and K+Σ0 or pπ+π−-
photoproduction available [82, 83]. For K+Λ and K+Σ0

photoproduction, CLAS (Jlab) has e.g. performed not only

all measurements needed to reach a complete experiment,

but all 16 polarization observables have been measured.

In this case the self-analyzing power of the hyperon-decay

gives directly access to the polarization of the baryon in

the final state, which is of course of great advantage.

A combined analysis of these data sets in a multi-

channel PWA (see project A.2 “Partial Wave Analysis”)

is of great advantage compared to the analysis of indi-

vidual channels to extract the resonances from the data.

All data constrain the solution substantially. A similar ar-

gument holds for the photoproduction off the proton and

neutron. While the isospin-3/2-Δ-resonances are produced

with the same strength off the proton and the neutron, this

is not true for the isospin-1/2-N∗-resonances. Some N∗-
resonances might be strongly produced off the neutron but

not off the proton or vice versa. Therefore resonances,

maybe even resonances with specific symmetries in their

wave function or nature, may escape detection if only pro-

ton data are analyzed. While first neutron data have been

taken within this SFB, neutron data are still scarce. A com-

bined PWA of proton and neutron data will further con-

strain the different isospin contributions.
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3.3 The CBELSA/TAPS experiment at ELSA

Fig. 3 shows an overview of the CBELSA/TAPS exper-

iment. The experiment is located at the electron accel-

erator ELSA [64]. ELSA provides either unpolarized

or longitudinally polarized electrons with energies up to

3.5GeV (for further details see contribution of project D.2

to these proceedings). The electrons hit a radiator target

placed inside of a goniometer. Here photons are produced

via bremsstrahlung. The electrons which underwent the

bremsstrahlung process are momentum analyzed in the

tagging system. They are deflected in a magnetic field

and detected in a ladder of organic scintillator bars and

fibres. The bremsstrahlung photons hit an unpolarized or

polarized target (see contribution of project D.1 “Polarized

Target” to these proceedings), which is surrounded by a

three-layer scintillation fiber detector (513 fibers) used for

the identification of charged particles and by an electro-

magnetic calorimeter consisting of 1230 CsI(Tl)-crystals

(part of the former Crystal Barrel calorimeter used at the

Low Energy Antiprotion Ring LEAR at CERN [85]). In

the forward direction below polar angles of 30◦, two fur-

ther calorimeters, the Forward Plug (90 CsI(Tl)-crystals)

and the forward TAPS-wall (216 BaF2 crystals) are placed.

Plastic scintillators in front of the crystals allow charged

particle identification. Inbetween the Crystal Barrel and

the TAPS detector, a CO2 Cherenkov detector is placed to

suppress electromagnetic background produced in the tar-

get.

For the data discussed within these proceedings the

signals from the forward calorimeters, the fiber detector

and the tagging system were used as first-level trigger.

The Crystal Barrel calorimeter was only included in the

second-level trigger identifying the number of clusters in

the calorimeter. Presently the calorimeter readout is up-

graded to provide in future also timing and first level trig-

ger capabilities of the calorimeter as discussed in detail in

the contribution of project D.3 to these proceedings.

3.4 Polarized photon beams

The bremsstrahlungs process produces an unpolarized

photon beam with approximately a 1/Eγ intensity distri-

bution. Linear photon polarization is obtained when elec-

trons are scattered off a diamond radiator. Different set-

tings of the diamond radiator are required to maximize the

polarization in the desired energy region (see Fig. 4).

The bremstrahlungs-photons are polarized circularly

when they are produced by longitudinally polarized elec-

trons. For data with circularly polarized photons, a Møller

target is used as bremsstrahlung target to monitor the elec-

tron polarization via Møller scattering in parallel to the

data taking. The electron polarization was typically 64%;

the polarization transfer decreases with decreasing photon

energy according to [65]:

P� =
4x − x2

4 − 4x + 3x2
with x =

Eγ

Eel

. (1)
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Figure 4. Three different settings of the coherent edge in the

2008 data taking period, the shaded areas mark the energy re-

gions used in this analysis (from [86, 87]).
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Figure 5. The target polarization during the 2008 beamtime

of 40 days with positive (red) and negative (black) polarization

(from [87]).

3.5 The polarized target

Double polarization experiments have been performed us-

ing the Bonn polarized frozen spin butanol target (project

D.1) reaching typical mean polarizations of about 70-75%

during the measurements.

Since the target (C4H9OH) consists not only of hydro-

gen but is diluted by the carbon and oxygen, measurements

using a carbon foam target have been performed to deter-

mine the so-called dilution factor (d). The carbon foam

target was included in the cryostat as otherwise the bu-

tanol. To reach similar conditions the target had approx-

imately the same target area density and dimensions as

the unpolarizable components in the butanol target. Mea-

surements using a liquid hydrogen target were used for

further systematic studies. The dilution factor depends

on the kinematic variables (e.g. Eγ, θ for two-particle fi-

nal states). One example for an analysis using the C-

foam-target to determine the dilution factor is shown be-

low (Fig. 6). A corresponding dilution factor

d(Eγ, θ) =
Nbutanol − Ncarbon

Nbutanol

(2)
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needs to be determined for each specific analysis. The

obtained values of course depend on the cuts. The more

restrictive the cuts are, the higher becomes the dilution

factor. For forward going pions a smaller fraction of

protons is detected in the calorimeter. The cuts are less

restrictive, therefore more events stemming from the

bound nucleons remain and the dilution factor decreases

(Fig. 6).

4 π0, η, and η′ photoproduction

4.1 Differential cross sections and the beam
asymmetry Σ

Differential cross sections for the reactions γp → π0p
[70, 71] and γp → ηp [73, 74] have been measured at

the beginning of the SFB, followed by additional measure-

ments of γp → π0p [72] and γp → ηp and γp → η′p
[77] covering the full solid angle also in forward direc-

tion. Recently, differential cross sections and spin density

matrix elements were determined for single ω meson pho-

toproduction off the proton [88]. The reaction γp → π0ωp
was shown to be dominated by Δ(1232)ω production [89].

Measurements of the beam asymmetry were carried out

for various final states: pπ0 [90, 91], pη [67], pω [92], and

K0
sΣ

+ [84], (see also contribution of project B.1 to these

proceedings).

4.2 γp→ π0 p: The double polarization observable G

Within the SFB measurements with a linearly polarized

photon beam and a longitudinally polarized target have

been performed. The linearly polarized photons stem from

coherent bremstrahlung of electrons with an energy of

φ d
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Figure 6. Determination of the dilution factor; as an example the anal-

ysis of γp → pπ0 using a longitudinally polarized target and a circularly

polarized beam was chosen. Left: Coplanarity distribution used to de-

termine the fraction of events in the butanol data produced off bound

nucleons in carbon (oxygen), black: butanol data, red: carbon data, blue:

resulting hydrogen spectrum. The coplanarity spectrum of the carbon

data was adjusted to the butanol data outside the central peak area where

the free protons contribute. The resulting scaling factor is then used to

determine the dilution factor (right) depending on the angle [101].

-0.8 -0.4 0 0.4 0.8
-0.8

-0.4

0

0.4

0.8

-0.8 -0.4 0 0.4 0.8

-0.8

-0.4

0

0.4

0.8

-0.8

-0.4

0

0.4

0.8

-0.8

-0.4

0

0.4

0.8

-0.8

-0.4

0

0.4

0.8

Figure 7. The double-polarization observableG for every second

measured photon energy bin [87] (black dots), compared to the

PWA predictions: MAID 2007 [93] (green dotted line), SAID

CM12 [94] (red dashed-dotted line), JüBo 2013-01 [95] (blue

dashed line), and BnGa 2011-02 [42] (black solid line).

3.2GeV off an aligned diamond. The corresponding cross

section can be written as:

dσ

dΩ
(φ) =

dσ0

dΩ
·
(
1 − plinγ Σ cos(2φ) + Plin

γ pzG sin(2φ)
)
(3)

where dσ0

dΩ
is the unpolarized cross section, plinγ the de-

gree of linear polarization, pz the polarization of the target

and φ the angle between the polarization and the produc-

tion plane. Data have been taken with three settings for

the linear polarization with coherent edges at 950 MeV,

1150 MeV, 1350 MeV, the maximum linear polarization

reached was 65% at 860MeV, 59% at 1050MeV, and 55%

at 1270MeV (see Fig. 4).
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The final results for our new G data [87] are pre-

sented in Fig. 7. It shows the double-polarization observ-

able G as a function of cos θπ for photon energies from

Eγ = 617MeV to Eγ = 1325MeV. For every second en-

ergy bin, the data are shown in black with their statistical

errors; the systematic errors are given as gray histogram

on the 0-axis. Symmetry principles enforce G = 0 for

cos θπ = ±1. Data at exactly these points do not exist but

the most forward or backward data points are compatible

with a PWA-curve vanishing at cos θπ = ±1. At low pho-

ton energies, for Eγ < 900MeV, the values of G as func-

tions of cos θπ all show negative values, with a single min-

imum at negative values of cos θ. With increasing photon

energy, the distributions become more complicated, with

up to three local minima and two local maxima.
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Figure 8. The energy dependence of G [87] for four different an-

gles, compared to different solutions of the PWAs: BnGa 2014-

02 [48] (black solid line), SAID [97, 99] (red dashed-dotted line),

and JüBo [98, 99] (blue dashed line).

The new data for G are compared in Fig. 7 with pre-

dictions from different PWA models: with BnGa 2011-02

[42], MAID 2007 [93], SAID CM12 [94], and JüBo 2013-

01 [95]. The comparison reveals that at lower energies,

the MAID and BnGa analyses can describe the data well,

while for the SAID results, a deviation at cos θπ ≥ 0.4
becomes apparent. The predictions of JüBo show a sim-

ilar disagreement as SAID for the two lowest photon en-

ergy bins at Eγ = 633 and 667 MeV. The differences be-

tween the predictions of the MAID model and the data

in the medium energy region were discussed in [86] and

traced back to the multipoles E0+ and E2−. The largest de-
viations between the different models can be observed in

the higher energy bins (Eγ > 1150 MeV). These differ-

ences most likely occur since resonance contributions in

the fourth resonance region are not well known.

The new G data were included in the BnGa, JüBo, and

the SAID analyses and new fits were performed. The new

fits, BnGa 2014-02 [48] (black solid line), SAID [97] (red

dashed-dotted line), and JüBo [98] (blue dashed line), re-

produce the data reasonably well [87]. For convenience,

we show the data in Fig. 8 for four slices in cos θ as a

function of the photon energy. All PWA fits can describe

the new data very well at lower photon energies, above

Eγ > 1150 MeV the fit results start to diverge. Here more

precise data for G are needed to constrain the PWA solu-

tions.

The impact of the new data can be best seen when the

multipoles E0+, E2− and M2− exciting the dominantly con-

tributing resonances are compared; a longer paper with a

comparison of all leading multipoles has been published

recently [99]. The values of the double-polarization ob-

servable G reported in this subsection have been used to-

gether with the data on the observables E [100, 101], and

T , P, and H [102, 103]. As an example, the real and imagi-

nary parts of the E0+ multipole derived from these new fits

to the data are shown in Fig. 9 and compared with the E0+

multipole derived from the older fits. For the imaginary

part of the multipole, the spread of the solutions reduces

considerably: the new data with double-polarization ob-

servables (G, E,T, P,H) have a decisive influence on the

resulting multipoles. For the real part, some reduction in

the spread is observed even though much less pronounced.

Certainly, more precise polarization data and further anal-

yses are both required before the remaining discrepancies

are resolved.

These new data had a decisive impact on the π-photo-
production multipoles. When these data and other new

data were included in the partial-wave analyses Bonn-

Gatchina and SAID and in the dynamical coupled-channel

approach Jülich-Bonn, the mutual agreement was im-

proved considerably [99].

4.3 γp→ π0 p: The double polarization observable E

The helicity asymmetry E requires circularly polarized

photons and longitudinally polarized protons. It can be

determined as

E =
N1/2 − N3/2

N1/2 + N3/2
· 1

d
· 1

p�pT
(4)

where N1/2 and N3/2 are the number of events observed

with photon and target polarization in opposite or paral-

lel directions, normalized to the same number of incident

photons. d is the dilution factor (see Fig. 6), p�, and pT are

the polarization degrees of the circularly polarized photon

beam and the target, respectively.

Figure 10 (left) shows the total cross section for γp →
π0p [100] in comparison to some PWA fits. The total cross

section is well described by all three models. Also shown

are the contributions from anti-parallel (σ1/2) and paral-

lel (σ3/2) spin settings of photon and proton. It becomes

directly obvious by eye, that the resonant contributions to

both cross sections are rather different. σ3/2 shows a clear

peaking structure not only in the second but also in the
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Figure 10. Left: The total cross section σ0 [71] plotted together with its two helicity components as a function of Eγ. The error bars

give the statistical errors, the systematic errors are shown as a dark gray band. σ1/2 (center) and σ3/2 (right) for γp → pπ0, PWA

predictions: black solid curve: BnGa2011-02, blue solid curve: MAID, red solid curve: CM12, red dashed curve: SN11. For further

details see [100, 101].

-6

-4

-2

0

2

1200 1600 2000 2400
0

4

8

12

1200 1600 2000 2400

Figure 9. The real and imaginary part of the multipole E0+,

before the new data were included (left) and after (right), de-

termined by the BnGa PWA (2011-02 [42] resp. 2014-2 [48]:

black solid line), the SAID (CM12 [94] resp. new fit [97]: red

dashed-dotted line), the JüBo model (2015-B [95] resp. new fit

[98]: blue dashed line) and the MAID model (green dotted line)

[93]. The dashed lines mark the region covered by the observable

G. Additionally, the positions of the resonances N(1535)1/2−,
N(1650)1/2− and Δ(1620)1/2−, which contribute to the E0+ mul-

tipole, are marked with arrows.

third and fourth resonance region, σ1/2 shows only a peak

in the second resonance region while only a shoulder in

the third and no peaking structure at all is observed in the

fourth resonance region. Significant differences are seen

when the partial wave analysis predictions are compared

to σ1/2 and σ3/2 separately (see Fig. 10, center and right).

Even at low energies where one might have expected that

everything is well understood based on the existing photo-

production and πN-elastic scattering data large discrepan-

cies occur. They become even more obvious if the predic-
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Figure 11. The helicity asymmetry E as a function of cos θπ
for selected Eγ bins. PWA predictions: black dashed curve:

BnGa2011-02, blue solid curve: MAID, red solid curve: CM12,

red dashed curve: SN11. Fit to the data points (BnGa2011-02E):

black solid curve. Figures taken from [100].

tions are compared to the double-polarization observable

E as function of cos(θπ
0

CMS
) (see Fig. 11). None of the par-

tial wave analyses predicted the data precisely. A BnGa

refit included these data and gave reasonable consistency

between data and fit curve.

The data were included in the multi-channel BnGa-

PWA and were the basis for a precise determination of

the helicity amplitudes of several baryon resonances. To-

gether with our data on G, T , P and H, these data led to

a determination of the N(1520)3/2− helicity amplitudes
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from an energy-independent multipole analysis [102] and

to a significantly better determination of the contributing

multipole amplitudes (see Fig. 18 in the contribution of

project A.2 “Partial Wave Analysis” to these proceedings).

Averaged over all multipoles and energies the error bands

of the multipoles reduced by a factor 2.25. This demon-

strates the value of the new polarization data taken with

the CBELSA/TAPS-experiment at ELSA with polarized

photon beams and polarized targets in an impressive way.

4.4 γp→ π0 p: The polarization observables T, P, H

The observables T , P, and H can be measured simultane-

ously when data with a transversely polarized target and

a linearly polarized photon beam are taken. The measure-

ments [102, 103] were performed using two orthogonal

settings of the polarization plane (‖ and ⊥). The polariza-
tion reached its maximum of pγ = 65% at 850 MeV and

dropped down to 40% at 700MeV. The mean target-proton

polarization reached was pT ≈ 75%. Data were taken with

two opposite settings of the target polarization direction (↓
and ↑). In that case, the azimuthal distribution of events is

given by

N(φ)

N0

= 1 − pγΣeff cos(2φ) + d pT T sin(φ − α)
− d pT pγP cos(2φ) sin(φ − α)
+ d pT pγH sin(2φ) cos(φ − α), (5)

where α is the azimuthal angle between the target polar-

ization vector and the photon polarization plane. T , P,
and H are determined, for each (Eγ, cos θπ0 ) bin, by fits to

the measured azimuthal distribution of events. T is deter-

mined from a fit to the azimuthal yield asymmetry:

ΔN(φ) T =
1

d · pT ·
N↑ − N↓
N↑ + N↓

= T · sin(β − φ) (6)

A typical example for such a fit is shown in Fig. 13, left

panel. P and H are extracted from data where not only the

target polarization is changed but also the photon polariza-

tion plane from ‖ to ⊥, using the equation:

ΔN(φ)BT =
1

d · pγpT ·
(N⊥↑ − N⊥↓) − (N‖↑ − N‖↓)
(N⊥↑ + N⊥↓) + (N‖↑ + N‖↓)

= P sin(β−φ) cos(2(α−φ))−H cos(β−φ) sin(2(α−φ)) (7)
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Figure 13. Event yield asymmetry as a function of φ, left:

ΔN(φ)T, right: ΔN(φ)BT, fitted by the functions given in eqs. (6)

and (7), respectively. Shown is the energy bin W = 1.524 –

1.542 GeV as example [103].

The observables P and H are determined by a fit to the

ΔN(φ)BT distributions (see Fig. 13, right as example). The

polarization observables T , P, and H are shown in Fig. ref-

pic:tph for selected bins. The lower energy data (up toW =

1620 MeV) were used as basis for an energy-independent

trucated partial wave analysis in sliced energy bins (see the

discussion in project A.2 “Partial Wave Analysis” and in

[102]). In addition to the data on T , P, and H, differential

cross section data (e.g. [71]), data on Σ [90, 91, 96], G [86]

and on E [100] were included for this reaction, making in

total seven observables available for the PWA. It should

be mentioned that this was the first time that the available

data allowed for an energy-independent reconstruction of

multipoles in the energy range covering the second reso-

nance region of N(1520)3/2− and N(1535)1/2−. Based on
this analysis, the helicity amplitudes of N(1520)3/2− were
deduced with minimal model assumptions [102]. The re-

sult is inconsistent at the level of more than 2σ with older

(model-dependent) determinations and supports those of

the BnGa PWA.

4.5 γp→ pπ0: An expansion into partial waves

It is desirable to have simple methods that help to infer

some of the physics contained in newly measured polar-

ization data, without having to do a full energy-dependent

partial wave analysis (see project A.2 “Partial Wave Anal-

ysis”). The ansatz described here is capable of giving a

good estimate of the maximal angular momentum content

Lmax needed to describe a given data set in any kind of par-

tial wave analysis. More details on the method, as well as

its application to a wide array of polarization data, will be

published in a forthcoming paper [105].

The model-independent decomposition of the full T -
matrix of pseudoscalar meson photoproduction into, for

instance, four CGLN [107] spin-amplitudes Fi and the ex-

pansion of these amplitudes into electric (E�±) and mag-

netic (M�±) multipoles is well-known. In single-meson

photoproduction, 16 polarization observables (including

the unpolarized cross section) are measurable (see Ta-

ble 3). In case the multipole expansion is combined with

a consistent definition of the 16 polarization observables

in terms of CGLN-amplitudes [108], one arrives at a poly-

nomial parametrization for the angular distributions of the

profile functions. Here for example, the parametrization is

given for the profile function Ť of the target asymmetry T

Ť (W, θ) = T ·
(

dσ
dΩ

)
0

= ρ

2Lmax∑
n=1

(
aLmax

)Ť
n (W) P1

n (cos θ) . (8)

The phase-space factor ρ := q/k was defined, with k and q
being the moduli of the CMS-three-momenta of the initial

photon and final state meson. Finally, P1
n are the associated

Legendre polynomials [109], Pm
n with m = 1. It has to be

noted, that the upper index m depends on the parametrized

observable. For the profile functions Ě and Ǧ, for instance,
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Figure 12. Few selected bins for the polarization observables T , P, and H for the reaction γp → pπ0 as function of the γp invariant

mass W (in GeV) and of the scattering angle cos θ. The systematic error is shown as dark gray band. An additional systematic error on

the photon energy which reaches from σ
sys

Eγ
=6.5 MeV at the lowest to 2.3 MeV at the highest energy bin plotted is not shown. The low

energy data were presented in [102, 103]. Earlier data (red triangles) are from [104]. The solid line represents our best fit (BnGa2014).

The data are compared to predictions (dashed curves) from BnGa2011-02 (black), MAID (light green), and SAID CM12 (blue).

the precise form of the parametrization similar to (8) reads

Ě (W, θ) = ρ

2Lmax∑
n=0

(
aLmax

)Ě
n (W) P0

n (cos θ) , (9)

Ǧ (W, θ) = ρ

2Lmax∑
n=2

(
aLmax

)Ǧ
n (W) P2

n (cos θ) . (10)

The Legendre coefficients aLmax
are themselves bilinear

Hermitian forms in the multipoles. In case of Ť , one can
express the Legendre coefficients as

(
aLmax

)Ť
n (W) =

〈MLmax
(W)
∣∣∣CŤ

n

∣∣∣MLmax
(W)
〉
, (11)

defined by certain (calculable) matrices CŤ
n of dimension

4 Lmax × 4 Lmax and the multipolesMLmax
[105]. The mul-

tipoles are here written as the 4Lmax-dimensional complex

vector

∣∣∣MLmax

〉
=
[
E0+, E1+,M1+,M1−, E2+, E2−,M2+,M2−,

. . . , ELmax+, ELmax−,MLmax+,MLmax−
]T
, (12)

which is defined for any Lmax ≥ 1. The maximal partial

wave content needed to describe an observable can now be

deduced. One usually starts at Lmax = 1, performs a sim-

ple χ2-test for a fit to the data with a parametrization such

as (8). The angular momentum Lmax is increased in case

the test is not passed, i.e. until χ2/ndf  1 is fulfilled. This

procedure is continued up to the lowest order Lmax where

the χ2-test suggests a good fit. Then, this method directly

returns an estimate for the maximal angular momentum

content needed. Interesting phenomena can be seen draw-

ing the χ2/ndf of each fitted order Lmax ≥ 1 against the

center-of-mass energy W. Such plots are shown in Figs.

14, 15, and 16 for G [86, 87], E [101], and T [102, 103].

For specific truncation orders, bumps can be observed in

the χ2-plots within certain energy regions. These bumps

can be cautiously attributed to well-known resonances (see

Fig. 1). For more details, see reference [105].

The evaluation of the matrices defining bilinears such

as (11), which are calculable, opens the door to the com-

parison of the fitted Legendre coefficients to energy de-

pendent partial wave analysis models. In this case here,

the Bonn-Gatchina solution BnGa 2014-02 was chosen
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(see project A.2). Then, the aLmax
evaluated from model-

multipoles up to a certain order can be plotted in compar-

ison to the fitted values. This has been done for the G-

observable in Figure 16. Then, the Legendre coefficients

can help us to learn about the influence of the contributing

multipoles, at least in the context of the employed model.

The χ2-plot in Fig. 14 suggests a good description us-

ing D-waves for energies below W = 1600MeV for T ,
E, and G. For higher energies, all the χ2-plots consistently
enforce at least F-waves, since χ2/ndf becomes larger than

1 for the Lmax = 2-fit. This behavior is well-reflected

in the coefficient plot for (a3)
Ǧ
2 . However, the F-waves

from Bonn-Gatchina are needed to reproduce (a3)Ǧ3 for all

energies and therefore in particular also in the lower en-

ergy region. This is an example of an interference phe-

nomenon. There can be interferences between dominant

lower and even small higher partial waves, taking place

in the lower Legendre coefficients, to which the simple

method described here is insensitive.

An important lesson learned from model comparisons

such as these is the fact that the data needs to be precise

enough to be able to detect also the interferences of large

resonant multipoles with small background partial waves.

Quite generally, Legendre coefficients are well suited for

model comparisons, since here effects can become appar-

ent which are practically invisible if one compares just the

angular distributions of the data to a model. Apart from

the above-mentioned model-comparison, the investigation

of Legendre coefficients is also useful for the compari-

son of different data sets. In particular, the size and in-

fluence of different systematic effects in the data can be-

come more visible. As an outlook, in the case the data

shall be processed further in a truncated partial wave anal-

ysis (TPWA), one can get a first good idea about the cutoff

Lmax from in this kind of analysis.

4.6 γp→ ηp: The polarization observables E, G, T,
P, H

New single and double polarization observables were also

determined for γp → pη [110]. The observables E [111],

G [112], T, P, and H [113] have been measured with the

CBELSA/TAPS experiment. Data on T and F [114] were

obtained in Mainz, and data on E have recently been pub-

lished by CLAS [115]. The latter data are consistent with

our CBELSA/TAPS-data but are not yet included in the

BnGa-PWA.

A few bins of the newly measured double polariza-

tion observables are shown in Figs. 17-19 for E, T , P,
H, and G, together with the predictions from different

PWAs. None of the predictions comes even close to the

data, even though they do describe all the so far existing

η-photoproduction data (dσ/dΩ, Σ) reasonably well. This

clearly shows that the amplitudes for η-photoproduction
were even worse constrained by existing data than for π0-
photoproduction. Of course this was to be expected since

πN-elastic scattering provides already significant informa-

tion on the πN coupling of resonances, while data of com-

parable accuracy is missing for the ηN-final state. Data on

πN → ηN are scarce.
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Figure 17. CBELSA/TAPS data on the polarization observable

E (only selected bins shown) for γp → pη (black) plotted to-

gether with the respective data from CLAS [115] (blue, open cir-

cles) and the predictions from MAID (green), SAID (blue, dot-

ted), JüBo2015 (2015-3) (cyan, dashed (solid)), and BnGa2011-

01(02) (red, solid (dashed)). New BnGa-Fits are shown in black:

with (solid) and without (dashed) a new 5/2−-state at 2200MeV

included.

1.513 < W < 1.531 1.553 < W < 1.574 1.594 < W < 1.622

1.660 < W < 1.716 1.768 < W < 1.823 1.875 < W < 1.945
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Figure 18. CBELSA/TAPS data on the polarization observable

T (only selected bins shown) for γp → pη (black) plotted to-

gether with the respective data from MAMI [114] (blue, open

circles). For an explanation of the curves see Fig.17.

The new polarization data on E, T , P, H, G, F (ex-

cept those from [115]) were included into the BnGa-PWA.

Some of the results are presented in Table 4. Further re-

sults on other resonances are given in [110]. The Nη-
branching ratio found in this new PWA reduces the large

and controversially discussed difference in Nη-branching
ratios of the N(1535)1/2− and the N(1650)1/2− signifi-

cantly. The unexpectedly large Nη-branching ratio dif-

ference observed before had led to a large number of

very different explanations. Isgur and Karl [12] explained

the observed difference in the pη-coupling by mixing of

     
  

DOI: 10.1051/, 02001 (2017) 713402001EPJ Web of Conferences epjconf/201134

Subnuclear Structure of Matter: Achievements and Challenges

13



1.513 < W < 1.531 1.553 < W < 1.574 1.594 < W < 1.622

0.5−

0

0.5

1

P

1− 0.5− 0 0.5 0.5− 0 0.5 0.5− 0 0.5 1

ηθcos 

1.513 < W < 1.531 1.553 < W < 1.574 1.594 < W < 1.622

1−

0.5−

0

0.5

1

H

1− 0.5− 0 0.5 0.5− 0 0.5 0.5− 0 0.5 1

ηθcos 

1.543 < W < 1.603 1.660 < W < 1.716 1.770 < W < 1.822

0.5−

0

0.5

G

1− 0.5− 0 0.5 0.5− 0 0.5 0.5− 0 0.5 1

ηθcos 

Figure 19. CBELSA/TAPS data on the polarization observable

P (top), H (middle), and G (bottom) for γp → pη (only selected

bins shown). For an explanation of the curves see Fig.17.

the two quark-model states with defined total quark spin

S = 1/2 and S = 3/2; Kaiser, Siegel and Weise [116] and

Mai, Bruns, and Meißner [117] generated N(1535)1/2−
dynamically (see also project B.3 “Chiral dynamics with

(non)strange quarks”). In [116] it is interpreted it as

quasi-bound KΣ-KΛ-state decaying strongly into Nη due

to coupled channel effects; Zou [118] assigned a large pen-

taquark component to the N(1535)1/2− wave function.

The new result seems to be at variance with these ex-

planations. The branching ratios given in Table 4 are de-

rived based on the pole position properties of the reso-

nances (for more details see contribution of project A.2 to

these proceedings and [110]). One interesting observation

to note, is that the K-matrix-coupling to pη at the lower

Table 4. Branching ratios BR for N∗ → Nη decays and the
photon helicity amplitudes A1/2, A3/2 for 4 of the contributing

nucleon resonances, derived from their properties at the pole

position. The helicity amplitudes are given in units of GeV−1/2

(taken from [110]). Small numbers below the BRs or below the

helicity amplitudes give either the RPP [58] estimate or the

entries reported in [42].

Res. BR(N∗ → Nη) Res. BR(N∗ → Nη)
A1/2 A3/2 A1/2 A3/2

N(1535) 0.42±0.04 N(1710) 0.25±0.09
1/2− 0.42±0.10 1/2+ 0.10 - 0.30

0.093±0.009 - 0.040±0.020 -
0.115±0.015 - 0.035±0.012 -

N(1650) 0.32±0.04 N(1720) 0.03±0.02
1/2− 0.05 - 0.15 3/2+ 0.021±0.014

0.032±0.006 - 0.115±0.045 0.135±0.040
0.045±0.010 - 0.100±0.020 0.150±0.030

mass K-matrix pole is large while the one at the higher

mass (close to 1650 MeV) is almost negligible.

An improved description of the new data on T and E
is reached if a further high mass N(2200)5/2− is included

in the fits (see Figs. 17 and 18). Since no convincing ev-

idence for the state was observed in the other reactions

one must consider this new resonance with some caution.

Of course one would like to see the results of the BnGa-

PWA confirmed by other analyses including the new data.

Such an analysis is for instance planned within the JüBo

approach.

5 Photoproduction of meson pairs

5.1 Differential cross section and measurements
with linearly polarized beam

Data on the reactions γp → pπ0π0 and γp → pπ0η
were acquired in different run periods with unpolarized

(985,000 pπ0π0 and 145,000 pπ0η events) and with lin-

early polarized photons (620,000 / 105,500 events). Fig-

ure 20 shows two Dalitz plots for two-pion production, for

1500 < Eγ < 1700MeV and for 1800 < Eγ < 2200MeV.

Prominent structures in the distributions can be seen: at the

lower photon energy, Δ(1232) and N(1520)3/2− are pro-

duced as intermediate isobar in a sequential decay chain.

At the higher photon energy, N(1680)5/2+ shows up in ad-
dition. In the reaction γp → pπ0η, N(1535)1/2− is seen

above the pη threshold (see Fig. 21). With increasing pho-

ton energy, the Δ(1232)η isobar can be observed as well as
contributions from pa0(980).

5.2 �γp→ pπ0η: First measurement of the polariza-
tion observables Is and Ic in photoproduction of
two mesons

Using linear photon polarization, new observables show
up, called Is and Ic, which have been determined for the
first time in [47]. Before [47] two-meson photoproduc-
tion using linearly polarized photons has been treated in
a quasi two-body approach only resulting in the extraction
of the beam asymmetry Σ [45, 51, 119] known from single-
meson photoproduction. In fact, however, three-body final
states like pπ0η or pπ0π0 yield additional degrees of free-
dom, reflected in a different set of polarization observables
[63], which can be accessed in a full three-body approach.
The cross-section for the photoproduction of pairs of pseu-
doscalar mesons, disregarding target- and recoil polariza-
tion, is given by:

dσ

dΩ
=

dσ0

dΩ

[
1 + δ�I�(φ∗) + δl (Ic(φ∗) cos 2φ + Is(φ∗) sin 2φ)

]
.

Here dσ0

dΩ
denotes the unpolarized cross-section and δ� (δl)

the degree of circular (linear) polarization. The polariza-

tion observables Is, Ic, and I� emerge as the amplitudes of

the respective modulations of the azimuthal distributions

of the final state particles (Fig. 22, right). These occur if

the non-coplanar kinematics of the reaction is considered

by taking into account the angle φ∗ between the reaction

plane (spanned by the incoming photon and one recoiling

particle) and the decay plane (comprising all three final
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Figure 21. Dalitz plots M2(pη) versus M2(π0η) for the incoming photon energy ranges 1000 ± 100MeV to 2400 ± 100MeV.

state particles) (Fig. 22, left). If intergrated over φ∗, Is and

I� vanish, while Ic transfers into the beam asymmetry Σ,

well known for two-particle final states.

The full three-body approach with linearly polarized

photons was applied for the first time for the reaction

γp → pπ0η [47, 48]. This reaction allows us to study high-
lying Δ-resonances via their isospin-selective Δ(1232)η
decay. Δ(1700)3/2− and Δ(1940)3/2− were thus iden-

tified. The latter observation led to an upgrade of the

Δ(1940)3/2− resonance from a one-star to a two-star res-

onance in the RPP [14]. In addition, the couplings of res-

onances to pa0(980) were investigated. Evidence for the

corresponding intermediate states is seen in Fig. 23, top.

Also the N(1535)1/2−π intermediate state was observed.

-100 0 100
1400

1600

1800

2000

]°[φ

Figure 22. Left: Definition of the relevant angles in a three-body final

state. Right: Example for a measured φ-distribution for a limited φ∗-
range (γp → pπ0π0, 970MeV< Eγ < 1200MeV, φ∗ : 18 − 36◦). Here,
both the cos2φ- as well as the sin2φ-modulation (as a phase-shift) of the

cross-section are visible.

Examples for the extracted asymmetries Is and Ic

are shown in Fig. 23 (bottom). The data on Is and Ic
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are compared to three theoretical models, to an early

BnGa-PWA [43, 44], to the analysis by Fix et al. [120,

121], neglecting pa0-couplings and assuming Δ(1232)η
dominance in most resonance decays, and Döring et

al. [122], describing the reaction by the excitation of the

Δ(1700)3/2− resonance, which in this model is dynami-

cally generated. Close to threshold all models are able to

reproduce the observables reasonably well. In the higher-

energy region, shown in Fig. 23 (bottom), only the BnGa-

PWA, including Δ(1232)η, p a0(980) and N(1535)1/2− π
decays (as well as excited isospin I=1/2 states) gives a rea-
sonable description of the data. This demonstrates the high

sensitivity of the observables Is and Ic to the contributing

resonances and their decays.

5.3 �γp→ pπ0π0: Is and Ic in 2π0-photoproduction

Also in the photoproduction of two neutral pions, the ob-

servables Is and Ic exhibit a high sensitivity to the reaction

dynamics. Fig. 24 (top) shows the Dalitz plot for the reac-

tion exhibiting various intermediate resonant structures.

In the analysis of our data on γp → pπ0π0 [53, 54]

with no photon polarization two equally good descrip-

tions of the data were obtained within the BnGa-PWA.

One solution yielded S -wave dominance in the decay
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Figure 23. Top: m2(pπ0)-m2(π0η) Dalitz plot for Eγ = 2150±50 MeV.

Marked are the signatures of the Δ(1232)3/2+ and the scalar meson

a0(980), additionally, the signal for the N(1535)1/2− is visible in the

diagonal. Bottom: Exemplary distributions for the observables Is and Ic

(W=1946±48 MeV), extracted from the φ-distributions of the final state
η-meson. Solid (black) curve: BnGa-PWA [43, 44], long-dashed (green)

curve: Fix et al. [120, 121], short-dashed (red) curve: Döring et al. [122].

Δ(1700)3/2− → Δπ, one preferred D-wave. Both solu-

tions are shown in Fig. 24, bottom, as dashed and solid

curves, respectively. The sensitivity of these observables

to the two decay modes is clearly visible. Additionally, a

prediction by Arenhövel et al. [123] is shown (red line),

assuming N(1520)3/2− (and not Δ(1700)3/2−) to be the

dominant isobar to the reaction, and assuming Δπ to be the
dominant decay mode of resonances. These assumptions

are distinctively dismissed by the data.

The importance of N(1520)3/2− as an intermediate

resonance in cascade decays of higher-lying resonances

is demonstrated in Fig. 25. The Dalitz plot is shown for

1300 < Eγ < 1650MeV which covers the invariant mass

range from 1820 to 2000MeV. For this mass range, Is and

Ic have been extracted from the data for two different re-

gions, I and II, of the Dalitz plot, as denoted by the lines.

In the region where Δ(1232)3/2+ dominates the interme-

diate state, the Is and Ic show little to no amplitude (see

the upper row of the four subfigures in Fig. 25). In re-

gion II where the cascade N∗ → N(1520)π0 → pπ0π0

makes a significant contribution, Is and Ic show a sig-

nificant structure (see the lower row of the four subfig-

ures in Fig. 25). The latter four distributions can be fitted

with very simple assumptions. A resonance in one ini-

tial partial wave with defined JP is assumed to decay via
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Figure 24. Top: Dalitz plot for the reaction γp→pπ0π0, exhibit-

ing a rich spectrum of intermediate resonance structures (Eγ= 2000-

2100 MeV). Bottom: Exemplary distributions for the observables Is and

Ic (Eγ=970-1200 MeV), extracted from the φ-distributions of the final

state proton. Solid (black) curve: BnGa-PWA [53, 54] with D-wave

dominance Δ(1700)3/2− → Δπ, dashed: BnGa-PWA with S -wave dom-

inance Δ(1700)3/2− → Δπ, solid, (red): Arenhövel et al. [123].
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a cascade N∗ → N+(1520)π0 → pπ0π0. It turns out that

fits with JP = 1/2+, 5/2+ and 7/2+ give a bad descrip-

tion while a fit with JP = 3/2+ yields a good descrip-

tion of the data. In the W≈ 1900MeV region, the cascade

N∗ → N(1520)π0 → pπ0π0 is dominated by the JP = 3/2+

partial wave (see Fig. 6 in the contribution of project A.2

to these proceedings and [56] for a detailed discussion).

These observations made directly from the data are

confirmed by the BnGa multi-channel partial wave anal-

ysis (project A.2) which includes a large number of pion

and photo-induced reactions in addition to the data pre-

sented here. The result of a mass scan in which a single

Breit-Wigner amplitude with JP = 3/2+ is added above

N(1720)3/2+ to the set of amplitudes is shown in Fig. 26.

The mass of the added JP = 3/2+-state is fixed while all

other parameters are fitted freely. The χ2-difference, nor-
malized to the minimal χ2 of the fit, shows a clear mini-

mum in the respective mass range. The same is true if the

χ2-change only due to the γp → pπ0π0-reaction is looked

at.

The BnGa-PWA provides additionally indications for

the existence of a second resonance around 1900 MeV in

the 3/2+ wave beyond the known N(1900)3/2+ [56] even

though the fit to the data with N(1900)3/2+ only is also

acceptable.
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Figure 25. Top: Kinematic regions in the Dalitz plot used to study the

reaction dynamics (Eγ=1300-1650 MeV). The phase space is divided

into two regions I and II. In region II the Δ(1232) contribution is sup-

pressed and the N(1520)3/2− contribution enhanced. Bottom: Is
p, Ic

p, Is
π,

and Ic
π as functions of φ

∗ for 1300 < Eγ < 1650MeV. The subfigures on

the first (second) row show the distributions for events in region I (II) of

the Dalitz plot. Dots: Is, Ic; open circles: derived from symmetry; yellow

band: syst. uncertainties. The solid curve represents a two-parameter fit

assuming JP = 3/2+ as initial partial wave (Figures taken from [56]).

Figure 26. Mass scan for a resonance with JP = 3/2+. Shown is

the χ2-change of the BnGa fit as a function of the imposed mass. In

the mass scan, a Breit–Wigner amplitude with JP = 3/2+ is added above

N(1720)3/2+; its mass is fixed while all other parameters are fitted freely.

The curves are included to guide the eye. The open circles give the total

change in χ2, normalized to the minimal χ2. The black circles represent

the χ2-contribution from pπ0π0; it is multiplied by a factor 10 for better

visibility. The γp → pπ0π0 data are fitted by an event-based likelihood

fit; the likelihood converted into a pseudo-χ2 by Δ(lnL) = 2Δχ2. (Figure
taken from [57]).

The partial wave analysis (within the Bonn-Gatchina

approach) of the multi-meson data yields a large num-

ber of branching ratios of resonances into Δπ, Δη,
N(ππ)S , N(1440)1/2+, N(1520)3/2−, N(1535)1/2−, and
N(1680)5/2+. Many of these branching ratios have been

determined for the first time. Decays of Δ(1910)1/2+,
Δ(1920)3/2+, Δ(1905)5/2+, Δ(1950)7/2+ into Δ(1232)π
and of the corresponding spin-parity series in the nu-

cleon sector, N(1880)1/2+, N(1900)3/2+, N(2000)5/2+,
and N(1990)7/2+ are observed. For the nucleon reso-

nances, these decay modes were reported for the first time.

Further new decay modes proceed via N(1520)3/2−π,
N(1535)3/2−π, N(1680)5/2+π, and Nσ. The latter decay
modes are observed in the decay of N∗ resonances, in Δ∗
decays, however, at most weakly. In [55, 56] it is argued

that these decay modes provide evidence for a 3-quark na-

ture of N∗ resonances rather than a quark-diquark struc-

ture (for further explanations see also the contribution of

project A.2 to these proceedings).

6 Photoproduction off neutrons

6.1 Study of a narrow peak in the nη mass
distribution

A narrow dip-bump structure at 1.67GeV was observed in

photoproduction of η mesons off neutrons [124]. It is dis-

cussed in more detail in the contribution off project A.2

“Partial Wave Analysis” to these proceedings. The peak-

ing structure was observed in the nη invariant mass distri-

bution but not seen in the cross section on the proton. The

structure was suggested to signal the existence of a rela-

tively narrow (M ≈ 1.68GeV, Γ ≤ 30MeV) baryon state.

The CBELSA/TAPS collaboration studied the reaction

γd → η n pspectator and confirmed the structure [125] in

the n η invariant mass while no similar structure was ob-

served in the n η′ mass distribution [126]. The structure

became even more pronounced when the recoiling neu-

tron was detected and effects from Fermi smearing were

avoided [127]. In 2012, the structure was listed in the RPP
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as one-star resonance. At Mainz, the structure was studied

with high statistics and again confirmed [128, 129]. The

peak is discussed controversially in the literature, and dif-

ferent interpretations were given [130–136]. So far, the

most recent and most precise data [128, 129] were only

fitted in [136]. The latter fit gave a nearly perfect descrip-

tion of the data assuming that the structure emerges from

the interference of N(1535)1/2− and N(1650)1/2− within

the 1/2−-partial wave. The fit deteriorated when in the fit a
resonance was imposed with properties as suggested in the

experimental studies. In 2016, the PDG decided to remove

N(1685) from the listings.

6.2 Helicity amplitudes off neutrons

Data on photoproduction off neutrons provide for the

respective γn-helicity amplitudes. To obtain sufficient

information, all existing data on γn were included in the

BnGa partial wave analysis [135]. The fit was further

constrained by the data photoproduction off protons.

Recently, CLAS reported new and very precise data on

γn → K0Λ; the new data allowed for a new determination

of the helicity amplitudes for photoproduction of neutrons

[137].

7 Recent results

In this section we present results which are based on data

taken during the SFB which are not yet published or sub-

mitted for publication and which partly are still prelimi-

nary.

7.1 γp→ pπ0π0: The polarization observables
T, P, H

The data taken with transversely polarized target (see Sec-

tion 4.4 and 4.6) were also analyzed to investigate the re-

action γp → π0π0 p → 4γ p [139]. The four photons

were combined pair-wise to form the pions. The result-

ing invariant mass spectrum is shown in Fig. 27 where the

mass of one photon pair is plotted against the other. Peaks

due to the double pion final state as well as the π0η final

state are clearly visible. The shown spectrum still con-

tains combinatorical background which can be eliminated

nearly completely by employing a kinematic fit using the

masses of the final state particles as constraints. The back-

ground contamination in the final data set is in the order

of 1.5%. The dilution factor has been determined again

by analyzing the C-foam-target data as described in Sec-

tion 3.5.

Taking the full 3-body-kinematics of the pπ0π0 final

state into account additional polarization observables, not

present for two-body final states, arise. Considering only

linearly polarized photons and transversely polarized tar-
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Figure 27. Invariant mass of one photon pair plottet versus the

invariant mass of the other. Combinatorical background (which

can be eliminated) is still included here.

get protons, the differential cross section is given by [63]

dσ

dΩ
=

dσ0

dΩ
·
{ [
1 + ΛxPx + ΛyPy

]
+ δ� · sin(2φ)·

[
Is + ΛxPs

x + ΛyP
s
y

]
+ δ� · cos(2φ)·

[
Ic + ΛxPc

x + ΛyP
c
y

] }
(13)

with the degree of linear polarization δ� and the target po-

larization degree parallel (perpendicular) to the reaction

plane Λx (Λy). After integration over φ∗, the polarization

observables Py, Pc
y and Ps

x correspond to the observables

T, P, and H in photoproduction of single pseudoscalar

mesons (Fig. 22, left).

As an example, the target asymmetry Py is shown in

Fig. 28 as a function of the angle φ∗. Here only every

second energy bin is shown. The PWA predictions from

the BnGa group show significant discrepancies to the data:

The data shows a much more pronounced φ∗-dependence
than the BnGa’2014-predictions. Results for the double

polarization observables P and H are shown in Fig. 29 as

functions of the invariant mass of the two pions. The PWA

predictions completely fail to describe the data indicating

again that double pion photoproduction is not yet fully un-

derstood.

Unlike the single meson photoproduction where there

are only two kinematic variables (e.g. Eγ, cosϑ), a three

body final state like pπ0π0 has a five-dimensional phase

space. For a complete experiment the polarization observ-

ables need to be determined at every (5-dimensional) kine-

matic point. Therefore, it is important to determine the

observables multi-dimensional. Fig. 30 shows the target

asymmetry Py for one energy bin simultaneously binned

in cosϑ,mpπ0 and φ
∗. The observable clearly shows quite

a different behavior in different kinematic regions. Ob-

viously the integrated target asymmetry shown in Fig. 28

carries only a part of the full information. In Fig. 28, all

data shown in Fig. 30 are contained in the third energy bin

of Fig. 28 (and the two bins adjacent in energy which are

not shown). The data ist presently included in the PWA
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Figure 28. Target asymmetry Py as a function of φ∗ (black

dots). The open symbols are calculated from the symmetry prop-

erty Py(2π − φ∗) = Py(φ
∗). Red solid line: predictions from

BnGa’2014-02, red dashed line: BnGa’2014-01.
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Figure 29. Double polarization observables P and H as a

function of the double pion invariant mass. Predictions from

BnGa’2014-02 (red solid line) and BnGa’2014-01 (red dashed)

fail to describe the data.
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Figure 30. Four-dimensional determination of the target asym-

metry Py: Shown is the energy bin 800-950MeV, within one row

only cosϑ is varied, within one column only mpπ0 and φ∗ is on
the x-axis of the individual histograms. The open symbols are

calculated from the symmetry property Py(2π − φ∗) = Py(φ
∗).

and one can expect that it will help to constrain the p 2π0-
decays of N∗ and Δ∗-resonances more precisely.

7.2 γp→ pπ0π0: The beam asymmetry Σ at high
energies

In the fall of 2013, a large-statistics data set with a linearly

polarized photon beam impinging on an unpolarized liquid

hydrogen (LH2) target was taken. The coherent edge was

placed at remarkably high beam energies of 1750MeV

resp. 1850MeV. This allows for studies of the beam asym-

metry Σ (or of Ic and Is in the case of two pseudoscalar

mesons in the final state) without the problems stemming

from the inherent carbon dilution of the polarized target.

The analysis of the reaction γp → π0π0p is currently on-

going [138]. Due to the five-dimensional reaction phase

space, it will especially benefit from the large amount of

data that has been recorded. Within a preliminary reaction

selection, 3.6 × 106 2π0 events were reconstructed.
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Figure 31. Preliminary CBELSA/TAPS-results (black) on the

polarization observable Σ in the quasi-two-body approach, the

error bars denote the statistical error only. For the first three en-

ergy bins, the angular binning is chosen to be compatible with

the existing results (GRAAL [51]: green, published lower en-

ergy CBELSA/TAPS data [56, 57]: blue). Higher beam energies

are shown with higher resolution of the polar angle of the meson-

system.

A first view on the data is shown in Fig. 31. For lower

beam energies, the data can be compared to existing results

from the GRAAL [51] and the CBELSA/TAPS collabora-

tion [56, 57]. Compared with the GRAAL data, the beam

asymmetry is found with a slightly larger amplitude, but in

good agreement with the CBELSA/TAPS data. Possibly,

the differences are caused by a difference in the acceptance

coverage of the two detector systems. Note that at higher

energies in the region of higher polarization, Σ is shown

with a finer binning.
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7.3 γp→ pπ0π0: Preliminary results on the double
polarization observables E

The double polarization observable E is currently also ex-

tracted for two neutral pions in the final state [138]. Com-

pared to single meson photoproduction, the required po-

larization settings (circularly polarized beam with polar-

ization δ� and longitudinally polarized target with polar-

ization Λz) give rise to further polarization observables.

Following [63] the relevant part of the cross-section reads:

dσ

dΩ
=

dσ0

dΩ
·
[
1 + δ�I� + ΛzPz + Λzδ� P�z

]
, (14)

where P�z corresponds to −E in single meson photopro-

duction if integrated over φ∗.
Changing the sign of the beam and the target polariza-

tion, the data set can be divided into four groups; the polar-

ization observables are then accessible as pairwise asym-

metries between the subsets. However, the single polariza-

tion observables are still under investigation (Pz) or should

be measured with a liquid-hydrogen target (I�) to avoid the
data being diluted with reactions off bound protons. In the

following, preliminary results for the polarization observ-

able E will be shown.

Events in the detector with one charged and four neu-

tral hits (considered as the decay photons of the two pi-

ons) are further selected by means of orthogonal cuts. Cut

boundaries are fine-tuned to match the experimental con-

ditions at different kinematic regions and account for the

target field direction, as the longitudinal magnetic holding

field influences the trajectory of the proton in azimuthal

direction. So far, the data still includes combinatorial

background. The carbon contribution still remaining after

the kinematic cuts is eliminated by subtracting the carbon

yield, measured separately and scaled correctly, from each

of the subsets mentioned above.

Overall, approximately 5 × 105 events in the dataset

fulfill the cut conditions. Thus, the five-dimensional re-

action phase space is explored by various (generally 2-

dimensional) projections. Figure 32 shows the helicity

asymmetry as a function of the beam energy and the po-

lar angle of the vector sum of the meson system. Instead

of the proton, one pion can be considered as the recoil-

ing particle, which is used for the projections of figure 33.

Compared to the fully-predictive partial wave analysis so-

lutions, discrepancies are still occurent, most visible at

medium or highest beam energies. Within a three-body

approach, the resulting observable can be tested to be in-

variant under parity conservation, which translates into the

constraint E(φ∗) = E(2π − φ∗) and appears to be in good

agreement with the data. After the data analysis is finalised

the data will be included in the BnGa-PWA.

8 Summary and Outlook

One of the most important topics in baryon spectroscopy is

to identify the relevant degrees of freedom and the effec-

tive forces which determine the spectrum and properties

of baryon resonances. Here significant progress has been
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Figure 32. Preliminary results on the polarization observable E
in the two-body approach. The error bars denote the statistical

error. Only every second energy bin is shown. Results are shown

along with predictions of the Bonn-Gatchina partial wave analy-

sis group (— BnGa 2014-02 --- BnGa 2014-01)
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Figure 33. Preliminary results on the polarization observable E
in two-body and three-body (right) approach, the error bars de-

note the statistical error. Only selected energy bins are shown.

On the left hand side, the data are compared to the predictions of

the Bonn-Gatchina partial wave analysis group (— BnGa 2014-

02, --- BnGa 2014-01). Within a three-body approach, the result-

ing observable can be tested to be invariant under parity conser-

vation, which translates into the constraint E(φ∗) = E(2π − φ∗).
The open symbols show this symmetrization of the data.
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Figure 34. Gray: Existing data (SAID-data base), red: new published data from the CBELSA/TAPS-experiment, blue: new CLAS-

data, green: new MAMI data. Green (blue area): energy regime accessible at ELSA with circularly (linearly) polarised photons. Of

course the target polarization T can be determined independently from the beam-polarization.

made. Based on the new high statistics unpolarized and

polarized data taken at ELSA and elsewhere, new baryon

resonances could be identified and known or less well

known states could be confirmed or have in part been re-

established. The number of the now observed resonances

excludes e.g. quasi-stable diquarks as part of the dynamics

of excited baryons. In addition, based on the new photo-

production data, properties of the baryon resonances such

as their partial decays widths in different final states could

be determined (see contribution of the project A.2 “Partial

Wave Analysis” to these proceedings).

Of course not all of the resonances found in the data

are considered to be established (≥ 3-star) resonances yet.

Further and higher statistics data is needed. Higher statis-

tics is especially needed at higher energies and for chan-

nels with lower cross section. The need for the measure-

ment of additional polarization observables relates to ar-

eas in which so far no, or only very restriced data has

been taken. Fig. 34 shows for two reactions γp → pπ0

and γp → pη the polarization observables which have

been investigated. Data in the so far not covered regions

(Figs. 34), which include especially the regime of higher

energies/masses are clearly of large interest. Respective

measurements which provide of course not only access

to π0- and η-photoproduction but also to additional single

and multi-meson final states are planned at ELSA. Here

it needs to be stressed, that especially also reactions with

more than a single pseudoscalar meson in the final state

can be expected to provide new and interesting results on

the presently least understood higher mass baryon spec-

trum. These measurements will extend our knowledge of

the baryon spectrum into the regime of higher masses.

Another interesting and so far not well investigated

area is photoproduction of the neutron: baryon resonances

may strongly couple to the neutron but they may only

weakly or not at all couple to the proton. Therefore res-

onances, maybe even resonances of specific symmetries

or nature, may escape detection if only proton data is

analyzed. This bias can be overcome if also photoproduc-

tion data off the neutron, which is presently still scarce,

is taken and investigated. Another not well investigated

degree of freedom in the experiments is the isospin

dependence. The electromagnetic transition operator

can be split into an isovector and an isoscalar part, giv-

ing rise to three independent matrix elements [140]:

AIS=〈 1
2
,± 1

2
|Ŝ | 1

2
,± 1

2
〉, ∓AIV=〈 1

2
,± 1

2
|V̂ | 1

2
,± 1

2
〉,

AV3=〈 3
2
,± 1

2
|V̂ | 1

2
,± 1

2
〉, using the notation 〈I f , I f3|Ô|Ii, Ii3〉.

Photoproduction of isovector mesons, such as the pions,

involve all three matrix elements, while in the case of

isoscalar meson photoproduction only two, AIS and

AIV , contribute. To study the isospin structure of the

amplitudes, photoproduction experiments on the neutron

are unavoidable. This becomes directly obvious in the

isoscalar meson production. It is hence important to study

photoproduction off neutrons with resonable precision

compared to what was achieved for protons. Respective

measurements will be performed at ELSA.

The work reported here would not have been possible with-
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