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Structure of the Nucleon

U. Loering et al., Eur. Phys. J. A10:395-446,2001

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.

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

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.
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Fig. 10. The calculated positive and negative parity N-resonance spectrum (isospin T = 1
2

and strangeness S∗ = 0) in
model B (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. See also caption to fig. 9.

7.2.1 States of the 2h̄ω band

Let us begin our discussion with the intra-band structure of the positive-parity 2h̄ω band including states with spins

Jπ = 1
2

+
, 3

2

+
, 5

2

+
and 7

2

+
. The predicted positions of states belonging to this shell and their assignments to observed

resonances due to a comparison with the phenomenological mass values are given explicitly in table 11.

Indeed we find in the 1
2

+
, 3

2

+
and 5

2

+
-sectors for both models A and B a selective lowering of exactly four states,

well separated from the remaining bulk of states which is centered around 2000 MeV. As we will illustrate in the next
subsect. 7.3, this is indeed a consequence of the strongly attractive action of the instanton-induced residual interaction
in these dominantly 28[56, +] or 28[70, +] states.
Concerning these states let us first focus on the results of model A. Figure 9 impressively shows that in model A
these four separated states fit rather well into the experimentally observed pattern of splittings, thus yielding a unique
one-to-one correspondence between our model states and the observed resonances. In particular, we can account for

the puzzling low position of the Roper resonance N 1
2

+
(1440, ****): the calculated position at 1518 MeV is only 78

MeV too high compared to the phenomenologically determined mass value. The discrepancy to the upper edge of
the uncertainty range even amounts to only 48 MeV. We should note here that more recent analyses [38,39] even
determine a slightly higher Roper resonance position at 1462 ± 80 MeV and 1479 ± 80 MeV, respectively. We also

obtain a very satisfactory description of the other three states that are grouped around 1700 MeV: in the N 1
2

+
sector

the second radial excitation after the Roper state predicted at 1729 MeV fits exactly into the uncertainty range of

the N 1
2

+
(1710, ***). The same is the case in the N 3

2

+
sector, where the first excitation predicted at 1688 MeV nicely

agrees with the well-established four-star state N 3
2

+
(1720, ****). In the N 5

2

+
sector our prediction for the first excited

state at 1723 MeV slightly overestimates the observed position of the N 5
2

+
(1680, ****). We would like to mention that

a selective lowering of these states is also found in a non-relativistic treatment, see [17,46]. However these calculations
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Fig. 10. The calculated positive and negative parity N-resonance spectrum (isospin T = 1
2

and strangeness S∗ = 0) in
model B (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. See also caption to fig. 9.
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Fig. 10. The calculated positive and negative parity N-resonance spectrum (isospin T = 1
2

and strangeness S� = 0) in
model B (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 �. See also caption to fig. 9.
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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.
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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
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assignment. There are no low-lying negative-parity S ¼ 3
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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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Mismatch between experiment and models:

I Ordering of states, missing resonances!
I Model effective dof’s or experimental bias?
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Experimental Bias

I Most results only πN scattering: photoproduction

Light Baryon Spectroscopy
Until 2010: Almost all resonances from ⇡N scattering

Resonances with small ⇡N coupling?
photoproduction
di↵erent final states

PDG 2012: photoproduction data included  new baryons
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N(1900)3/2+ ? ? ? ? ? ? ? ?
N(2060)5/2� ? ? ? ? ?
N(2160)3/2� ? ? ? ?
�(1940)3/2� ? ? ? ?
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Experimental Bias

I Most results only πN scattering: photoproduction

I Elm. excitation isospin dependent: neutron

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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Experimental Bias

I Most results only πN scattering: photoproduction

I Elm. excitation isospin dependent: neutron

I Resonances broad and overlapping: η-meson

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-

B. Krusche, Eur. Phys. J. Special Topics 198 (2011) 199
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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⟩:
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(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-
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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 (⋆)
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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
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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
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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.
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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⟩:
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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⟩:
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|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,
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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⟩:
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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-
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ELSA, I.Jaeglé et al. Eur. Phys. J A47 (2011) 89

I no consistent model
descriptions

I Multipole analysis needed to
identify quantum numbers of
the structure!

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

ELSA, I.Jaeglé et al. Eur. Phys. J A47 (2011) 89

I Seen by GRAAL, LNS Sendai
and CBELSA/TAPS
collaborations

I Unusual properties compared to
other nucleon resonances
(Γ ∼ 150 MeV)

I Various explanations
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Outline Motivation Experiment Analysis Results Summary

Various Explanations

Interference of known resonances:

I BnGa: interference effects from S11(1535) and S11(1650)
(Anisovich et al.)

I Giessen Model: Interference effect from S11(1650) and
P11(1710) (Shklyar et al.)

I η-MAID: D15(1675) resonance (Chiang et al.)

Coupled channel effects:

I s-wave model: KΛ, KΣ loops (Döring et al.)

New narrow resonance:

I Reggeized η-MAID: narrow P11(1670) (Fix et al.)

I Chiral quark soliton model: narrow P11 state, N(1680)
(Diakonov et al.)

â Multipole analysis needed to identify quantum numbers!
η Photoproduction off Neutrons Lilian Witthauer



Outline Motivation Experiment Analysis Results Summary

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 single observables: σ0, Σ, T , P

I 4 carefully chosen double polarisation observables

Outline Motivation Experiments Analysis Cross Sections Double Polarization Observable E Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

photon target
- x y z

- �0 T
linearly ⌃ H -P -G
circularly - F - -E

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

photon spin nucleon spin

-1/21

Outline Motivation Experiments Analysis Results Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 single observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

Outline Motivation Experiments Analysis Cross Sections Double Polarization Observable E Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

photon target
- x y z

- �0 T
linearly ⌃ H -P -G
circularly - F - -E

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

E =
�1/2 � �3/2

�1/2 + �3/2
=
�1/2 � �3/2

2�0

Observable Spin Orientation

�1/2 "#, #"
�3/2 "", ##

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

photon spin nucleon spin

+1/21

Outline Motivation Experiments Analysis Results Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 single observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

Outline Motivation Experiments Analysis Cross Sections Double Polarization Observable E Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

photon target
- x y z

- �0 T
linearly ⌃ H -P -G
circularly - F - -E

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

E =
�1/2 � �3/2

�1/2 + �3/2
=
�1/2 � �3/2

2�0

Observable Spin Orientation

�1/2 "#, #"
�3/2 "", ##

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

Outline Motivation Experiments Analysis Results Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 single observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

Outline Motivation Experiments Analysis Cross Sections Double Polarization Observable E Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

photon target
- x y z

- �0 T
linearly ⌃ H -P -G
circularly - F - -E

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

E =
�1/2 � �3/2

�1/2 + �3/2
=
�1/2 � �3/2

2�0

Observable Spin Orientation

�1/2 "#, #"
�3/2 "", ##

⌘ Photoproduction o↵ Neutrons Lilian Witthauer

circularly polarised photons
+

longitudinally polarised target
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MAinzer MIcrotron (Mainz)

racetrack microtrons 
855 MeV

harmonic double-sided  
microtron 
1.6 GeV

A2

LINAC 
3.97 MeV

Source

η Photoproduction off Neutrons Lilian Witthauer
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ELectron Stretcher Accelerator (Bonn)

η Photoproduction off Neutrons Lilian Witthauer
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Experimental Setup

A2 @ MAMI

Crystal Ball

TAPS

Crystal Barrel MiniTAPS

PID

Forward Plug
Inner Detector

• Continuous beam
• Eγ ≤ 1.6 GeV
• CB: 672 NaI
• TAPS: BaF2 & PbWO4

• PID

CBELSA/TAPS @ ELSA

Crystal Ball

TAPS

Crystal Barrel MiniTAPS

PID

Forward Plug
Inner Detector

• Quasi-continuous beam
• Eγ ≤ 3.2 GeV
• CBB: 1230 CsI
• MiniTAPS: 216 BaF2

• Inner Detector

η Photoproduction off Neutrons Lilian Witthauer
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Bremsstrahlung Tagging

Eγ = Ebeam
e− − Etagged

e−

I longitudinal polarised electrons

I Møller radiator

I circularly polarised photons

Polarisation Transfer:

CHAPTER 2. EXPERIMENTAL SETUP

(a)
e/EγE

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

e
/P γP

0

0.2

0.4

0.6

0.8

1

(b)

Figure 2.8: (a) The Møller polarimeter with four lead glass detectors. The case of sym-
metric Møller scattering, where E1 = E2 = E0+me

2 is indicated by solid arrows (dashed
arrows: asymmetric scattering) [27]. (b) Polarisation transfer from the electron with en-
ergy Ee to the photon with energy Egamma described by equation 2.8.

With x = Eg/Ee, the part of the energy transferred to the photon and Pe,g the electron
respectively photon polarisation degree. As visible in Figure 2.8 the helicity transfer
is increasing with increasing photon energy. Thus, to extract the photon polarisation,
the electron polarisation has to be known as accurate as possible.
At ELSA the measurement of the electron polarisation degree is done with the help of
Møller scattering. For this purpose, the goniometer (Figure 2.7) contains a highly po-
larised Møeller target (amorphous radiator) made of 20µm (3.61 · 10�3X0) Vacoflux50
(49% iron, 49% cobalt and 2% vanadium).
The Møller polarimeter to measure the Møller scattered electrons (Figure 2.8) is situ-
ated right behind the photon Tagger. It consist of four lead glass detectors with the
masses 64 ⇥ 64 ⇥ 300 mm3. By building a coincidence signal between the lower and
upper bar, the Møller asymmetry is measured, see Section 3.1.

Photon Tagging

For the experiment it is important to exactly know the energy of the emitted photon.
During the Bremsstrahlung the electron transfers a part of its initial energy E0 to the
photon. When neglecting the recoil to the nucleus, the energy of the photon is given
by energy conservation:

Eg = E0 � E0 (2.9)

E0 is the extraction energy of the electron beam and E0 the energy of the scattered
electron, which is measured in the photon Tagger. The Tagger, depicted in figure 2.9,
mainly consists of a huge dipole magnet which deflects the electrons depending on
their energy. According to Lorentz force, high energy electrons (low Bremsstrahlung
photon energy) are deflected less than low energy electrons (high Bremsstrahlung
photon energy). The deflected electrons are registered in the Tagger Ladder made
of scintillation detectors which are read out via photomultipliers. The 1/hn depen-
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Targets

Neutron Targets

I light nuclei:
deuterium,3He

Outline Motivation Experiment Reaction Identification Results Conclusion & Outlook

New measurements on 2H and 3 He

! new high statistics measurement on 2H:
can we confirm this structure? What is its position and width?

! cross-check:
study it for a nucleon system with different momentum
distribution and different neutron/proton ratio: 3He
➢ exclude possibility that the structure could arise from
nuclear effects (rescattering of mesons, final state interaction)

deuterium

pn

helium-3

p

pn

Narrow Structure in η-Photoproduction off 2H and 3He Lilian Witthauer and Dominik Werthmüller

Polarised Target

I deuterated Butanol

C C C C O
DDDD

D D D D
D D

η Photoproduction off Neutrons Lilian Witthauer
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Challenges of Quasi-Free Nucleons (Bound)

Detection of recoil nucleons:

I neutrons: 10-30% efficiency

I deposited energy 6= kinetic energy

I but: kinematics completely defined without measuring energy:
use only angular information

Fermi Motion:

I momentum of the initial state nucleon not known

I smears out structures

I solution: use final state particles

FSI:

I meson-nucleon, nucleon-nucleon

I compare quasi-free to free proton results!

η Photoproduction off Neutrons Lilian Witthauer
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Basic Analysis Concept

I neutral and charged particles:
use information from charge sensitive detectors

I event classes:

σp σn

γp → ηp γn→ ηn

η → 2γ 2n & 1c 3n
η → 3π0 → 6γ 6n & 1c 7n

I best solution from χ2-test:
for events with >2 neutral hits to find η and recoil neutron

η Photoproduction off Neutrons Lilian Witthauer
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Kinematical Cuts

Coplanarity:
∆φ = φN − φη

η

N

x

x′

y

y′

z

φη

φN

γ

1

Missing Mass:
∆M = |PBeam + P I

N − Pη| −mN

Invariant Mass:
Mγγ =

√
Eγ1Eγ1(1− cosψ12)

Motivation Experiment Reaction Identification Results Conclusion & Outlook

Background Suppression

Influence of MM cut and coplanarity cut on invariant mass:

■ without cuts
■ MM cut
■ MM and cop cut
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Background Suppression

Influence of MM cut and coplanarity cut on invariant mass:

■ without cuts
■ MM cut
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Other Identification Possibilities (TAPS)
Pulse Shape Analysis:

n
u
cl
eo
n
s p
h
o
to
n
s

ToF versus energy:

CHAPTER 7. REACTION SELECTION

7.4 Further Checks

Not all the available information provided by the detector setup has been used to reject
backround since the reaction identification was already sufficient accurate. However,
they have been used to check the event selection as shown in the subsequent sections.

7.4.1 Time-of-Flight

Due to the properties of BaF2 and the large distance from the target (around 1.5 m for
Mainz and 2.1 m for Bonn), TAPS/MiniTAPS is ideally suited to perform a Time-of-
Flight (ToF) measurement. The ToF analysis exploits that particles of different masses
have different ToF, since heavier particles are generally slower.
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Figure 7.15: ToF versus energy deposited in TAPS (Mainz data, first two rows) respec-
tively MiniTAPS (Bonn data, last row) for events that have passed all analysis cuts.
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7.4 Further Checks

Not all the available information provided by the detector setup has been used to reject
backround since the reaction identification was already sufficient accurate. However,
they have been used to check the event selection as shown in the subsequent sections.

7.4.1 Time-of-Flight

Due to the properties of BaF2 and the large distance from the target (around 1.5 m for
Mainz and 2.1 m for Bonn), TAPS/MiniTAPS is ideally suited to perform a Time-of-
Flight (ToF) measurement. The ToF analysis exploits that particles of different masses
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Figure 7.15: ToF versus energy deposited in TAPS (Mainz data, first two rows) respec-
tively MiniTAPS (Bonn data, last row) for events that have passed all analysis cuts.
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7.4 Further Checks

Not all the available information provided by the detector setup has been used to reject
backround since the reaction identification was already sufficient accurate. However,
they have been used to check the event selection as shown in the subsequent sections.

7.4.1 Time-of-Flight

Due to the properties of BaF2 and the large distance from the target (around 1.5 m for
Mainz and 2.1 m for Bonn), TAPS/MiniTAPS is ideally suited to perform a Time-of-
Flight (ToF) measurement. The ToF analysis exploits that particles of different masses
have different ToF, since heavier particles are generally slower.
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tively MiniTAPS (Bonn data, last row) for events that have passed all analysis cuts.
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7.4 Further Checks

Not all the available information provided by the detector setup has been used to reject
backround since the reaction identification was already sufficient accurate. However,
they have been used to check the event selection as shown in the subsequent sections.

7.4.1 Time-of-Flight

Due to the properties of BaF2 and the large distance from the target (around 1.5 m for
Mainz and 2.1 m for Bonn), TAPS/MiniTAPS is ideally suited to perform a Time-of-
Flight (ToF) measurement. The ToF analysis exploits that particles of different masses
have different ToF, since heavier particles are generally slower.
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∆E versus E (CB/TAPS)

7.4. FURTHER CHECKS

Since the flight path s of every detected particle is different, the ToF is normalised to
one meter:

ToF =
Dt
s

+
1
c

[ns/m] (7.26)

Where Dt is the time difference between a hit in TAPS/MiniTAPS and the Tagger. The
Tagger was used as reference because it provides a better time resolution than the
CB/FP. Since during the calibration procedure all photon times are aligned to zero,
an additional factor of 1/c has to introduced. The ToF is usually shown versus the
deposited energy ETAPS in TAPS. As can be gathered from Figure 7.15, photons have
an energy independent ToF of around 3.3 ns/m. On the other hand, the ToF of low en-
ergetic nucleons is longer than the ToF of the ones with more energy. Protons deposit
all their energy in the crystals, at least up to the punch-through limit, and thus build a
banana-like structure. The spectrum is completely uncorrelated for the neutrons due
to different interactions that occur in the crystals. Whereas protons mainly interact
via electromagnetic showers, neutrons make elastic or inelastic scattering and nuclear
reactions producing secondary particles (photons, protons, deuterons, a-particles).
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Figure 7.16: DE versus E for CB and TAPS (Mainz data). Left column: Spectrum for
events that have been assigned to the hp ! 2gp event class, no further analysis cuts have
been applied. Secon and third column: same after all cuts have been applied.
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7.4. FURTHER CHECKS

Since the flight path s of every detected particle is different, the ToF is normalised to
one meter:

ToF =
Dt
s

+
1
c

[ns/m] (7.26)

Where Dt is the time difference between a hit in TAPS/MiniTAPS and the Tagger. The
Tagger was used as reference because it provides a better time resolution than the
CB/FP. Since during the calibration procedure all photon times are aligned to zero,
an additional factor of 1/c has to introduced. The ToF is usually shown versus the
deposited energy ETAPS in TAPS. As can be gathered from Figure 7.15, photons have
an energy independent ToF of around 3.3 ns/m. On the other hand, the ToF of low en-
ergetic nucleons is longer than the ToF of the ones with more energy. Protons deposit
all their energy in the crystals, at least up to the punch-through limit, and thus build a
banana-like structure. The spectrum is completely uncorrelated for the neutrons due
to different interactions that occur in the crystals. Whereas protons mainly interact
via electromagnetic showers, neutrons make elastic or inelastic scattering and nuclear
reactions producing secondary particles (photons, protons, deuterons, a-particles).
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Extraction of Unpolarised Cross Sections

dσ

dΩ

∣∣∣∣
unpol

(E , cos θ∗η) =
N(E , cos θ∗η)

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

I yields:
integrate invariant mass

I photon flux

I detection efficiency: Geant,
nucleon detection efficiency
correction (hydrogen data)

I factors: target density,
branching ratio, solid angle

Invariant Mass:
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Extraction of Observable E

C C C C O
DDDD

D D D D
D D

photon spin nucleon spin

-1/21

Outline Motivation Experiments Analysis Results Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 single observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

Outline Motivation Experiments Analysis Cross Sections Double Polarization Observable E Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

photon target
- x y z

- �0 T
linearly ⌃ H -P -G
circularly - F - -E

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

E =
�1/2 � �3/2

�1/2 + �3/2
=
�1/2 � �3/2

2�0

Observable Spin Orientation

�1/2 "#, #"
�3/2 "", ##

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

photon spin nucleon spin

+1/21

Outline Motivation Experiments Analysis Results Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 single observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

Outline Motivation Experiments Analysis Cross Sections Double Polarization Observable E Conclusion

Complete Experiment

Model independent multipole analysis (Chiang & Tabakin):

I 4 observables: �0, ⌃, T , P

I 4 carefully chosen double polarisation observables

d�

d⌦
=

d�0

d⌦
· {1 � Plin⌃ cos 2�

+ Px · [�PlinH sin 2�+ PcircF ]

� Py · [+PlinP cos 2�� PcircT ]

� Pz · [�PlinG sin 2�� PcircE ] }

photon target
- x y z

- �0 T
linearly ⌃ H -P -G
circularly - F - -E

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

E =
�1/2 � �3/2

�1/2 + �3/2
=
�1/2 � �3/2

2�0

Observable Spin Orientation

�1/2 "#, #"
�3/2 "", ##

⌘ Photoproduction O↵ Neutrons Lilian Witthauer

E =
σ1/2 − σ3/2

σ1/2 + σ3/2
=

1

Pγ · PT
·

N1/2 − N3/2

N1/2 + N3/2 + 2NC

8.7. CARBON SUBTRACTION
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Figure 8.17: dButanol Molecule

Whereas the carbon contribution cancels directly out in the difference of the two he-
licity states DN, the unpolarised background is present in the sum SN:

DN = (N1/2 + NC) � (N3/2 + NC) (8.42)

SN = (N1/2 + NC) + (N3/2 + NC) = N1/2 + N3/2 + 2NC (8.43)

An ideally suited method to check the carbon contamination is to look at the missing
mass spectrum. There the contribution from the different nuclei are well separated
due to the different Fermi momentum distributions. The situation for the sum and
the difference of the two helicity states is depicted in Figure 8.18. The first and third
column shows the sum of the counts. There, the broadening due to the Fermi motion
of carbon is clearly visible. On the contrary, the difference of the two helicity states is
free from carbon and in good agreement with the simulation on the deuterium.
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Figure 8.18: Missing mass Dm before carbon subtraction for the difference (DN) and the
sum (SN) of the two helicity states for the reaction on the proton (blue) and the neutron
(red). First row: h ! 2g CBELSA/TAPS data. Second row: Same for A2 data. Last row:
h ! 6g for A2 data. The line shape 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 good agreement.
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Figure 8.18: Missing mass Dm before carbon subtraction for the difference (DN) and the
sum (SN) of the two helicity states for the reaction on the proton (blue) and the neutron
(red). First row: h ! 2g CBELSA/TAPS data. Second row: Same for A2 data. Last row:
h ! 6g for A2 data. The line shape 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 good agreement.
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Figure 8.18: Missing mass Dm before carbon subtraction for the difference (DN) and the
sum (SN) of the two helicity states for the reaction on the proton (blue) and the neutron
(red). First row: h ! 2g CBELSA/TAPS data. Second row: Same for A2 data. Last row:
h ! 6g for A2 data. The line shape 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 good agreement.
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Outline Motivation Experiment Analysis Results Summary

Carbon Subtraction: Missing Mass
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Outline Motivation Experiment Analysis Results Summary

Cross Sections 3He (A2) and LD2 (CBELSA/TAPS)
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I Nucleon system with di↵erent momentum distribution and
di↵erent neutron/proton ratio

I Exclude nuclear e↵ects (re-scattering of mesons, FSI)
I Narrow structure no artefact!
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this work D. Werthmüller

published in PRL and EPJA in preparation published in PRL

I Nucleon system with different momentum distribution and
different neutron/proton ratio

I Exclude nuclear effects (re-scattering of mesons, FSI)
I Narrow structure no artefact!
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Outline Motivation Experiment Analysis Results Summary

Polarisation Observable E (CBELSA/TAPS & A2)
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Outline Motivation Experiment Analysis Results Summary

Polarisation Observable E - Neutron (A2)
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I Model predictions by BnGa: constructive interference of
S11(1535) and S11(1650)
→ change of sign of the electromagnetic coupling of the
S11(1650) resonance for the neutron
→ contradictory to Quark Model descriptions!
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Outline Motivation Experiment Analysis Results Summary

Summary

Unpolarised cross sections on 3He and LD2:

I Confirmed narrow structure

I Exclude nuclear effects

I 3He published in PRL and EPJA

I LD2 ready for publication

Double polarisation observable E for quasi-free p & n:

I Narrow structure only visible in σ1/2 → S11 or P11 state

I Ready for publication
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Appendix

CBELSA/TAPS: Inner Detector

SFB/TR16   supported by

Crystal-Barrel Setup 
A.1: Spectroscopy of Baryon resonances

S. Böse, Ch. Funke, M. Grüner, D. Kaiser, H. Kalinowsky, 
M. Lang, D. Walther, Ch. Wendel

Motivation:
New setup of the Crystal-Barrel detector system t
experiments with energy tagged circularly or linearly polarized photons and a 
longitudinally polarized target.∑Crystal-Barrel Calorimeter modified for use with polarized target and extended by 

Forward Detector to improve rate and trigger capability in forward direction,∑additionally installed Gas Èerenkov-Detector for supression of electromagnetic 
background,∑Crystal-Barrel Calorimeter, Gas Èerenkov-Detector and MiniTAPS detector installed 
on a rail system to allow free access to the target during polarization periods.

o perform double polarization Gas Èerenkov-Detector

-e  beam

Crystal-Barrel Calorimeter

Forward Detector

Inner Detector

Tagger

Goniometer tank

-e -beam dump

MiniTAPS Detector

photon camera

Gamma Intensity
Monitor

Polarized Target and
support structure

Mœller Detector

Crystal-Barrel Calorimeter:

Inner Detector:Gas Èerenkov-Detector:

Maximum efficiency:∑simulated : 99.97 % ∑measured: 99.72 % ± 0.45 %.

± 0.12 %,

entrance
window

gas inlet

gas outlet

holding structure
for PM

gas system

partial pressure

sensor

Motivation:∑suppression of electromagnetic background,

±∑large amount of e -
background due to 
pair production and 
compton scattering, 
especially in forward 
direction and when 
using the “Frozen-
Spin target”,

∑using the Èerenkov 

±
effect to supress e  already during data taking 
increases trigger rates for hadronic events.

Settings:∑Æanglular coverage in forward direction: 0° to 12.8° in è,

placed between Crystal-Barrel Calorimeter and MiniTAPS-Detector

∑electromagnetic calorimeter,∑high-efficiency photon detection ,∑1230 CsI(Tl) crystals in 21 rings with 
   16.1 radiation lenghts (30 cm),∑∑photodiode readout,

typical signal: 2000 photons/MeV,

Fast Charged Particle Trigger:∑scintillating fibres BCF-12 readout with 16-anode 
Photomultiplier,

st∑1 -level trigger signal asking for 2 out of 3 layers,∑time-resolution s = 1.3 ns.

Fast Cluster Encoder (FACE):

Lightpulser:

∑determination of gain factor and offset for the ADCs,∑two systems (upstream barrel/Forward Detector and 
downstream barrel),∑7 filter positions for high range and low range of the 
ADCs.

6 filters
(transmissibility between 10% and 70%)

light guides to
the upstream

barrel

light guides to the
Forward Detector 

flash lamp

Shapers
(Differentiators
& Integrators)

up to 1440

Channels

1440 QDC
Channels

Leading Edge
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Appendix

Influence of Photoproduction

Light Baryon Spectroscopy
Until 2010: Almost all resonances from ⇡N scattering

Resonances with small ⇡N coupling?
photoproduction
di↵erent final states

PDG 2012: photoproduction data included  new baryons

PDG 2010 BnGa PWA PDG 2012

N(1860)5/2+ ? ? ?
N(1875)3/2� ? ? ? ? ? ?
N(1880)1/2+ ? ? ? ?
N(1895)1/2� ? ? ? ?
N(1900)3/2+ ? ? ? ? ? ? ? ?
N(2060)5/2� ? ? ? ? ?
N(2160)3/2� ? ? ? ?
�(1940)3/2� ? ? ? ?
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Table 2. The status of the ∆ 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

∆(1232) 3/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ F

∆(1600) 3/2+ ∗∗∗ ∗∗∗ ∗∗∗ o ∗ ∗∗∗
∆(1620) 1/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗ r ∗∗∗ ∗∗∗
∆(1700) 3/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ b ∗∗ ∗∗∗
∆(1750) 1/2+ ∗ ∗ i

∆(1900) 1/2− ∗∗ ∗∗ ∗∗ d ∗∗ ∗∗ ∗∗
∆(1905) 5/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ d ∗∗∗ ∗∗ ∗∗
∆(1910) 1/2+ ∗∗∗∗ ∗∗∗∗ ∗∗ e ∗ ∗ ∗∗
∆(1920) 3/2+ ∗∗∗ ∗∗∗ ∗∗ n ∗∗∗ ∗∗
∆(1930) 5/2− ∗∗∗ ∗∗∗
∆(1940) 3/2− ∗∗ ∗ ∗∗ F (seen in ∆η)

∆(1950) 7/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ o ∗∗∗ ∗ ∗∗∗
∆(2000) 5/2+ ∗∗ r ∗∗
∆(2150) 1/2− ∗ ∗ b

∆(2200) 7/2− ∗ ∗ i

∆(2300) 9/2+ ∗∗ ∗∗ d

∆(2350) 5/2− ∗ ∗ d

∆(2390) 7/2+ ∗ ∗ e

∆(2400) 9/2− ∗∗ ∗∗ n

∆(2420) 11/2+ ∗∗∗∗ ∗∗∗∗ ∗
∆(2750) 13/2− ∗∗ ∗∗
∆(2950) 15/2+ ∗∗ ∗∗

∗∗∗∗ 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
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Appendix

Quark Models: Effective degree of freedom

3 equivalent  
Constituent  

Quarks

Quark-Diquark 
->2 dof 

less states

Flux Tubes 
->more states  
via rotation  
or vibration
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Appendix

Models

I SAID: Database for electro and photoproduction, partial wave
analysis with energy independent fits

I MAID: unitary isobar model, Partial wave analysis of SAID
and additional data. Uses Breit-Wigner distributions and
background contributions as Born term and vector meson
exchange term in t-channel (effective Lagrangians)

I BnGa: Coupled channel approach. Simultaneous fitting of
different channels and observables. K-matrix parametrisation
at low energies, relativistic Breit-Wigner at energies > 2.2
GeV. Non-resonant terms from t- and u-channel amplitudes.
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Isospin Filter4 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-
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Appendix

Narrow Structure: Models

I etaMAID:
D15(1675) resonance
â ΓηN/Γtot = 17%
(PDG: ΓηN/Γ ' 0− 1%)
(L.Tiator, NSTAR2005)

I Chiral Soliton Model:
non-strange member of
the baryon antidecuplet:
P11

(D.Diakonov et al., arXiv:hep-ph/9703373v2)
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Narrow Structure: Fit with BnGa

Narrow P11(1685):
6 A.V. Anisovich et al.: Interference phenomena in the JP = 1/2−-wave in η photoproduction
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Fig. 10. (color online) Excitation functions at fixed angles and fit with a narrow JP = 1/2+ state imposed. Only statistical
errors are shown. Left: ã > 0; right: ã < 0 (see text).

Table 1. (color online) Solutions with and without a contribution from a narrow resonance in the JP = 1/2+wave. The

product of helicity coupling and ηn branching ratio is given in units of GeV− 1
2 10−3. The χ2

dcs for the differential cross section
is calculated in the region 1.610 − 1710 MeV. The χ2

Σ for the beam asymmetry Σ is given separately. Results are given for two
fits using only the statistical errors or the total errors.

Fit Mass Width
√

Br(ηn)|A1/2
n | Phase χ2

dcs/200 χ2
Σ/80 χ2

dcs/200 χ2
Σ/80

stat. + syst. errors stat. errors only

JP = 1/2− - - - - 0.48 1.81 3.10 2.10

JP = 1/2+ 1671 35 -12 0o 1.34 2.80 9.35 2.92

JP = 1/2+ 1669 35 +12 0o 1.47 2.71 7.66 3.02

JP = 1/2+ 1671 35 -12 20o 1.50 2.50 9.33 2.90

JP = 1/2+ 1674 35 5 0o 0.55 1.98 3.40 2.50

JP = 1/2+ 1671 35 -3 0o 0.54 1.95 3.30 2.55

N(1710), destructively in Fig. 11, top, and constructively
in Fig. 11, bottom. Interference with other waves cannot
be observed after integration over the full angular distri-
bution.

The data clearly disfavor the scenario with a narrow
JP = 1/2+ resonance. The resulting interference with the
JP = 1/2− wave produces the expected forward - back-
ward asymmetry in the angular distributions, which is not
reflected in the experimental data. In a further step we
have determined upper limits for the quantity ã. We find
that the description of the differential cross section is still
compatible with the data for −3 < ã < +5.

4.3 Comparison of the quality of the two fits

In Table 1 we compare the quality of various fits. The best
fit is achieved when no narrow N(1685) is imposed. In the
table we give the χ2 per data point for the differential
cross section [19] and for the beam asymmetry [41]. The
mass range for which the χ2 is calculated is restricted to
1610 − 1710 MeV, the range which is most relevant for
the existence of N(1685). Fits are performed using the
statistical errors only and the statistical and systematic
error added quadratically.

The fit in which no narrow N(1685) is imposed gives
the best χ2 and is our favored fit. It is shown in Figs. 12
as solid curve. The differential cross sections are perfectly
described; the beam asymmetry at 1586MeV shows a few
points which are missed by the fit but in the next energy

S11(1650) Interference :
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Fig. 7. (color online) The total cross section for γn → ηn
and the contributions from partial wave with isospin 1/2 and
different spin-parities. There is no narrow N(1685) admitted in
the fit. The structure at this mass is described by interference
within the JP = 1/2− wave.
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Fig. 8. (color online) Excitation function for γn → ηn at
fixed angles (in bins of z = cos Θη). Only statistic errors are
shown. There is no narrow N(1685) admitted in the fit. The
fit is represented by the full (black) curve; the JP = 1/2−

wave by the dashed (red) curve. The contributions from partial
wave with isospin 1/2 and different spin-parities are shown by
colored curves.

4.1 Fits with no narrow nucleon resonance

First, we fitted the data with conventional nucleon reso-
nances only. Figure 7 shows the total cross section with
the fit and the most significant partial wave contributions.
Clearly, the JP = 1/2− wave is dominant; the fit finds
small contributions from the JP = 1/2+, 3/2−, 3/2+, and
5/2− waves. In the fit, we use statistical and systematic
errors added quadratically. The fit returns χ2 values per

data point which are often smaller than 1. This is not sur-
prising since several sources of systematic uncertainty vary
slowly with energy or are constant. Using the statistical
errors only, typical χ2 values per data point are slightly
above 3, indicating the need for error contributions be-
yond the statistical errors. The conclusions of the paper
are not affected when the systematic errors are included
or neglected.

The quality of the fit can be judged by inspecting
Figs. 8 and 9. A χ2 of 0.91 per data point was achieved.
A large fraction of the χ2 stems from the most backward
η production angle (z = cos θ = −0.95). In Fig. 8, a sig-
nificant excess of data compared to the fit is seen in this
angular range at low energies (1520 < W < 1620MeV).

The angular distributions (Fig. 9) suggest that this
excess might be artificial. In this mass range, most back-
ward data points seem anomalously high. The detection
efficiency for these points (see Fig. 13 in [10]) is much
lower than for the second point in the angular distribu-
tions and the systematic uncertainty is larger. This small
excess also explains the small discrepancy between data
and fit in the total cross section around 1580 MeV (Figs. 1,
5, and 7). We conclude that an excellent fit to the data
[10,19] can be achieved without introducing a narrow res-
onance N(1685). In the 1610 - 1710MeV mass region, the
χ2 per data point is 0.48.

4.2 Fits imposing a narrow nucleon resonance
N(1685)

In the next step we investigated the scenario with a nar-
row JP = 1/2+ resonance interfering with the JP = 1/2−

partial wave. We added a JP = 1/2+ resonance in the
1680 MeV mass region. A fit with free width and real ηn
coupling converged to a solution with a very broad res-
onance (more than 200 MeV) and a very weak coupling.
The improvement in χ2 was negligible.

We then imposed contributions from a N(1685) reso-
nance with properties corresponding to the phenomeno-
logic fits in [19]: mass M = 1670 ± 5 MeV, width Γ =

30 ± 15 MeV, and
√

Br(ηn)A
1/2
n = ã [GeV− 1

2 10−3] =

(12.3 ± 0.8) [GeV− 1
2 10−3]. For ã we assumed, alterna-

tively, to have a positive or a negative sign. (When com-
plex values were admitted, the overall χ2 improved slightly
but the χ2 restricted to the 1620 - 1720MeV region was
worse.)

The excitation functions in different bins of the η pro-
duction angle in Fig. 10; the total cross sections for the
solutions with positive and negative product couplings are
shown in Fig. 11.

The difference between the two solutions is seen very
well. The solution with ã > 0 shows a strong peak at
1685 MeV for backward η mesons, while the solution with
ã < 0 exhibits a diffractive structure. For forward η, the
opposite holds true. The narrow JP = 1/2+ resonance
produces an asymmetry which is not supported in the
data. For ã < 0 this asymmetry is partly interpreted in
the fit by an increase in the contribution from the P13 par-
tial wave. The narrow N(1685) interferes with the broad

→
sign change of elm.
A1/2coupling of S11(1650)
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Polarisation Observables
Kapitel 2. Theoretische Grundlagen 15
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Abbildung 2.8.: Die verwendeten Koordinatensysteme am Beispiel der Reaktion ~�~p !
p⇡0: nach der Reaktion im System (x, y, z) befindet sich das rücksto-
ßende Proton mit Polarisation p0T im System (x’, y’, z’).

Polarisationsarten, in drei verschiedene Klassen unterteilt werden: Strahl- und Targetpola-
risation, Strahl- und Rückstoßpolarisation sowie Target- und Rückstoßpolarisation. Diese
Klassen lassen sich mit folgenden Wirkungsquerschnitten beschreiben [BDS75]:

Strahl- und Targetpolarisation (Typ BT, Beam-Target)
Der Wirkungsquerschnitt für Experimente mit polarisiertem Photonenstrahl und
einem polarisierten Target lautet

d�

d⌦
=

d�

d⌦

����
unpol

· (1 � plin⌃ cos(2�)

+ px(�plinH sin(2�) + p�F )

� py(�T + plinP cos(2�))

� pz(�plinG sin(2�) + p�E)).

(2.17)

Dabei ist plin der Grad der Linearpolarisation, p� der Polarisationsgrad bei zirku-
larpolarisierten Photonen und (px, py, pz) stellt die Richtung der Targetpolarisation
dar.

Strahl- und Rückstoßpolarisation (Typ BR, Beam-Recoil)
Für Experiment mit polarisierten Photonen und Rückstoßpolarisation lautet der
Wirkungsquerschnitt

⇢f
d�

d⌦
=

d�

d⌦

����
unpol

· (1 + �y0P � plin cos(2�)(⌃ + �y0T )

+ plin sin(2�)(Ox0�x0 + Oz0�z0)

� p�(Cx0�x0 + Cz0�z0)).

(2.18)

Der Grad und die Richtung der Rückstoßpolarisation des Nukleons ist gegeben durch
(�x0 ,�y0 ,�z0). ⇢f ist dabei die Dichtematrix der Zustände des rückstoßenden Protons
und definiert als ⇢f = 1

2(I + � · Pf ), wobei Pf den Polarisationsgrad, � die Pauli-
Matrizen und I die Einheitsmatrix bezeichnet.

EPJ manuscript No.
(will be inserted by the editor)

Interference phenomena in the JP = 1/2−-wave in η
photoproduction

A.V. Anisovich 1,2, E. Klempt 1, B. Krusche 3, V.A. Nikonov 1,2, A.V. Sarantsev 1,2, U. Thoma 1, D. Werthmüller 3 a

1 Helmholtz-Institut für Strahlen- und Kernphysik, Universität Bonn, Germany
2 Petersburg Nuclear Physics Institute, Gatchina, Russia
3 Departement für Physik, Universität Basel, Switzerland

Received: May 5, 2015/ Revised version:

Abstract. The recent precise experimental results for the photoproduction of η-mesons off the neutron
measured with the Crystal Ball/TAPS calorimeter at the MAMI accelerator have been investigated in
detail in the framework of the Bonn-Gatchina coupled channel model. The main result is that the narrow
structure observed in the excitation function of γn → nη can be reproduced fully with a particular
interference pattern in the JP = 1/2− partial wave. Introduction of the narrow resonance N(1685) with
the properties reported in earlier publications deteriorates the quality of the fit.

1 Introduction

So far photoproduction of mesons off the neutron has been
much less investigated than the corresponding reactions
off the free proton. The reasons are the obvious difficul-
ties related to measurements using nucleons bound in nu-
clei (in most cases neutrons bound in the deuteron) as
targets. There are not only the technical complications
arising from the necessity to detect the recoil neutrons
but also the difficulties in the interpretation of the re-
sults which are effected by nuclear Fermi motion and Final
State Interaction (FSI) effects. Nevertheless, such reac-
tions are important because they reveal the isospin struc-
ture of the electromagnetic excitation currents. The cou-
pling of isospin I = 3/2 ∆ resonances to γN is identical
for protons and neutrons, but the γN → N⋆ couplings are
isospin dependent. During the last few years quite some
progress has been made for this branch of the photonuclear
experimental program [1] and first results have been re-
ported for several reaction channels. The measurements of
η photoproduction off the neutron have attracted particu-
lar interest, because around 1 GeV of incident photon en-
ergy (W ≈1680 MeV) a narrow structure was observed in
the excitation function [2–4]. These observations are listed
by the Particle Data Group [5] as one-star nucleon reso-
nance N(1685). Remarkably, such a structure had been
predicted by soliton models in the context of the conjec-
tured baryon antidecuplet of pentaquarks. The nonstrange
member of the multiplet with spin-parity JP = 1/2+ [6]
should be electromagnetically excited more strongly on
the neutron, should have a large decay branching ratio

a Present address: School of Physics and Astronomy, Univer-
sity of Glasgow, Glasgow G12 8QQ, United Kingdom

to Nη, an invariant mass around 1.7GeV, and a width
of a few tens of MeV [6–9]; all properties that are phe-
nomenologically exhibited by the observed structure. If
one treats this structure as a single isolated resonance,
a mass of 1670 ± 5MeV and a width of Γ ≈ 30 MeV
are determined. Assuming a constant angular distribu-
tion (JP = 1/2+ or 1/2− ) and ignoring possible inter-
ference effects, the electromagnetic coupling strength is
determined to A1/2 ·

√
bη ≈ 12 × 10−3 GeV−1/2 [4] or, re-

spectively, to (12.3±0.8)×10−3 GeV−1/2 [10]. The radia-
tive width derived by Azimov et al. [11] using the GRAAL
data [2] corresponds to A1/2 ·

√
bη = 15 × 10−3 GeV−1/2.

The experimental values for the properties of N(1685) are
all in the predicted range for the nonstrange partner of
the Θ+, an exotic baryon which was “discovered” in 2003.
Shortly after, the evidence for its existence faded away in
a number of precision experiments [12–14] but evidence is
reported in several more recent experiments [15], [16] (see,
however, [17]), and [18].

In contrast to the history of the exotic Θ+ pentaquark,
the statistical significance of the structure observed in
γn → nη is undisputable. All experiments that searched
for this structure came out with positive results, and the
most recent measurements at the MAMI accelerator with
deuterium [10,19] and also 3He targets [19,20] established
it beyond any doubts. Due to the full kinematic recon-
struction of the η - neutron final state, effects from nu-
clear Fermi motion - smearing out narrow structures -
were removed so that a better estimate of the width of
the structure became possible [10,19]. Monte Carlo simu-
lations showed that the observed width of 50±10MeV (the
natural width folded with the experimental resolution)
corresponds to a natural width of only ≈30MeV. Such
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Abstract. The recent precise experimental results for the photoproduction of η-mesons off the neutron
measured with the Crystal Ball/TAPS calorimeter at the MAMI accelerator have been investigated in
detail in the framework of the Bonn-Gatchina coupled channel model. The main result is that the narrow
structure observed in the excitation function of γn → nη can be reproduced fully with a particular
interference pattern in the JP = 1/2− partial wave. Introduction of the narrow resonance N(1685) with
the properties reported in earlier publications deteriorates the quality of the fit.

1 Introduction

So far photoproduction of mesons off the neutron has been
much less investigated than the corresponding reactions
off the free proton. The reasons are the obvious difficul-
ties related to measurements using nucleons bound in nu-
clei (in most cases neutrons bound in the deuteron) as
targets. There are not only the technical complications
arising from the necessity to detect the recoil neutrons
but also the difficulties in the interpretation of the re-
sults which are effected by nuclear Fermi motion and Final
State Interaction (FSI) effects. Nevertheless, such reac-
tions are important because they reveal the isospin struc-
ture of the electromagnetic excitation currents. The cou-
pling of isospin I = 3/2 ∆ resonances to γN is identical
for protons and neutrons, but the γN → N⋆ couplings are
isospin dependent. During the last few years quite some
progress has been made for this branch of the photonuclear
experimental program [1] and first results have been re-
ported for several reaction channels. The measurements of
η photoproduction off the neutron have attracted particu-
lar interest, because around 1 GeV of incident photon en-
ergy (W ≈1680 MeV) a narrow structure was observed in
the excitation function [2–4]. These observations are listed
by the Particle Data Group [5] as one-star nucleon reso-
nance N(1685). Remarkably, such a structure had been
predicted by soliton models in the context of the conjec-
tured baryon antidecuplet of pentaquarks. The nonstrange
member of the multiplet with spin-parity JP = 1/2+ [6]
should be electromagnetically excited more strongly on
the neutron, should have a large decay branching ratio

a Present address: School of Physics and Astronomy, Univer-
sity of Glasgow, Glasgow G12 8QQ, United Kingdom

to Nη, an invariant mass around 1.7GeV, and a width
of a few tens of MeV [6–9]; all properties that are phe-
nomenologically exhibited by the observed structure. If
one treats this structure as a single isolated resonance,
a mass of 1670 ± 5MeV and a width of Γ ≈ 30 MeV
are determined. Assuming a constant angular distribu-
tion (JP = 1/2+ or 1/2− ) and ignoring possible inter-
ference effects, the electromagnetic coupling strength is
determined to A1/2 ·

√
bη ≈ 12 × 10−3 GeV−1/2 [4] or, re-

spectively, to (12.3±0.8)×10−3 GeV−1/2 [10]. The radia-
tive width derived by Azimov et al. [11] using the GRAAL
data [2] corresponds to A1/2 ·

√
bη = 15 × 10−3 GeV−1/2.

The experimental values for the properties of N(1685) are
all in the predicted range for the nonstrange partner of
the Θ+, an exotic baryon which was “discovered” in 2003.
Shortly after, the evidence for its existence faded away in
a number of precision experiments [12–14] but evidence is
reported in several more recent experiments [15], [16] (see,
however, [17]), and [18].

In contrast to the history of the exotic Θ+ pentaquark,
the statistical significance of the structure observed in
γn → nη is undisputable. All experiments that searched
for this structure came out with positive results, and the
most recent measurements at the MAMI accelerator with
deuterium [10,19] and also 3He targets [19,20] established
it beyond any doubts. Due to the full kinematic recon-
struction of the η - neutron final state, effects from nu-
clear Fermi motion - smearing out narrow structures -
were removed so that a better estimate of the width of
the structure became possible [10,19]. Monte Carlo simu-
lations showed that the observed width of 50±10MeV (the
natural width folded with the experimental resolution)
corresponds to a natural width of only ≈30MeV. Such

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

- σ0 - T - - P - Tx ′ Ty ′ Tz ′

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

η Photoproduction off Neutrons Lilian Witthauer



Appendix

Polarisation Observables

dσ

dΩ
=

dσ0

dΩ
· {1 − PlinΣ cos 2φ

+ Px · [−PlinH sin 2φ+ PcircF ]

− Py · [+PlinP cos 2φ− PcircT ]

− Pz · [−PlinG sin 2φ− PcircE ] }
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Data Overview

C
H

A
PTER

3.
D

A
TA

SETS

beamtime target length Ee� collimator photon current trigger
material [cm] [GeV] [mm] pol. [nA]

C
BELSA

/TA
PS

2008 LD2 5.258 2.35 4 circular 0.32 eta3
2.35 7 circular 0.32 eta3
2.35 7 circular 0.32 eta3nC

2008 LH2 5.262 2.35 circular 0.19 trig42
02.03.-22.04.2011 dbutanol 1.88 2.35 4 circular 0.70 eta4
08.06.-21.06.2011 dbutanol 1.88 2.35 4 circular 0.70 eta4
04.12.-10.12.2011 carbon 1.88 2.35 4 circular 0.70 eta4

A
2

28.10-17.11.2008 3 He 5.08 1.508 4 circular 8.0 M2+ 300 MeV
31.03-30.04.2009 LH2 10.0 1.558 4 circular 10.0 M3+ 360 MeV
08.05-25.05.2009 LD2 3.02 1.558 4 circular 4.5 M2+ 300 MeV
15.07.-24.07.2013 dbutanol 2.0 1.557 2 circular 8.3 M2+ 300 MeV
23.02.-28.02.2014 dbutanol 2.0 1.557 2 circular 9.0-10.0 M2+ 250 MeV
28.02.-03.03.2014 carbon 2.0 1.557 2 circular 9.0 M2+ 250 MeV
24.03.-30.03.2015 dbutanol 2.0 1.557 2 circular 10.0 M2+ 250 MeV

Table
3.1:O

verview
ofthe

data
sets

used
for

this
w

ork.
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WB versus WR

Cross Sections as function of...

I WB (Eγ) :
√
s calculated with 4-momenta of initial state

particles:

W 2
B = (Pγ + PN,i )

2 = 2EγmN + m2
N

â Structures are smeared out because of Fermi motion

I WR :
√
s calculated with measured 4-momenta of final state

particles (η, participant nucleon):

W 2
R = (Pη + PN,f )2

â No effects from Fermi motion,
but experimental resolution for recoil nucleon
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WB versus WR

Cross Sections as function of...

I WB (Eγ) :
√
s calculated with 4-momenta of initial state

particles:

W 2
B = (Pγ + PN,i )

2 = 2EγmN + m2
N

â Structures are smeared out because of Fermi motion

I WR :
√
s calculated with measured 4-momenta of final state

particles (η, participant nucleon):

W 2
R = (Pη + PN,f )2

â No effects from Fermi motion,
but experimental resolution for recoil nucleon
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Corrections - Monte Carlo Simulation

Requires Event Generator
(Pluto,GSI)

I Implementation of Fermi motion

I Fermi Plugin

I Used by other collaborations

 [MeV]
F

p
0 50 100 150 200 250 300 350 400 450 500

C
ou

nt
s 

[a
.u

.]

0

0.2

0.4

0.6

0.8

1

D

He p3

He n3

C12

Nucleon Detection Efficiency

I Hard to simulate

I Different interaction mechanisms than photons

I Deposited energy 6= total energy

I Recalculate energy with kinematical considerations

I Additional corrections using hydrogen data.
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Cross Sections Deuterium (CBELSA/TAPS)

γp→ ηp γn→ ηn

W [MeV]
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I Consistent with A2 data

I Deviation from old CBELSA/TAPS data
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Extracted Parameters

W [MeV] Γ [MeV] bηA
n
1/2

[10−3GeV−1/2]

LD2 (D. Werthmueller) 1670± 1 29± 3 12.3± 0.8

LD2 (this work) 1676± 4 30± 3 15.3± 1.8
3He (this work) 1675± 2 46± 8 11.9± 1.2
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Differential Cross Sections LD2, Proton (Bonn)

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1498 MeV

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1505 MeV

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1515 MeV

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1525 MeV

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1535 MeV

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1545 MeV

-1 -0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1555 MeV

-1 -0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1565 MeV

-1 -0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1575 MeV

-1 -0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1585 MeV

-1 -0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1595 MeV

-1 -0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

1605 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1615 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1625 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1635 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1645 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1655 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1670 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1690 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1710 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1730 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1750 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1770 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1790 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1810 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1830 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1850 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1870 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1890 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

1910 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1930 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1950 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1970 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1990 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

2010 MeV

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

2030 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
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0
0.1
0.2
0.3
0.4
0.5

0
0.1
0.2
0.3
0.4
0.5

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

)*ηθcos(

b]µ [
Ω

/dσd

η Photoproduction off Neutrons Lilian Witthauer



Appendix

Differential Cross Sections LD2, Neutron (Bonn)
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Fermi Momentum 3He (A2)

~pF = ~pISP = ~pFSP + ~pη − ~pγ

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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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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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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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

I ps < 300 MeV: Long range interactions ratio ∼ N/Z = 0.5

I ps > 300 MeV: Ratio ∼ 1 as for deuterium, SRC, high Fermi
momenta are produced by isospin singlet pairs!

I Dedicated experiments are planned at JLAB!
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