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Abstract. Quasi-free photoproduction of πη-pairs has been investigated from threshold up to incident
photon energies of 1.4 GeV, respectively up to photon-nucleon invariant masses up to 1.9 GeV. Total
cross sections, angular distributions, invariant-mass distributions of the πη and meson-nucleon pairs, and
beam-helicity asymmetries have been measured for the reactions γp → pπ0η, γn → nπ0η, γp → nπ+η, and
γn → pπ−η from nucleons bound inside the deuteron. For the γp initial state data for free protons have
also been analyzed. Finally, the total cross sections for quasi-free production of π0η pairs from nucleons
bound in 3He nuclei have been investigated in view of final state interaction (FSI) effects. The experiments
were performed at the tagged photon beam facility of the Mainz MAMI accelerator using an almost 4π
covering electromagnetic calorimeter composed of the Crystal Ball and TAPS detectors. The shapes of all
differential cross section data and the asymmetries are very similar for protons and neutrons and agree
with the conjecture that the reactions are dominated by the sequential ∆⋆3/2− → η∆(1232) → πηN decay
chain, mainly with ∆(1700)3/2− and ∆(1940)3/2− . The ratios of the magnitude of the total cross sections
also agree with this assumption. However, the absolute magnitudes of the cross sections are reduced by
FSI effects with respect to free proton data.
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1 Introduction

Photoproduction of meson pairs becomes increasingly im-
portant for the study of the electromagnetic excitation
spectrum of the nucleon. The reason is simple: so far,
many states predicted by quark models have not been ob-
served in experiment. But if one compares the history in
nuclear spectroscopy with the situation in hadron spec-
troscopy, this is not at all surprising. Many features in
nuclear structure physics (e.g. rotational and vibrational
bands and the like) had not been discovered when only
decays of excited states to the nuclear ground states had
been investigated. However, this was state of the art in
hadron physics until recently. Most experimental efforts
were directed to single meson photoproduction (π, η, η′,
ω, ρ, Φ,...), which corresponds to excited state - ground-
state transitions. Production of meson pairs is an impor-
tant step to more complicated decay mechanisms involv-
ing at least one intermediate excited state of the nucleon.
Such sequential decays are more probable for higher lying
states for which reaction phase space no longer suppresses
decays to the ∆ resonance or to the second resonance re-
gion with respect to ground-state decays. This is not the
only reason for their importance; one must also consider
the hadron structure aspects. In the quark model, high
lying states may have both possible oscillator modes ex-
cited. For such states, it is a reasonable conjecture that
they tend to decay in a two-step process via an inter-
mediate state. The intermediate state could be selected
such that in the first transition only one oscillator mode
is de-excited followed by a ground-state transition, which
de-excites the second one. It would be difficult to identify
states with such decay patterns in single meson produc-
tion reactions and this could suppress entire multiplets of
states in the experimental data base.

The study of multiple-meson final states is challeng-
ing. The reaction amplitudes for photoproduction of sin-
gle pseudo-scalar mesons can be fixed by the measure-
ment of at least eight carefully chosen observables [1] as a
function of two independent kinematic variables. However,
for pseudo-scalar meson pairs [2] the determination of the
magnitude of the amplitudes already requires the mea-
surement of eight observables as a function of five kine-
matic parameters. An extraction of the phases involves the
measurement of at least 15 observables. Therefore, ‘com-
plete experiments’, which are currently being discussed for
single meson production, are unrealistic. Nevertheless, re-
cent experimental progress is encouraging. The systematic
investigation of multiple-meson final states became pos-
sible due to the almost 4π solid-angle coverage of mod-
ern detector systems. In particular, large-angle electro-
magnetic calorimeters, which can identify recoil nucleons,
charged pions, and photons from the decays of neutral
mesons, gave a large boost to this program.

The best studied multiple-meson final state is the pro-
duction of pion pairs, in particular π0 pairs. Reactions
with charged mesons are more affected by non-resonant
production processes because the photons can directly cou-
ple to the charge of the mesons. Nevertheless, such reac-
tions must also be studied in order to reveal the isospin

structure of the excitations. Recently, many new precise
experimental results accompanied by detailed reaction anal-
yses became available for pion pairs [3,4,5,6,7,8,9,10,11,
12,13].

The ηπ final state has also attracted interest. Total
cross sections, invariant mass distributions, and some po-
larization observables, have been measured for the pro-
duction of ηπ0 pairs off protons at LNS in Sendai, Japan
[14], GRAAL at ESRF in Grenoble, France [15], ELSA in
Bonn, Germany [16,17,18,19,20], and at MAMI in Mainz,
Germany [21,22] (see [25] for a recent summary). In com-
parison to pion pairs, this channel has more selectivity.
As far as decays of nucleon resonances are concerned the
iso-scalar η meson can only be emitted in transitions be-
tween two N (⋆) or between two ∆(⋆) states (but not in
N (⋆) ↔ ∆(⋆) transitions). The ∆-like resonances decay
into Nηπ mainly via two sequences, ∆⋆ → η∆(1232)3/2+

and ∆⋆ → πN(1535)1/2−, whereas the N⋆ states pro-
duce the final Nπη state only by pion emission to the
πN(1535)1/2− channel. Therefore, the reaction is in par-
ticular sensitive to excited resonances, whose decay via
the first sequence ∆⋆ → η∆(1232)3/2+ leaves its trace
in the πN invariant mass spectra, peaking at ∆(1232).
The ∆⋆(N⋆) → πN(1535)1/2− → Nπη transitions pro-
duce η-nucleon invariant massesm(η,N) characteristic for
the N(1535)1/2− state (i.e. close to the kinematical lower
limit ofm(η,N)=1485 MeV). At sufficiently large incident
photon energies, contributions from the a0(980) meson are
expected. Its decay to ηπ results in a peak in the η-pion
invariant mass spectrum [16,17,20].

The analysis of the available data for the γp → pπ0η
reaction, including invariant mass distributions, angular
distributions, and polarization observables measured with
circularly and linearly polarized photon beams [17,20,21,
22,23], has revealed a strong contribution of the∆(1700)3/2− →
η∆(1232) → ηπ0p decay chain in the threshold region.
In [21], the authors have shown that with the contribu-
tion of the ∆(1700)3/2− alone (no background terms, no
further nucleon resonances), most features of the total
cross section and several types of angular distributions
can be described. With the availability of experimental
results for polarization observables (beam-helicity asym-
metry in [22] and beam asymmetry in [15,18]), the model
was extended in [23] to contributions from several I = 3/2
∆-resonances and background terms (Born-terms). Pre-
dictions for further polarization observables from the ex-
tended model have been made in [24]. Using data from
the CBELSA/TAPS experiment, which cover a larger en-
ergy range and provide polarization observables measured
with linearly polarized photon beams, the reaction has
also been analyzed in the framework of the Bonn-Gatchina
coupled channel model [20]. So far, all results are consis-
tent with a dominant contribution from the ∆(1700)3/2−

resonance in the threshold region. Therefore, this reac-
tion is promising for a detailed investigation of this state,
which is interesting because its nature is not yet well es-
tablished. Besides the interpretation as a standard three-
constituent-quark state, a dynamical generation within
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coupled-channel chiral unitary theory for meson-baryon
scattering has also been discussed [26,27].

So far, data are only available for the γp → pπ0η reac-
tion. However, the isospin dependence of the production
of πη pairs is also of great interest. Since the η-meson is
isoscalar, the isospin structure of the πη photoproduction
amplitude is identical to that for single π photoproduc-
tion. Its different charge channels may be represented as:

A(γp → nπ+η) = −

√

1

3
AV 3 +

√

2

3
(AIV −AIS) (1)

A(γp → pπoη) = +

√

2

3
AV 3 +

√

1

3
(AIV −AIS)

A(γn → pπ−η) = +

√

1

3
AV 3 −

√

2

3
(AIV +AIS)

A(γn → nπoη) = +

√

2

3
AV 3 +

√

1

3
(AIV +AIS) .

where AIS is the isoscalar matrix element, AIV is the
isovector, and AV 3 is the isospin changing one. Only the
latter contributes to the excitation of ∆ states.

From the decomposition of Eq. 1, one easily sees that
for the reaction chain γN → ∆⋆ → Nπη (AIS , AIV =
0), the cross section ratios for production of neutral and
charged pions off protons and neutrons are related by:

σ(γp → ηπ0p) = σ(γn → ηπ0n) =

2σ(γp → ηπ+n) = 2σ(γn → ηπ−p) . (2)

Any deviations from this relation would signal contribu-
tions from I = 1/2 N⋆ resonances or from non-resonant
background. In the present work, all four isospin chan-
nels have been studied using liquid hydrogen and liquid
deuterium targets. The total cross sections and their ra-
tios already have been published in a preceding letter [28].
The present paper summarizes the results for differential
cross sections (invariant mass distributions of the meson
- meson and meson - nucleon pairs and angular distribu-
tions), as well as the results for the helicity asymmetry
I⊙, which was measured with a circularly polarized pho-
ton beam and an unpolarized target.

2 Definition of observables

All differential cross sections presented in this paper were
normalized to the respective total cross sections in order
to facilitate the comparison of different reaction channels
and between experimental results and model predictions.
A kinematic reconstruction of the final state (as described
in [29]) was used to determine the photon - nucleon center-
of-momentum (cm) energyW , the kinetic energy of the re-
coil nucleon, and all relevant cm angles (see Sec. 4). It uses
as input the incident photon energy and the measured four
momenta of the pions and η mesons and the polar and az-
imuthal angles of the detected recoil nucleons. The effects
from nuclear Fermi motion were thus removed. Due to the
small total cross sections (maximum values around 2.5 µb

for π0 mesons and around 1.5 µb for charged mesons), the
statistical quality of the data was only sufficient to sep-
arate the total range of photon - nucleon invariant mass
from W=1.7 - 1.9 GeV into four bins.

The first group of experimental data comprises the in-
variant mass distributions of meson - meson and meson
- nucleon pairs. Their definition as the magnitude of the
sum of the four momenta of the particle pairs is straight-
forward. Previous results are only available for the π0η
final state for free protons (see [20] and Refs. therein).
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Fig. 1. Definition of coordinate frames for angular distribu-
tions in the nucleon - pion rest frames for (a) the canonical
system, and (b) the helicity system [21]. In the canonical sys-
tem (a) the z′ axis is parallel to the photon beam direction, in
the helicity system (b), it is in direction of the combined πN
momentum (thick arrow). The x′ axis is in the reaction plane
in both systems and the y′ axis is perpendicular to this plane.

Angular distributions have been analyzed in the same
way as in [21,23], which is adapted to the hypothesis of
a dominant ∆⋆ → ∆(1232)η → ηπN decay. The axes of
the photon - nucleon cm system are denoted by X , Y ,
Z (the photon is in the direction of the Z axis and the
incident nucleon is in the −Z direction). Note that the Z
direction is not necessarily parallel to the laboratory beam
axis because the incident nucleon may have a momentum
in a different direction due to Fermi motion. The momenta
of the η meson and the combined πN system are back-to-
back in this overall cm frame. Angular distributions of the
pions in the pion - nucleon cm system have been extracted
in two different frames, as shown in Fig. 1. In the canonical
frame, the z′-axis is parallel to the photon direction, while
in the helicity frame, it is in direction of the momentum
of the combined Nπ system, i.e. in the direction of the
momentum vector of the supposed intermediate ∆(1232)
resonance. The direction of the y′ axes are for both frames
chosen as:

ŷ′ = (pη × kγ) / |pη × kγ | (3)

and the x′ axes lie in both systems in the reaction plane
and are oriented such that a right handed coordinate frame
results. Angular distributions were constructed for the po-
lar angle Θη of the η-meson in the photon - nucleon overall
cm frame and for the polar (Θc, Θh) and azimuthal (Φc,
Φh) angles of the pion in the canonical (‘c’) and helicity
(‘h’) frames. Previous results for such angular distribu-
tions for photoproduction of π0η pairs off free protons are
given in [21].
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Fig. 2. Vector and angle definitions in the cm system of inci-
dent photon (γ) and initial-state participant nucleon N . Par-
ticles p1, p2, and p3 are some permutation of the final-state
participant nucleon N ′, the pion, and the η meson, depending
on the type of the asymmetry (see text). One plane is defined
by the momentum of the incident photon k and the momen-
tum of particle p3, the other by the momenta of particles p1
and p2 (all momenta in the photon - nucleon cm system). Φ is
the angle between the planes.

Final states with three particles (such as ππN or πηN)
can show an asymmetry, the beam-helicity asymmetry I⊙,
even when investigated with an unpolarized target and a
circularly polarized photon beam. The definition of the
asymmetry is shown in Fig. 2. Two planes are defined
in the photon-nucleon cm system by the three final-state
particles and the incident photon (or nucleon). The asym-
metry due to the photon beam helicity can be defined as
a function of the angle Φ between the two planes by:

I⊙(Φ) =
dσ+ − dσ−

dσ+ + dσ−
=

1

Pγ

N+ −N−

N+ +N−
, (4)

where dσ± are the differential cross sections for each of the
two photon helicity states, Pγ is the degree of circular po-
larization of the photons, and N± are the count rates for
the two helicity states. The integration of the count rates
over extended phase-space regions has to be corrected for
detection efficiency effects. In the present analysis, re-
sults are presented for the choices (p1, p2, p3)=(η, π,N),
(π,N, η), and (η,N, π). The corresponding angles are la-
beled Φ1, Φ2, and Φ3 and the asymmetries are denoted as
I⊙(η, π,N), I⊙(π,N, η), and I⊙(η,N, π). Previous results
for I⊙(π,N, η) for π0η pairs produced on free protons are
given in [22].

Due to parity conservation, all asymmetries must obey
the condition:

I⊙(Φ) = −I⊙(2π − Φ), (5)

and can be expanded into sine series:

I⊙(Φ) =
∞
∑

n=1

Ansin(nΦ) (6)

which can be fitted to the data. Test fits produced no
Ai, i ≥ 3 results significantly different from zero. This was

due to the limited statistical precision. Therefore, the final
fits were restricted to the A1 and A2 coefficients.

3 Experimental setup

The experimental setup and all relevant parameters have
already been discussed in detail in several publications
(see [8,9,13,28,30,31,32] for the measurements with deu-
terium targets and [33,34] for the 3He data), which used
the same data sets. Therefore, only a short summary is
given here. The experiments were carried out at the Mainz
MAMI accelerator [35,36] using a quasi-monochromatic
photon beam with energies up to ≈1.4 GeV from the
Glasgow tagged photon spectrometer [37,38,39]. The elec-
trons were longitudinally polarized and this polarization
is transferred in the bremsstrahlung process to circular
polarization of the photons. The degree of circular polar-
ization of the photon beam is energy dependent and is
related to the degree of linear polarization of the electron
beam by the transfer function given by Olsen and Maxi-
mon in [40]. The polarization degree of the electron beam
was measured by Mott and Møller scattering (typical val-
ues were in the range 60 - 85%, see [8,9]).

In total, results from three different beam times with
liquid deuterium targets, one beam time with a liquid hy-
drogen target, and one beam time with a liquid 3He target,
were analyzed for the present results. Their main param-
eters are listed in Table 1. The target cells were Kapton
cylinders (a Mylar cylinder for the liquid 3He) of ≈ 4 cm
diameter. Target lengths, densities, and the beam parame-
ters of the different beam times are summarized in Table 1.

Table 1. Summary of data samples. Target type (LD2: liquid
deuterium, LH2: liquid hydrogen, L3He: liquid 3He), target
length d [cm], target surface density ρs [nuclei/barn], electron
beam energy E−

e [MeV], degree of longitudinal polarization of
the electron beam Pe− [%].

Target d [cm] ρs [barn−1] Ee− [MeV] Pe− [%]

LD2 4.72 0.231±0.005 1508 61±4
LD2 4.72 0.231±0.005 1508 84.5±6
LD2 3.00 0.147±0.003 1557 75.5±4
LH2 10.0 0.422±0.008 1557 75.5±4
L3He 5.08 0.073±0.005 1508 -

Recoil nucleons, charged pions, and photons from the
decay of the neutral mesons were detected in an almost
4π solid angle electromagnetic calorimeter, supplemented
with detectors for charged particle identification (see Fig. 3).
The main components of this setup were the Crystal Ball
(CB) detector [43] comprising 672 NaI crystals and a hexag-
onal forward wall constructed from 384 BaF2 modules
of the TAPS device [41,42]. The CB covered polar an-
gles from 20◦ to 160◦ and the TAPS forward wall cov-
ered polar angles down to ≈5◦. All TAPS modules were
equipped with individual plastic scintillators for charged
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Fig. 3. Setup of the electromagnetic calorimeter combining
the Crystal Ball and TAPS (left hand side) detectors. Only the
lower half-shell of the Crystal Ball detector is shown. Detectors
for charged particle identification are mounted in the Crystal
Ball (PID and MWPC) and in front of the TAPS forward wall
(TAPS Veto-detector).

particle identification in front of the crystals. The target
was placed in the center of the CB and surrounded by a
detector for charged particle identification (PID) [44].

4 Data analysis

The data analysis for the final states summarized in this
paper has already been discussed in [28], where the to-
tal cross sections were presented. More details have been
given for the almost identical analyses of the Nπ0π0 and
Nπ0π± final states [9,13] from the same data set. There-
fore, only a brief summary is given here.

In the first step of the analysis, the charged particle de-
tectors in front of TAPS and inside the CB were used to
classify the hits in the calorimeters as ‘charged’ or ‘neu-
tral’. Subsequently, a E − ∆E analysis, comparing the
energy deposition in the PID to the full energy of the par-
ticle measured with the CB was used to separate protons
and charged pions (see Fig. 4, left hand side). Charged
pions in TAPS were not analyzed because the contami-
nation with the more abundant protons was substantial.
This means that a small part of the reaction phase space
(charged pions at polar angles smaller than 20◦) was ex-
cluded from the analysis (this was taken into account for
the simulation of the detector acceptance and efficiency).
Recoil protons and neutrons in TAPS were identified with
a time-of-flight versus energy and a pulse-shape analysis.

The events characterized in Table 2 were then accepted
for the analysis of (quasi)-free production off protons (σp),
off neutrons (σn), and the inclusive reaction off the deuteron
(σincl), for which recoil nucleon detection was not required,
but allowed. The inclusive cross section has only been used
to check the relation:

σincl ≈ σp + σn + (σd), (7)

Table 2. Selected event classes for the cross sections σp (coinci-
dent with recoil protons), σn (coincident with recoil neutrons),
and σincl (no condition for recoil nucleons) for πη-pairs with
neutral and charged pions. n and c denote neutral and charged
hits in the calorimeter (distinguished by the response of the
charged-particle detectors).

σp σn σincl

π0η 4n&1c 5n 4n or 5n or (4n&1c)
π±η 2n&2c 3n&1c (2n&1c) or (2n&2c) or (3n&1c)

where the (small) coherent cross section σd measured in
coincidence with recoil deuterons contributes only for π0η
pairs. As shown in [28], maximum deviations from Eq. 7
are below 5%, which limits possible uncertainties for the
detection of recoil nucleons (σp, σn, and σd depend on
them, but σincl does not).

Photons and neutrons cannot be distinguished in the
CB (the flight path is too short for time-of-flight versus en-
ergy analysis, there is no pulse-shape analysis, and cluster-
size distributions of electromagnetic showers and energy
depositions from neutrons in the CB do not allow for
an event-by-event separation (see [13,28,31])). Therefore,
neutral hits were assigned with a χ2 analysis to photons
and neutrons. For events with three or five neutral hits,
the invariant masses of all possible pair combinations were
compared to the mass of the π0, or the π0 and η masses,
respectively. For events with nm neutral mesons (nm = 1
for π±η final states, nm = 2 for π0η) χ2 was defined by

χ2(k) =

nm
∑

i=1

(

mπ0,η −mi,k

∆mi,k

)2

with k = 1, .., np, (8)

where the mi,k are the invariant masses of the i-th pair in
the k-th permutation of the hits and ∆mi,k is the corre-
sponding uncertainty computed event-by-event from the
experimental energy and angular resolution. In order to
suppress combinatorial background, not only the hypothe-
ses of π0η pairs (for events with five neutrals) or η mesons
(for events with three neutrals) but also those of π0π0

pairs, or single π0 production were tested. In all cases, only
the combination with the minimum χ2 was selected for
further analysis. A two-dimensional invariant mass spec-
trum of events with four photons is shown in Fig. 4, (right
hand side), and details are discussed in [28].

In the final step of the reaction identification, resid-
ual background was removed by an analysis of the copla-
narity of the final state particles and the missing mass of
the reaction when the recoil nucleon (although detected)
was treated as a missing particle (see [28] for details). The
coplanarity analysis is based on the fact that in the cm sys-
tem (apart from Fermi smearing) the momentum vector
of the combined πη system must be back-to-back with the
recoil nucleon momentum, so that the azimuthal angles
of the nucleon and the combined ηπ laboratory momen-
tum must differ by 180◦. This cut suppresses also the rare
events were due to large Fermi momenta the spectator nu-
cleon is detected instead of the participant nucleon. The
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Fig. 4. Left hand side [28]: Identification of protons and charged pions in CB with a ∆E (energy depositon in PID) versus E
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invariant-mass distributions for events with four photons in coincidence with recoil protons (recoil neutrons). The regions around
the π0η peaks are scaled up by a factor of 50.

missing mass analysis uses the incident photon energy and
the four momenta of the two mesons to kinematically re-
construct the mass of the ‘missing’ particle (the detected
participant recoil nucleon, Fermi motion is neglected) and
compares it to the mass of the nucleon via:

∆M = |Pγ + PN − Pπ − Pη| −mN , (9)

where mN is the nucleon mass, Pγ is the four-momentum
of the incident photon, PN is the four momentum of the
initial state nucleon (assumed at rest), and Pπ and Pη

are the four momenta of the two mesons. Typical spectra
for all four reactions for the energy ranges of interest are
summarized in Fig. 5. They are almost background free
and the shape of the distributions is in good agreement
with Monte Carlo simulations. The tails of the distribu-
tions were rejected in order to remove small residual back-
grounds and kinematically poorly reconstructed events.

Absolute cross sections were extracted from the mea-
sured yields, as described in [28] (more details are given in
[13,31] for other reactions), from the target surface den-
sities, the photon flux, the meson decay branching ratios,
and the simulated (Geant4 [45]) detection efficiency of the
experimental setup. For the asymmetries, the polarization
degree of the photon beam also matters, which was dis-
cussed in [8,9] in context of the photoproduction of pion
pairs.

For the total cross sections, which have been summa-
rized in [28], two different analyses were done. Excitation
functions were obtained as a function of the photon en-
ergy measured with the tagging spectrometer. This anal-
ysis suffered from Fermi smearing. The other analysis re-
constructed the final state total energy W from the in-
cident photon energy, the four momenta of the mesons,
and the polar and azimuthal angles of the detected recoil
nucleon. This analysis eliminated the effects from Fermi
motion, but introduced effects from angular and energy
resolution of the calorimeter. For the differential cross sec-
tions and asymmetries, only the second method was used
because Fermi smearing obscures these observables too
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0π η → d γ  n (p)

0π η → d γ  n (n)
+π η → d γ  p (p)

-π η → d γ

200 0 200
0

0.5

1

1.5

W = 1725 MeVData

MC

200 0 200
0

0.5

1

1.5

Data

MC

200 0 200
0

0.5

1

1.5

Data

MC

200 0 200
0

0.5

1

1.5

Data

MC

200 0 200
0

0.5

1

W = 1775 MeV

200 0 200
0

0.5

1

200 0 200
0

0.5

1

200 0 200
0

0.5

1

200 0 200
0

0.5

1

W = 1825 MeV

200 0 200
0

0.5

1

200 0 200
0

0.5

1

200 0 200
0

0.5

1

200− 0 200
0

0.5

1

W = 1875 MeV

200− 0 200
0

0.5

1

200− 0 200
0

0.5

1

200− 0 200
0

0.5

1

-200 0 200 -200 0 200 -200 0 200 -200 0 200

0

0.5

1

1.5

0

0.5

1

0

0.5

1

0

0.5

1

M [MeV]∆

c
o
u
n
ts

 [
a
.u

.]

Fig. 5. Missing mass distributions. From top to bottom: dif-
ferent values of W corresponding to the ranges for which dif-
ferential cross sections and asymmetries were extracted (center
values ±25 MeV). Columns from left to right: reactions γd →

ηπ0p(n), γd → ηπ0n(p), γd → ηπ+n(n), and γd → ηπ−p(p)
(in parenthesis undetected spectator nucleon). Triangles are
data, and solid curves are MC simulation of the signals. Verti-
cal lines: ranges of accepted events.

much. Note that the kinematic reconstruction of the final
state is only exact for the deuterium target. For the 3He
target, it is based on the (fairly good) approximation that
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the two spectator nucleons have no relative momentum
(for details see [34]).

Systematic uncertainties have been discussed in detail
in [8,9,13,31], which analyzed the same data for other re-
action channels, and in [28] specifically for the production
of πη pairs. The total overall normalization uncertainty
(photon flux, target density) was estimated to be between
5% (quadratic addition) and 7% (linear addition). Un-
certainties from analysis cuts including simulation of the
detection efficiency, but excluding the recoil nucleon de-
tection, were in the range of 5 - 10% (larger uncertainties
for charged pions). The detection efficiency has been simu-
lated with different event generators using reaction phase
space and the ∆⋆ → η∆(1232) → ηπ0p decay chain. The
differences were small and the results from the sequential
decay, which is in excellent agreement with the measured
invariant mass distributions, were used. In addition to
Monte Carlo simulations, the recoil nucleon detection ef-
ficiencies have been also experimentally investigated with
reactions such as γp → pη, γp → pπ0, γp → pπ0π0 for re-
coil protons and γp → nπ+π0 for recoil neutrons [13,31].
The systematic uncertainty of these analyses has been es-
timated in [31] at the 10% level, but the good agreement
between the sum of the exclusive cross sections and the
inclusive results for many different reaction channels sug-
gest that this is an upper limit. Most of the uncertainties
cancel in the isospin ratios discussed in [28]. The system-
atic uncertainty of the asymmetries is dominated by the
precision of the measurement of the polarization degree of
the electron beam (see Table 1).

5 Results

Total cross sections and their ratios for the different isospin
channels have already been presented in [28]. Here, the
main results are summarized. All differential distributions
have been normalized by the absolute scale of the total
cross sections for easier comparison of the shapes. Fig. 6
shows the total cross sections for the four final states as
a function of the incident photon energy (Figs. 6(a),(b))
and as a function of the final state invariant mass W
(Figs. 6(c),(d)). Only the exclusive quasi-free cross sec-
tions measured in coincidence with recoil nucleons are
shown and compared to previous and present results for
a free proton target. A comparison of the inclusive cross
sections to the sum of the exclusive ones was made in
Ref. [28] to demonstrate the validity of Eq. 7.

The total cross section for the γp → pπ0η reaction is
in very good agreement with the previous measurement
from Ref. [21] (note that the results from CBELSA [20]
were originally≈15% lower, but have been renormalized in
[20] to [21] because of their larger systematic uncertainty).
For the π0η final state, significant effects from final state
interactions (FSI) have been observed. When analyzed as
a function of incident photon energy, the quasi-free cross
section for production off protons is roughly 75% for pro-
tons bound in the deuteron and only 50% for protons
bound in 3He, both relative to the cross section for the
free proton target. Analyzed as a function of final state

W , the quasi-free cross sections are 75% and 60% relative
to the free-proton cross section. For the results analyzed
as a function of Eγ , deviations between free and quasi-free
reactions are due to FSI effects and Fermi smearing. Fermi
motion effects have been removed from the W data (some
residual effects from the reconstruction may be present in
the imediate vicinity of the production threshold, which
is, however, not discussed in detail). Since the Fermi mo-
tion effects are larger for the 3He nucleus, the observed
behavior is plausible.

The FSI effects are smaller for the π±η final states
(cross section for protons bound in the deuteron reduced
to ≈90%; it was not analyzed for the 3He target). This
behavior is similar to the photoproduction of single pions.
Also in this case FSI effects are larger for neutral pions due
to the difference between nucleon-nucleon interactions in
the np system (which can be bound) compared to the nn
and pp systems [47]. However, a quantitative understand-
ing of the FSI effects is not yet available. The comparison
of differential spectra discussed below seems to indicate
that the FSI effects manifest themselves mainly in the ab-
solute scale of the cross sections.

The ratios of the different isospin channels agree with
the expectation for the ∆⋆ → η∆(1232) → ηπ0p decay
chain given in Eq. 2. They are summarized in Fig. 6(e).
These ratios could be influenced by FSI effects when FSI
is different for recoil protons and recoil nucleons and/or
for charged and neutral pions. For the π0η final state,
the σn/σp ratio (quasi-free nucleons) extracted from the
deuterium and 3He targets are comparable, although the
absolute effect from FSI is much stronger for the helium
target. This is an indication that FSI for quasi-free neu-
trons and protons are similar and thus the quasi-free neu-
tron/proton ratios are a good approximation for the re-
actions with free nucleons. The situation is different for
the comparison of reactions with the same type of target
nucleon, but different charge states of the pions since, as
discussed above, FSI effects are more significant for pro-
duction of neutral pions than for charged pions. Fig. 6(e)
shows the ratios of neutral/charged pion cross sections as
measured (solid symbols) and rescaled by the ratio of FSI
effects observed for protons (75%÷ 90% = 0.83) (open
symbols). Within uncertainties, the results are in agree-
ment with Eq. 2.

The results with the effects from Fermi motion cor-
rected are compared in Figs. 6(c),(d) to the predictions
from [23]. All results from this reference correspond to
their fit solution (I), which is in best agreement with data
for the γp → pπ0η reaction (in particular for the beam
asymmetry Σ). This is their basis solution with the strong
D33 dominance. Their solution (II) has at high incident
photon energies a larger contribution from the∆(1920)3/2+

state and their solution (III) has an admixture of the
∆(1700)3/2− → ∆(1232)η decay in d-wave, which is ne-
glected in solution (I) which assumes only s-wave decay
of this state. The model has not been fitted to the present
data, i.e. not to any data with neutrons in the initial state
or charged pions in the final state. The model predictions
are only valid for free proton and free neutron targets and
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do not include FSI effects. Therefore, all differential spec-
tra have been renormalized to the total cross sections so
that the major FSI effects were eliminated in the compar-
ison of measured data and predictions.
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The model predicts similar results for protons and neu-
trons for the total magnitude of the cross sections. The
differences for charged pions are slightly larger than for
neutral pions but still below the 4% level for all values of
W . The predictions for the shape of the differential distri-
butions for protons and neutrons are even closer to each
other, as discussed below.

This is inherent to the model assumptions because
in the initial electromagnetic photon-excitation process
γN → R, only I = 3/2 ∆ resonances are taken into ac-
count for R (with subsequent hadronic decay to ∆η or
N⋆π intermediate states). Isospin I = 1/2 components
contribute only via non-resonant background terms (Born-
diagrams). Since the γN∆ couplings are equal for protons
and neutrons, the predicted proton and neutron cross sec-
tions from resonance excitations are identical.

The effects of the Born-terms are minor such that
for the renormalized differential spectra in most figures,
model results for proton and neutron targets are indis-
tinguishable. Apart from small differences for the con-
tributions of the Born-terms to reactions with neutral
and charged pions, the relation between cross sections
for different pion types is simply given by the Clebsch-
Gordon coefficients. For the ratios of the total cross sec-
tions (for which the dominant FSI effects cancel), these
predictions are clearly supported by the experimental re-
sults (see Figs. 6 (c)-(e)).

Also analyzed [28] was the coherent production of ηπ0

pairs off the deuteron:

γ + d → d+ η + π0 . (10)

Since the deuteron has isospin I = 0, the amplitude of
this reaction is proportional to the sum of the amplitudes
on protons and neutrons:

A(γd → dπ0η) ∝ A(γp → pπ0η) +A(γn → nπ0η). (11)

Inserting Eq. (1) into Eq. (11), one sees that in the co-
herent process of Eq. (10) the isoscalar excitation of N⋆

resonances is forbidden, so that only the isovector part
of the γN → N⋆ transition and I = 3/2 resonances can
contribute. Thus the coherent reaction works as an isospin
filter. In Fig. 6(f), the data are compared to the model pre-
dictions from Ref. [46], where the elementary production
operator from [23] (Solution(I)) was used. As mentioned
above, the model [46] contains only the ∆-like I = 3/2
resonances as initial states, and the I = 1/2 amplitude,
coming only from the Born terms, is insignificant. There-
fore, the good agreement between data and the predictions
in Fig. 6(f) is further evidence that the isospin decomposi-
tion is understood and that excitation of N⋆ resonances in
the initial state of this reaction should not be significant.

It should be mentioned that contrary to single η pro-
duction, coherent production of ηπ pairs is allowed for
spin/isospin zero nuclei such as 4He. This reaction could
thus be used [25] for the search for η-mesic 4He similar to
the use of η production for η-mesic 3He [33,48].

For the quasi-free γN → Nπ0η and γN → N ′π±η
reactions, angular distributions, invariant mass distribu-
tions, and the helicity asymmetries I⊙ have been ana-
lyzed. All differential spectra are shown for the W ranges
1700 - 1750 MeV, 1750 - 1800 MeV, 1800 - 1850 MeV, and
1850 - 1900 MeV.

The distributions of the cm polar angles of the η-meson
are summarized in Fig. 7. For these spectra (and also for
all following differential spectra), one should note that in
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Fig. 8. Angular distributions of the π0 mesons from the γN → Nηπ0 reactions in the frames defined in Fig. 1 for different
energy bins (given at top of the figure). Θc, Φc (Θh, Φh) are the polar and azimuthal angles in the canonical and helicity frames
(Fig. 1), respectively. Notation for the experimental data same as in Fig. 7. Curves for model results from [23], solid (blue) for
target protons, dashed (red) target neutrons (predictions for protons and neutrons almost identical for most figures). Only the
statistical uncertainties are shown.

general, the statistical quality of the data is not as good
with charged pions in the final state as for neutral pi-
ons. This is because the total cross sections for charged
pions are smaller by a factor of two and the detection ef-
ficiency for charged pions is also lower (in particular for
low-energy pions). Furthermore, due to the larger detec-
tion efficiency for protons compared to neutrons (roughly
a factor of three), the statistical precision for reactions
involving recoil protons is better than for recoil neutrons.

Thus for reactions with neutral mesons, more precise data
were obtained for target protons (free or quasi-free) than
for quasi-free neutrons, for charged pions it is the opposite.

The main observations for the η polar angle distribu-
tions are: after renormalization by the total cross section,
there are almost no differences between free and quasi-free
proton data. This observation is true for almost all differ-
ential spectra and means that the FSI affects mainly the
absolute scale of the cross section but has only a small
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Fig. 9. Same as in Fig. 8 for π± mesons from the γN → Nηπ± reactions.

effect on the shape of the spectra. As expected, the re-
sults for target neutrons and protons are similar because
of the dominant excitation of ∆⋆-resonances as doorway
states. For the same reason, reactions with neutral and
charged pions in the final state are also identical within
uncertainties.

The distributions are in good agreement in all iso-
spin channels (three of which have been measured for
the first time) with the model predictions from [23] as-
suming dominance of the ∆(1700)3/2− → ∆(1232)3/2+

decay in the threshold region and, at higher photon en-
ergies, of the ∆(1940)3/2− → ∆(1232)3/2+ decay. Some
shape deviations between predictions and measured data

appear only for charged pions at lowest and highest inci-
dent photon energies. The predicted distributions are al-
most isotropic close to threshold where the s-wave decay
of the ∆(1700)3/2− to the ∆(1232)η intermediate state
dominates. At higher photon energies the decay of this
state to ∆(1232)η in relative d-wave and contributions
from further initial ∆ states may also become significant,
in particular in interference terms. In solution (I) from
[23], in addition to ∆(1700)3/2−, the ∆(1940)3/2− state
makes an important contribution. Further small contribu-
tions arise from the ∆(1905)5/2+ and ∆(1920)3/2+ res-
onances, while the d-wave decay of the ∆(1700)3/2− and
nucleon Born terms play almost no role.
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Fig. 10. Invariant mass distributions for the π0ηN final state. Notation is the same as in Fig. 7. Model predictions from [23]
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Fig. 12. Left hand side: Beam-helicity asymmetries I⊙(Φ) for the reactions γN → Nπ0η for different W ranges given at top of
Fig. The three rows correspond to the asymmetries I⊙(η, π,N), I⊙(π,N, η), and I⊙(η,N, π) defined in Sec. 2. (Green) triangles:
free protons in initial state, (blue) squares: quasi-free protons, (red) circles: quasi-free neutrons. Solid curves: fits to data with
Eq. 6 (same color code as for data). Panel at right hand side: fit coefficients A1 and A2 as defined in Eq. (6). Colors indicate
reaction type like above, open squares: I⊙(η, π,N), open triangles: I⊙(π,N, η), open circles: I⊙(η,N, π).
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Fig. 13. Same as Fig. 12 for charged pions.
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Fig. 14. Beam-helicity asymmetries for the reactions γN → Nπ0η compared to predictions from Ref. [23]. (Blue) open squares:
average of free and quasi-free proton data shown in Fig. 12, (red) circles: quasi-free neutrons (same data as in Fig. 12). Curves:
model predictions from [23], solid (blue): proton target, dashed (red) neutron target. Panel at right hand side: fit coefficients A1

and A2. Colors indicate reaction type like above, open squares: I⊙(η, π,N), open triangles: I⊙(π,N, η), open circles: I⊙(η, N, π).
Curves: model predictions from [23]; blue (red) for proton (neutron) target; solid, dashed, dotted for I⊙(η.π0, p, ), I⊙(η.N, π),
I⊙(π,N, η).
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Fig. 15. Same as Fig. 14 for charged pions.
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Angular distributions of the pions in the canonical and
helicity frames (see Sec. 2 for definitions) for the reac-
tions with neutral pions are summarized in Fig. 8 and for
charged pions in Fig. 9. Similar observations as for the η
polar-angle distributions can be made. In general, the free
and quasi-free proton data are quite similar, indicating
only small FSI effects on the shape of the angular dis-
tributions. The measured angular distributions show only
small variations between different target nucleons and the
charge type of the final state pions and are in overall fair
agreement with the model predictions.

Invariant mass distributions of the meson-meson and
meson-nucleon pairs are shown in Figs. 10 and 11. These
data are in almost perfect agreement for free and quasi-
free protons and quasi-free neutrons as targets and for
final state neutral and charged pions. They agree with
the model predictions from [23] which are also essentially
identical for all reaction channels.

Some deviations between experimental data and pre-
dictions occur in the peaks of the narrow distributions,
but this may be caused partly by experimental resolution
effects, which have not been folded into the model pre-
dictions. The shapes of the invariant mass distributions
are dominated by the sequential ∆⋆ → ∆η → Nηπ decay
chain. All reactions show a pronounced peak in the Nπ in-
variant mass from the intermediate ∆(1232) state (for the
lowest photon energies the intermediate ∆(1232) can be
only populated at invariant masses below its peak value).
There are no particular structures from theN(1535)1/2−π
intermediate state visible in the Nη invariant mass dis-
tributions. In previous measurements of the γp → pπ0η
reaction [20], such contributions only became prominent
at higher photon energies. They are expected close to the
lower phase-space limit of the distributions where they are
difficult to identify (see, however, the discussion below of
the asymmetries which show more evidence for such con-
tributions). The πη invariant masses are also structureless
because the a0 meson with its strong decay to πη has a
mass of 980 MeV and lies thus outside the range of the
current measurements.

Finally, the beam-helicity asymmetries introduced in
Sec. 2 have been analyzed. The results are shown in Figs. 12
and 13. They have been fitted with the expansion from
Eq. 6 and the fit results for the expansion coefficients are
also shown. This type of asymmetry is usually very sensi-
tive to small reaction amplitudes such as from background
terms (see e.g. [5,8,9] for similar results for pion pairs).
Again, the comparison of free and quasi-free proton re-
sults indicates no significant FSI effects on this observable.
The results for target protons and neutrons are similar
for all three asymmetries over the entire investigated en-
ergy range. The comparison of the reactions with neutral
and charged pions is not so stringent due to the rather
poor statistical quality of the data for charged pions, but
qualitatively, those data are also quite similar. As already
reported in [22] for I⊙(π0, p, η), only the A1 coefficient is
significantly different from zero. The A1 magnitude is sim-
ilar for reactions with charged and neutral pions. There are
suggestions in the data of small differences in the energy

dependence of the beam helicity asymmetries for charged
and neutral pions, although the statistical uncertainties
are large, particularly for charged pions at low energies.

The results are compared in Figs. 14 and 15 to the pre-
dictions from Ref. [23]. One should note that these model
results are really predictions, as previously only a few re-
sults for I⊙(π0, p, η) reported in [22] were available. Data
for the other isospin channels and the other types of asym-
metry have been measured here for the first time and were
not included in the model fits. For simplification of the
figures and for better statistical quality, the experimental
results for free and quasi-free proton targets have been av-
eraged (the comparison in Figs. 12 and 13 did not reveal
any systematic differences). The agreement between ex-
perimental data and model predictions is quite good. As
long as the 3/2− wave dominates, the A1 coefficient comes
from the interference of the η∆(1232) and πN(1535) decay
modes of the two 3/2− resonances ∆(1700) and ∆(1940).
Therefore, the observed behavior is evidence for contribu-
tions from the πN(1535) intermediate state, which is diffi-
cult to establish in the invariant mass distributions. Other
resonances and backgroundmechanisms mostly contribute
to higher order terms in Eq. 6 (which are almost insignif-
icant in the experimental results within the achieved sta-
tistical accuracy). In particular, as discussed in [22], the
coefficient A2 is due to interference of the positive parity
states with the dominant 3/2− wave.

6 Summary and Conclusions

Photoproduction of πη pairs off nucleons has been stud-
ied for all possible isospin channels using a liquid deu-
terium target (i.e. with quasi-free nucleons bound in the
deuteron) and, for comparison, for the reactions γp →
pηπ0 and γp → nηπ+, with a free proton target (liquid hy-
drogen). For all reactions, total cross sections, various an-
gular distributions, invariant mass distributions of meson-
meson and meson-nucleon pairs, and all possible types
of beam-helicity asymmetries (circularly polarized photon
beam) have been measured. For the quasi-free measure-
ments, the effects from Fermi motion have been eliminated
by a full kinematic reconstruction of the final state.

The major findings are the following: the absolute scale
of the cross sections for free and quasi-free protons is dif-
ferent. Total cross sections for production of π0η pairs off
protons bound in the deuteron are suppressed with respect
to the free proton to roughly 75%. For protons bound
in 3He nuclei, the reduction is to 60%. This is a clear
indication of FSI effects, which are larger for the more
strongly bound helium nucleus. As in the case for reac-
tions with single pion production, FSI effects are smaller
for final states with charged pions (reduced to 90% for
protons bound in the deuteron). This is most likely due to
the different FSI in the nn and pp systems compared to
the np system, but there is so far no quantitative model-
ing of these FSI effects. The measured asymmetries show
no significant differences between free and quasi-free pro-
tons and also the angular and invariant-mass distributions
agree quite well after renormalization to the scale of the
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total cross sections. Thus one can conclude that the FSI
effects influence mainly the absolute scale of the cross sec-
tions, but are not so important for polarization observ-
ables and for shapes of differential cross sections (the same
observation has previously been made for photoproduction
of pion pairs [8,9,13]).

The ratios of the total cross sections for the differ-
ent isospin channels are all in good agreement with Eq. 2
which was derived under the assumption of a dominant
γN → ∆⋆ → ∆(1232)η → Nηπ reaction chain. Apart
from the FSI related effects noted in the absolute cross sec-
tions, all differential cross sections agree quite well with a
simple isobar model [23] based on a dominant contribution
from the above reaction with ∆⋆ = ∆3/2− (∆(1700) at
threshold, ∆(1940) at higher energies). The beam-helicity
asymmetries are naturally explained in the framework of
this model when interferences between the decays of the
∆⋆3/2− states to the η∆(1232)3/2+ and πN(1535)1/2−

final states are considered. In addition, small contribu-
tions from a few further ∆ resonances (which manifest
themselves mainly in angular distributions), very minor
contributions from nucleon Born terms, and no contri-
butions at all from isospin I = 1/2 N⋆ resonances are
required in the model. The latter would destroy the sim-
ple Clebsch-Gordan coefficient relation from Eq. 2 due to
the different photo-couplings of N⋆ resonances for protons
and neutrons. This special situation has made it possible
to make good model predictions for all isospin channels
based on experimental results for the γp → pηπ0 reaction.
This is very different from single η or single π photopro-
duction. In the latter case abundant results for different
observables for three of the four possible isospin channels
were available (γp → pπ0, γp → nπ+, γn → pπ−). Since
there are only three independent isospin amplitudes, (as
in Eq. 1) this should be enough to predict the results for
the fourth channel (γn → nπ0). However, results from
different models do not agree and none of them predicted
correctly the recently reported experimental data [32] for
the fourth reaction.

Photoproduction of πη pairs is an efficient tool for the
study of ∆ excitations at moderate energies, in particu-
lar for the ∆(1700)3/2−. This reaction will most likely
become a similar benchmark for this state as single η pro-
duction is for the N(1535)1/2− [49,50]. It seems that al-
ready now at the current energies, production of ηπ pairs
is much better understood than production of pion pairs,
for which results from different models vary strongly and
are not in good agreement with experimental data [13].
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