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The beam-helicity asymmetry was measured, for the first time, in photoproduction of π0η pairs on 
carbon, aluminum, and lead, with the A2 experimental setup at MAMI. The results are compared to an 
earlier measurement on a free proton and to the corresponding theoretical calculations. The Mainz model 
is used to predict the beam-helicity asymmetry for the nuclear targets. The present results indicate that 
the photoproduction mechanism for π0η pairs on nuclei is similar to photoproduction on a free nucleon. 
This process is dominated by the D33 partial wave with the η�(1232) intermediate state.

 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

In order to understand the spectrum and properties of baryon 
resonances, significant effort has been made during the last 
decades in studying single- and double-meson photoproduc-

tion [1–6]. In addition to investigating meson photoproduction on 
a free proton, numerous experiments were performed with the 
aim of understanding meson photoproduction on light and heavy 
nuclei. Meson production on light nuclei, such as the deuteron or 
helium isotopes, allows one to access the baryon resonances pro-
duced on the nucleon. Photoproduction on heavier targets is well-

suited for the understanding of possible modifications of hadrons, 
including baryon resonances, in the nuclear medium.

One of the most dramatic in-medium effects is the disappear-
ance of the peaks in the second and third resonance regions 
(present in the total photoabsorption on a free proton) when 
heavier targets are used in the experiment [7–9]. This observa-
tion has not been explained in a model-independent way so far. 
At the same time, it triggered a significant interest in search-
ing for in-medium modifications of baryon resonances in exclu-
sive photoproduction channels. In the second resonance region, the 
properties of the N(1520)3/2− and N(1535)1/2− resonances were 
studied by using pion and η photoproduction on various nuclei 
(see Refs. [10–12] for overview), and numerous studies showed 
that these resonances are not strongly modified in the nuclear 
medium [12–16]. Possible modifications of baryon resonances in 
the third resonance region have not been investigated in such de-
tail, and the photoproduction mechanisms of the �(1700)3/2−

and �(1940)3/2− resonances on heavy nuclei have not been 
studied thus far. Photoproduction of π0η pairs on nuclei is well 
suited for accessing the properties of these resonances due to a 
selective identification of contributing resonances and their de-
cay modes, compared to widely investigated 2π0 photoproduction, 
where the reaction dynamics is much more complicated (see e.g. 
Refs. [17–27]). For the incoming-photon energy range from the 
production threshold up to Eγ = 1.5 GeV, numerous analyses indi-
cate the dominance of the D33 partial wave [28–36], which couples 
strongly to the �(1700)3/2− resonance close to the production 
threshold and to the �(1940)3/2− at higher energies. Another ad-
vantage of π0η photoproduction is that the η meson, serving as 
an isospin filter, allows access to transitions between two differ-
ent N∗ or two different � resonances (from a heavier to a lighter 
one), thus providing additional selectivity to the investigated de-
cay mode in case of sequential decays with independent emission 
of the two mesons.

Photoproduction of π0η pairs has been extensively studied 
on a free proton, with various angular differential cross sections 
and distributions for polarization observables reported earlier in 
Refs. [30–38]. The A2 collaboration recently reported the unpolar-
ized cross sections and the beam-helicity asymmetry for photopro-
duction of π0η pairs on the deuteron and on helium nuclei [39]

and the helicity-dependent cross sections for photoproduction of 

π0η pairs on quasi-free protons and neutrons [40]. The results on 
the deuteron confirmed that the π0η production mechanism on 
the proton and neutron is dominated by the D33 partial wave with 
the η�(1232) intermediate state.

In the present work, photoproduction of π0η pairs was in-
vestigated for the first time by using circularly polarized pho-
tons incident on heavier nuclear targets (carbon, aluminum, and 
lead). The main goal of the experiment was to test whether the 
mechanism for π0η photoproduction on heavy nuclei is also dom-

inated by the D33 partial wave. Such a study was inspired by 
results from Ref. [39], which showed that, although the overall rate 
for π0η photoproduction is reduced significantly on the deuteron 
due to final-state interactions (FSI), the beam-helicity asymmetry, 
I⊙ , remains practically unchanged. This feature allows one to use 
I⊙ measured in π0η photoproduction for investigating possible 
changes in the production mechanisms of the D33 wave on heavier 
nuclei, presumably not being strongly influenced by the FSI-related 
effects.

As shown in Ref. [32], the asymmetry I⊙ originating from the 
D33 partial wave should have a specific shape

I⊙(�π ) = A1 sin�π + A2 sin2�π (1)

as a function of the azimuthal angle �π , which is the angle be-
tween the pion in the πN rest frame and the plane determined 
by the momentum of the πN system in the overall center-of-
mass (c.m.) frame and the incident photon in the same c.m. frame. 
Then the first term in Eq. (1) is determined solely by the D33

wave, and the second by its interference with other waves. The 
first experimental measurement of the beam-helicity asymmetry, 
reported in Ref. [32], did reveal that its shape was similar to si-
nusoidal, especially in the energy range close to the production 
threshold. Such an observation confirmed the strong dominance of 
the D33 partial wave in γ N → π0ηN , independently of the earlier 
result based on the analysis on other unpolarized observables [31]. 
This feature makes the I⊙ observable well suited for studying the 
behavior of the elementary amplitude in a nuclear environment, 
as possible significant changes in the partial-wave structure of a 
single-nucleon amplitude in a nucleus will lead to noticeable de-
viations from the I⊙(�π ) dependence observed on a free nucleon. 
The most likely modification for the D33 states in the nuclear en-
vironment (beyond FSI) would be a suppression of intensity or an 
increase of their width due to the presence of different inelastic 
mechanisms. In this case, the relative contribution of other terms 
could be changed, resulting in a different energy dependence of 
the beam-helicity asymmetry and in a deviation of the I⊙(�π )

dependence from the shape determined by Eq. (1).
In this work, the results obtained for the beam-helicity asym-

metry on the three nuclear targets were compared to the earlier 
A2 results on a free proton [33] and to the corresponding theoret-
ical calculations with the latest version of the Mainz model [33]. 
The Mainz model was initially developed for the analysis of three-
body final states, especially aiming for understanding the features 
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of γ N → ππN and γ N → π0ηN [29,30,41–43]. The model param-

eters were adjusted by simultaneously fitting various experimental 
distributions for observables sensitive to the reaction dynamics, 
paying particular attention to the analysis of specific angular dis-
tributions. Based on the parameters adjusted for free nucleons, this 
model can also make predictions for quasi-free nucleons and heav-
ier nuclei. In this work, the Mainz model [33] was used to predict 
the change in the beam-helicity asymmetry in the transition from 
a free nucleon to the three nuclear targets used in the present ex-
periment.

There is also a simultaneous partial-wave analysis (PWA) 
of available photoproduction data by the Bonn-Gatchina (BnGa) 
group [44], the results of which for the γ p → π0ηp data from 
CBELSA/TAPS were earlier reported in Refs. [34–36]. Note that no 
beam-helicity asymmetry data are included in the BnGa PWA. As 
shown in Ref. [33], the solutions of the BnGa PWA for the beam-

helicity asymmetry on a free proton are in good agreement with 
the A2 data for the lower energy range, and then the discrepancy 
increases with energy. There are no solutions by the BnGa PWA for 
the nuclear targets used in our experiment.

2. Experimental setup

Photoproduction of π0η pairs on nuclear targets was mea-

sured at the Mainz Microtron (MAMI) [45,46], using an energy-
tagged bremsstrahlung photon beam. The energies of the incident 
photons were analyzed up to 1400 MeV, by detecting the post-
bremsstrahlung electrons in the Glasgow tagged-photon spectrom-

eter (Glasgow tagger) [47–49]. The uncertainty of ±2 MeV in the 
energy of the tagged photons is mostly determined by the seg-
mentation of the focal-plane detector of the Glasgow tagger in 
combination with the energy of the MAMI electron beam (more 
details are given in Ref. [49]).

The final-state particles were detected by using the Crystal Ball 
(CB) [50] as a central calorimeter and TAPS [51,52] as a forward 
calorimeter. The CB detector consists of 672 NaI(Tl) crystals cover-
ing polar angles from 20◦ to 150◦ . The TAPS calorimeter consists 
of 366 BaF2 crystals covering polar angles from 4◦ to 20◦ and 72 
PbWO4 crystals with angular coverage from 1◦ to 4◦ . Both CB and 
TAPS calorimeters have full azimuthal coverage. More information 
on the energy and angular resolution of the CB and TAPS is pro-
vided in Refs. [53,54].

The target, located in the center of the CB, was surrounded by a 
Particle IDentification (PID) detector [56], consisting of 24 scintil-
lator bars, and by two Multiwire Proportional Chambers (MWPCs), 
serving for identification and tracking of charged particles. In the 
TAPS region, plastic veto detectors were placed in front of the BaF2
and PbWO4 crystals.

The present measurements were conducted with a 1557-MeV 
beam of longitudinally polarized electrons from the Mainz Mi-

crotron, MAMI-C [46]. Circularly-polarized bremsstrahlung pho-
tons, incident on the solid targets, were produced by the beam 
electrons in a 10-µm radiator made of iron and cobalt alloy and 
collimated by a 2.5-mm-diameter Pb collimator. Experimental data 
were measured with carbon, aluminum, and lead targets with 
thickness of 20, 8, and 0.5 mm, respectively. The photon degree 
of polarization was determined as [55]

Pγ = Pe−
4x− x2

4− 4x+ 3x2
, (2)

where Pe− is the electron degree of polarization, and x = Eγ /Ee−

is the ratio of a bremsstrahlung-photon energy to the energy of 
the electron beam from MAMI. In the present measurements, the 
averaged magnitude of Pe− was 0.745, 0.705, and 0.715 for the 
carbon, aluminum, and lead targets, respectively.

The experimental trigger first required the total energy de-
posited in the CB to exceed ∼320 MeV for the aluminum and lead 
targets and ∼350 MeV for the carbon target. Then the number of 
so-called hardware clusters in the CB and TAPS together (multiplic-

ity trigger) had to be two or more.

3. Data handling

Events from photoproduction of π0η pairs on nuclei were 
searched for in the four-photon final state produced by π0 → γ γ
and η → γ γ decays. The reaction candidates were extracted from 
events with four or five clusters reconstructed in the CB and TAPS 
together with a software analysis. Four-cluster events were ana-
lyzed by assuming that only four final-state photons had been 
detected, and five-cluster events by assuming that the recoil nu-
cleon (proton or neutron) from a nucleus had been detected as 
well. The separation of π0η events produced on protons or neu-
trons was not used in the analysis because it is impossible for 
four-cluster events.

Similar to the analysis of the data with a hydrogen target [33], 
kinematic fitting was used to select event candidates and to 
reconstruct the reaction kinematics. Details of the kinematic-fit 
parametrization of the detector information and resolutions are 
given in Ref. [54]. Unlike for the free-proton case, the missing mass 
of the four-photon final state was used in the reaction hypothe-
sis. This missing mass was calculated by assuming that the target 
particle has the nucleon mass and zero momentum. To identify 
events from the π0η photoproduction, the γ N → π0γ γ X → 4γ X

hypothesis, using only the π0-mass constraint on the two-photon 
invariant mass, was tested, and the events that satisfied this hy-
pothesis with probability greater than 2% were selected for further 
analysis. Then, for the selected events, a peak from η → γ γ de-

cays can be seen in the invariant-mass distribution of the two 
photons that are not from the π0 decay. The background under 
the η → γ γ peak comes mostly from misidentification of clusters 
from neutrons and charged particles with photons. At the same 
time, the η → γ γ peak itself can include the background from 
γn → π−ηp and γ p → π+ηn events, when the invariant mass of 
two clusters either from π−p or from π+n is close to the π0 mass. 
Based on Monte Carlo (MC) simulations of these two processes, 
compared to γ N → π0ηN → 4γ N , such background contributes
less than 5% in the signal peak.

To calculate I⊙ , the transformation to the c.m. frame was made 
by assuming that the target particle has the nucleon mass and zero 
momentum, which is similar to the hypothesis used in the kine-
matic fit, and the mass of the recoil particle X was taken as the 
missing mass. Then the asymmetry due to the photon-beam he-
licity can be defined as a function of the angle � between the 
production plane and the reaction plane. For a three-particle final 
state, all those three particles in the c.m. frame lie in the same 
plane, which is typically called the production plane. A reaction 
plane is typically determined by the beam particle and one of the 
three final-state particles in the c.m. frame. In the previous A2 
measurements with a hydrogen target [32,33], the reaction plane 
was determined by the vector product of the momenta of the η
meson and the incident photon. Such a choice is more informative 
when the production is dominated by the η�(1232) intermediate 
state, which was observed in this energy range. Then the pro-
duction plane rotates around the back-to-back directions of η and 
�(1232). The orientation of the production and the reaction plane 
was then chosen in such a way that the angle � had to be iden-
tical to the angle �π used in Eq. (1). Because the purpose of this 
work was to test whether the same production mechanisms dom-

inate in heavier nuclei, the reaction plane was determined similar 
to the previous analyses.
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Fig. 1. (a) Invariant-mass distribution of the two photons not from the π0 decay for γ N → π0γ γ X → 4γ X events produced on the carbon target within Eγ = 1.10 −
1.25 GeV; (b) same as (a) but within �/π = 1.6 − 1.8; (c) same as (b) but for helicity (+) only; (d) same as (b) but for helicity (-) only. Fits to the distributions, which were 
made with the sum of a Gaussian for the η → γ γ peak and a polynomial of order 4 for the background, are shown by the solid blue lines.

Fig. 2. Same as Fig. 1 but for the aluminum target.

Fig. 3. Same as Fig. 1 but for the lead target.

Experimentally, the beam-helicity asymmetry I⊙(�) can be 
measured as

I⊙(�) =
dσ+ − dσ−

dσ+ + dσ− =
1

Pγ

N+ − N−

N+ + N− , (3)

where dσ± are the differential cross sections as a function of �
for each of the two helicity states of the incident photon, Pγ is the 
degree of circular polarization of the photon, and N± are the num-

ber of events produced at the angle � for the two helicity states. 
It was checked with the MC events weighted with the BnGa PWA 
polarized amplitude that the experimental acceptance as a func-
tion of � is identical for N+ and N− , and its impact on N+/−(�)

is canceled in the ratio (N+ − N−)/(N+ + N−).

To measure I⊙(�), all γ N → π0γ γ X → 4γ X events selected 
for each target and beam helicity were divided into 3 energy (150 
MeV wide) intervals, with 10 angular bins in �. To compare the 
results on nuclear targets with hydrogen, the data of 50-MeV-wide 
bins from Ref. [33] were combined in the corresponding 150-MeV-

wide bins, with similar modifications made for the free-proton pre-
dictions. The invariant-mass distributions of the two photons not 
from the π0 decay were used to determine N+(�) and N−(�) in 
each bin. These distributions are illustrated in Figs. 1, 2, and 3 for 
the carbon, aluminum, and lead targets, respectively. For a better 
comparison of the experimental statistics available for each tar-
get, the invariant-mass distributions are shown for the same bin, 
with the incident-photon energy range 1.10 < Eγ < 1.25 GeV and 
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the angular range 1.6 < �/π < 1.8. To measure the number of 
γ N → π0ηX → 4γ X events, the invariant-mass distributions were 
fitted with the sum of a Gaussian for the η → γ γ peak and a 
polynomial of order 4 for the background. Fits to the distributions 
shown in plots (a), obtained for all events in the given energy 
range, were used to determine the initial parameters of the fits 
to the distributions in plots (b), additionally restricted with events 
only within 1.6 < �/π < 1.8. Plots (c) and (d) divide the events 
from plots (b) based on their helicity state. In the fits to these 
m(γ γ ) distributions, the parameters describing the Gaussian and 
the polynomial shape were fixed to the fit results from plot (b), 
and only the weights of the two functions were free parameters 
of the fit. For data with low statistics as for the lead target, such 
an approach provides more reliable results for measuring N+(�), 
N−(�), and the corresponding I⊙(�), compared to completely in-
dependent fits to the final m(γ γ ) distributions.

4. Mainz model for nuclei

The theoretical calculations for photoproduction of π0η pairs 
on heavy nuclei were made within the Mainz isobar model [30], 
revised recently for the analysis of the latest A2 data on γ p →
π0ηp [33]. Within this model, the γ N → π0ηN amplitude con-
sists of the three main terms: the resonant sector, the Born am-

plitudes, and additional background contributions. The first two 
terms are basically similar to those from an earlier version of the 
Mainz model [30] used to describe the first A2 data on γ p →
π0ηp [31,32]. The Born amplitudes contain the diagrams with 
the nucleon and N(1535) poles in the s- and u-channels, with-

out any parameters that could be adjusted from fitting to exper-
imental data. Direct calculations show that the Born amplitudes 
contribute only a small fraction (∼ 1%−2%) to the total cross sec-
tion. In addition, to improve the quality of data description in 
Ref. [33], artificial background terms were included into the par-
tial waves with J ≤ 5/2. The major constraint of the model is that 
these terms should be small in magnitude and have smooth en-
ergy dependence. The resonant part of the amplitude contains four 
�-type resonances rated by four stars in the Review of Particle 
Physics (RPP) [1]: �(1700)3/2− , �(1905)5/2+ , �(1920)3/2+ , and 
�(1940)3/2− . According to the analysis in Ref. [33], the contribu-
tion from other resonances in the present energy range is small 
and effectively contained in the background term. The parameters 
obtained earlier for the four � resonances are given in Ref. [33].

To calculate πη photoproduction on nuclei, a spectator model 
was adopted in connection with the closure relation 

∑

f

| f 〉〈 f | = 1

for the sum over states of the residual nuclear system. For sim-

plicity, the residual nuclear system in the reaction kinematics was 
treated as if it were a bound system of A −1 nucleons (further de-
noted as a nucleus A f ) with the mass MA − MN , where MA is the 
target-nucleus mass and MN is the nucleon mass. Then, the nu-
clear cross section in the overall c.m. frame, corresponding to the 
helicity component ±1 of the incident photon, can be presented in 
terms of the square of the spin-averaged single-nucleon amplitude 
t±γ N as

dσ±
γ A

d�π
= 2π

∫

K fπ (Tπ ) fη(Tη)ρA(p)|t±γ N |2 (4)

dωπN d cos θ∗
πN dωηA f

d�∗
ηA f

d cos�ηA f
,

where the kinematic phase-space factor has the form

K =
1

(2π)8

E i E f MNq
∗
πN p∗

ηA f
PηA f

8W 2Eγ
, (5)

with W , Eγ , E i , and E f being the total c.m. energy, the energies 
of the incident photon, and of the initial and the final nucleus, 
respectively. The notations ωπN and ωηA f

are used for the invari-
ant masses of the πN and ηA f systems, with the 3-momenta q∗

πN
and p∗

ηA f
and spherical angles �∗

πN = {θ∗
πN , �π } and �∗

ηA f
in the 

corresponding rest frames. PηA f
is the 3-momentum of the ηA f

system in the overall c.m. frame.

In Eq. (4), the factors fπ (Tπ ) and fη(Tη), which depend 
on the kinetic energies of the particles, are introduced to take 
into account absorption of the produced mesons. Their calcula-
tion assumes a square-well approximation for the π -nucleus and 
η-nucleus optical potential. Then these attenuation factors can be 
obtained in a simple analytic form (see, for example, Ref. [57]) as

fα(Tα) =
3λα

4R

[

1− (6)

−
λ2
α

2R2

{

1−
(

1+
2R

λα

)

e−2R/λα

}]

, α = π ,η ,

where R and λα are the square-well nuclear radius and the mean 
free path of the meson α in nuclear matter, respectively. However, 
it is worth noting that the direct calculation shows an insignif-
icant influence of the attenuation factors fπ and fη on the ob-
servable I⊙ . This result can primarily be explained by the smooth 
energy dependence of those factors, which leads to the significant 
cancellation of absorption effects in the ratio (3).

An important component in Eq. (4) is the function ρA(p), which 
describes the distribution of the initial bound nucleon in terms 
of its momentum p. In the actual calculation for 12C, a harmonic 
oscillator potential is used, yielding a well-known form for the 
nucleon-momentum distribution,

ρ12C (p) = 8π
√

πr30

(

Ns +
2

3
Np p2r20

)

e−(pr0)
2
, (7)

where Ns = 2 and Np = 4 are the number of protons (neutrons) 
on the s- and p-shell of 12C. The value r0 = 1.64 fm was used for 
the oscillator parameter. Calculations for 27Al and 208Pb adopted 
the momentum distributions from Ref. [58], where the effects of 
short-range correlations were taken into account as well.

5. Results and discussion

The results obtained in this work for the beam-helicity asym-

metry I⊙ on the three nuclear targets are shown in Fig. 4. The 
results are compared to the previous A2 measurement on a free 
proton [33], which for convenience are plotted in with a finer bin-
ning in �, and to the corresponding calculations with the Mainz 
model [33], which was also used to predict the beam-helicity 
asymmetry for the three nuclear targets. As shown in Fig. 4, the 
calculations made with the Mainz model predict a very similar 
I⊙(�) dependence for heavy nuclei and a free nucleon, especially 
near the production threshold. This demonstrates that the direct 
comparison of the present heavy-nuclei data with earlier measure-

ments and calculations on a free nucleon is quite fair. The data 
points obtained for the nuclear targets are for the most part in 
agreement within the error bars with the data points for a free 
proton. Larger uncertainties for the lowest-energy bin, especially 
for the lead target, make difficult the visual comparison of the 
I⊙(�) dependences from different targets and do not allow the 
firm conclusion on their similarity.

The uncertainties in the I⊙(�) data points obtained for the nu-
clear targets are based on the uncertainties in N+(�) and N−(�)

extracted from the parameter errors of the fits to the correspond-
ing m(γ γ ) distributions. The latter uncertainties depend on both 
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Fig. 4. Comparison of the present results for the beam-helicity asymmetry I⊙ on the nuclear targets (open circles) to the data points obtained on a free proton (cyan open 
squares) [33], to the Mainz model [33] for a free proton (red dashed line) and for the nuclear targets (solid green line). The change in the Mainz model after removing the 
D33 contribution is illustrated for the carbon target (magenta dash-dotted line). Fits to the experimental data points with Eq. (1) are shown with the long-dashed black line 
for the nuclear targets and with the cyan dotted line for the hydrogen target. The top, middle, and bottom rows show results for the carbon, aluminum, and lead targets, 
respectively. A data point I⊙ = −0.65 ± 0.30 of the angular bin 0.8 < �/π < 1.0 for Pb at 0.95 < Eγ < 1.10 GeV is out of the plotted range.

the number of π0η events detected and the level of background 
under the η → γ γ peak. The uncertainties in the I⊙(�) data 
points for a free proton are simply statistical (see Ref. [33] for more 
details).

For data points with large error bars, a better comparison of 
magnitudes and shapes of the I⊙(�) dependences can be made 
by fitting them with function from Eq. (1). Those fits obtained 
for the three nuclear targets and the free-proton data are shown 
in Fig. 4; they indicate a similar magnitude for their I⊙(�) de-

pendences, but with some shift in � sometimes. Numerically, the 
results of those fits to different data can be compared via the val-
ues obtained for the coefficients A1 and A2 of Eq. (1). In Fig. 5, 
these coefficients for the three nuclear targets are compared to 
each other and to the coefficients obtained for the free-proton data 
and to the corresponding predictions with the Mainz model [32,

33]. The coefficients for the three nuclear targets are very simi-

lar to the values obtained for the free-proton prediction with the 
Mainz model and, therefore, are not shown in Fig. 5.

As shown in Fig. 5, the coefficients A1 , describing solely the D33

wave, are all in agreement within their error bars. Only in the last 
energy bin, the coefficients obtained for the nuclear targets tend to 
be slightly larger than those obtained for the free proton. The co-
efficients A2 , describing interference of D33 with other waves, are 
systematically smaller than A1 and generally show a good agree-
ment between results for free proton and nuclear targets.

One of the sources of systematic uncertainties in the I⊙(�)

results comes from the knowledge of the polarization degree of in-
cident photons Pγ , which is typically at the level of a few percent. 
It includes the stability of the polarization degree of the electron 
beam Pe− during the period of data taking, which typically varies 
within 2% or even less, and the use of Eγ as an energy-bin center 
to calculate Pγ with Eq. (2). The magnitude of Pγ varies by 12%, 
8%, and 4% over the first, second, and the third energy bin, respec-
tively. For the present measurement, such systematic uncertainties 
are significantly smaller than the uncertainties based on the ex-
perimental statistics. Another systematic uncertainty is from the 
limited resolution in the angle �, which was investigated by com-

paring the I⊙(�) from the BnGa PWA polarized amplitude with 
the asymmetry reconstructed from MC events weighted with this 
model. The resolution impact on I⊙(�), which was quite small for 
the results on a free proton [33], is slightly stronger for the case 
of nuclear targets, where the γ N c.m. frame, calculated by assum-

ing zero nucleon momentum, could be different from the actual 
c.m. frame because of Fermi motion. Also, using the direction of 
the two-photon system, without constraining its invariant mass to 
the η mass, results a poorer angular resolution, compared to the 
analysis on a free proton obtained with the kinematic-fit hypoth-
esis involving the η → γ γ constraint. Because the magnitude of 
this systematic effect was evaluated from the MC simulation to 
be much smaller than the uncertainties coming from fitting ex-
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Fig. 5. Comparison of the coefficients A1 and A2 of Eq. (1) used to fit to the data 
points obtained for the three nuclear targets, to the free-proton data [33], and to 
the corresponding predictions with the Mainz model [32,33].

perimental m(γ γ ) distributions, this systematic uncertainty was 
neglected in the present results.

The I⊙(�) results obtained in this work for the nuclear targets 
and the comparison of them with the free proton indicates the 
similarity in the π0η photoproduction mechanism, which is dom-

inated by the D33 partial wave. Such an observation is consistent 
with previous measurements performed by the A2 Collaboration 
with a deuterium target [39], where the results for I⊙(�) on a 
quasi-free proton and neutron were found to be in agreement with 
each other and with the free-proton data. Assuming then that the 
mechanism of the π0η photoproduction is dominated by the D33

partial wave for heavy nuclei, it appears that FSI effects do not af-
fect the asymmetry I⊙(�) significantly for the carbon, aluminum, 
and lead targets, in analogy to the deuteron results. Such a fea-
ture was predicted by the Mainz model. It was also checked that 
switching off the D33 contribution in this model results in the 
energy dependence and shape of I⊙(�) that are notably differ-
ent from the results observed for the nuclear targets and the free 
proton, which is illustrated in Fig. 4 for the carbon target. This is 
another strong indication that the contribution from the D33 par-

tial wave is still vital in π0η photoproduction on heavy nuclei.
The results of this work motivate for further searches for in-

medium modifications of resonances by using polarization observ-
ables in general and I⊙(�) in particular. Besides the fact that the 
polarization observables allow for a complementary approach to 
the investigation of photoproduction of resonances, in addition to 

the unpolarized observables, the empirical observations and model 
calculations indicate that the impact on the polarization observ-
ables from FSI could be less than on the unpolarized.

6. Summary and conclusions

The beam-helicity asymmetry was measured, for the first time, 
in photoproduction of π0η pairs on the carbon, aluminum, lead 
nuclei, with the A2 experimental setup at MAMI. The I⊙(�) data 
obtained in the π0η photoproduction on the three heavy nuclei 
were compared with the free-proton data. The agreement, ob-
served within the statistical uncertainties, indicates that the pro-
duction mechanism is quite similar to the case of a free nucleon 
and is therefore dominated by the D33 partial wave with the 
η�(1232) intermediate state. Such an observation is consistent 
with calculations performed within the Mainz model and with pre-
vious experimental studies on the deuteron. The combined consid-
eration of these observations allows an assumption that the beam-

helicity asymmetry I⊙(�) is much less affected by FSI, compared 
to the unpolarized cross section, which provides an opportunity for 
investigating in-medium modifications of baryon resonances with-

out strong influence of FSI effects. In a broader consideration, this 
paper provides the first results for the photoproduction of π0η
pairs on carbon and heavier nuclei, thus opening a route for fur-
ther studies of this kind.
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