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Abstract. The A2 Collaboration performs a manifold research program using real photons in the Crystal
Ball/TAPS experiment at the MAMI accelerator facility in Mainz. The experiments take advantage of high-
intensity unpolarized, linearly or circularly polarized photon beams, and unpolarized or polarized targets. The
detector setup provides almost complete coverage in solid angle and is well suited for the detection of multi-
particle final states. In order to probe the internal structure of the nucleon, the spectrum of baryon resonances
is studied via measurements of unpolarized cross sections and various polarization observables in single and
double meson photoproduction. The program aiming to determine the scalar and spin polarizabilities of the
nucleons with high precision is performed with the Compton scattering experiments. In 2017, the focal plane
detector used in the tagging system of the Crystal Ball/TAPS experiment was completely renewed, allowing
new measurements with unprecedentedly high precision. This paper presents recent selected results from the
A2 Collaboration at MAMI.

1 Introduction

The program carried out by the A2 Collaboration covers a
broad range of topics in hadron physics. The experiments
are performed with various combinations of unpolarized,
linearly or circularly polarized tagged photons with unpo-
larized or polarized targets. The polarization of recoil nu-
cleons can be measured with an available recoil polarime-
ter. In addition to the proton targets, various experiments
are carried out with light and heavy nuclei for the studies
of mesons photoproduction on neutrons and search for in-
medium modifications of hadrons in the nuclear medium.
The experimental setup consisting of the Crystal Ball and
TAPS calorimeters provides a nearly 4π acceptance cover-
age.

At energies below pion threshold (80–140 MeV), new
data sets on Compton scattering on the proton were re-
cently acquired. Based on these data sets, the scalar polar-
izabilities of the proton will be extracted with an unprece-
dented precision. Moreover, the beam asymmetry Σ3 was
measured for Compton scattering below pion threshold for
the first time, in order to obtain complementary informa-
tion for the extraction of the proton scalar polarizabilities,
in addition to the unpolarized cross section.

At higher energies, various measurements are per-
formed for single and double meson photoproduction in
order to study the dynamics and properties of baryon res-
onances. The study of double meson final states is mainly
focused on photoproduction of 2π0 and π0η pairs. Re-
cently, we obtained a new data set for differential cross
sections and beam helicity asymmetry for the γp →
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pπ0η reaction at photon energies from the threshold up
to 1.45 GeV. Moreover, the beam helicity asymmetry was
measured for the first time for the photoproduction of π0η
pairs on heavy nuclei.

This paper includes recent results from the proton
scalar polarizability measurement and the new results on
the production of π0η pairs on a free proton and nuclear
targets.

2 Experimental Setup
The experiments were performed with a tagged photon
beam at the MAMI accelerator in Mainz [1, 2]. The elec-
tron beam impinged on an amorphous or a diamond radia-
tor, the electrons were deflected in the magnetic field and
detected by the focal plane detector [3–5]. The recent up-
grade of the focal plane detector with new plastic scintil-
lators, equipped with Si-PMTs significantly extended the
capability of the tagging system in handling high rates.
The Crystal Ball/TAPS calorimeter system, used to de-
tect particles in the final state is shown schematically in
Fig. 1. The Crystal Ball calorimeter covers polar angles
from 20◦ to 160◦ and consists of 672 NaI crystals [6],
whereas TAPS covers the forward angles (1◦–20◦) and is
built of 366 BaF2 and 72 PbWO4 crystals [7, 8]. Both
calorimeters have a full coverage in azimuthal angle. The
Crystal Ball calorimeter is additionally equipped with a
Particle Identification Detector (PID), made of 24 scintil-
lator bars [9] and with two Multiwire Proportional Cham-
bers [10], which are used for identification and tracking
of charged particles. In the forward region, covered by
the TAPS calorimeter, plastic veto scintillators are used to
distinguish between charged and neutral particles.
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Figure 1. Schematic view of the Crystal Ball/TAPS detection
system.

3 Measurement of the proton scalar
polarizabilities

The scalar polarizabilities are fundamental properties of
the proton. They are of great importance for nuclear and
atomic physics, and other related fields. Moreover, these
polarizabilities are currently a significant source of un-
certainty in the determination of the proton charge radius
from muonic hydrogen Lamb shift [11]. Additionally, the
precise determination of the scalar polarizabilities is cru-
cial for the extraction of the spin polarizabilities. Previ-
ously, the proton scalar polarizabilites were extracted from
the unpolarized cross section of Compton scattering on
the proton at low energies (see, e.g. Refs. [12–15]). The
largest of the data sets for Compton scattering was previ-
ously obtained with the TAPS setup at MAMI [12].

Recently, we acquired new data sets on Compton scat-
tering for the photon energy range 80–140 MeV, measured
the unpolarized cross section for Compton scattering with
unprecedented precision and performed the first ever mea-
surement of the beam asymmetry Σ3 below pion produc-
tion threshold. As discussed in Ref. [16], the measurement
of the beam asymmetry provides a potentially complemen-
tary sensitivity to the scalar polarizabilities of the proton in
addition to the measurement of the unpolarized cross sec-
tion.

Experimentally, the beam asymmetry Σ3 is measured
with linearly polarized photon beam and unpolarized tar-

get and is defined as:

Σ3 ≡
σ‖ − σ⊥

σ‖ + σ⊥
, (1)

where the cross sections σ‖ and σ⊥ are extracted with the
photon polarization being either parallel or perpendicular
to the scattering plane.

The results of the first pilot experiment with the Crys-
tal Ball/TAPS setup [17] proved the feasibility of a high-
precision measurement of the proton scalar polarizabilities
αE1 and βM1 with the A2 setup. Figure 2 shows an exam-
ple missing mass distribution from the pilot experiment
(the scattered photon was detected in the Crystal Ball).
The signal is clearly identified and the shape of the exper-
imental spectra is in good agreement with the distribution
obtained from Monte Carlo simulation, indicating a low
background contamination.
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Figure 2. Compton scattering on the proton: Missing mass for
the incoming photon energy range 79–98 MeV and polar angles
for the scattered photon covering the range 30◦ < θ < 155◦.
The data were taken with linearly polarized photons with polar-
ization planes either parallel (red circles) or perpendicular to the
horizontal plane (blue squares). The black curve shows the corre-
sponding distribution obtained from our Monte Carlo simulation.
The dashed lines indicate the cut on the missing mass applied in
the analysis. Figure taken from Ref. [17].

After the upgrade of the tagging system, new data were
taken by the A2 Collaboration in 2018 with a linearly po-
larized photon beam and an unpolarized liquid hydrogen
target and the analysis is underway (PhD of E. Mornac-
chi, Mainz) [18, 19]. The new data set shows an improve-
ment of about six times in statistics compared to the pilot
experiment. In total, more than 1.2 × 106 Compton scat-
tering events were acquired below pion photoproduction
threshold in the range Eγ = 80− 140 MeV, constituting by
far the highest statistics data set compared to all previous
measurements.

Figures 3 and 4 show preliminary results for the un-
polarized cross section and beam asymmetry Σ3, respec-
tively. Comparison of the new cross section data [18, 19]
with the highest statistics data set available till now — the
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Preliminary

Figure 3. Preliminary unpolarized cross section (black cir-
cles) [18], compared to the previous results from Ref. [12]
(red triangles). The curves correspond to the Born contribution
(brown), Dispersion Relation calculation (magenta) [20, 21], and
heavy baryon ChPT calculation (green) [22]. The Dispersion Re-
lation and heavy baryon ChPT calculations were performed for
αE1 = 10.65 × 10−4 fm3 and βM1 = 3.15 × 10−4 fm3.

Preliminary

Figure 4. Preliminary beam asymmetry Σ3 (black circles) [18].
The curves correspond to the Born contribution (brown), Dis-
persion Relation calculation (magenta) [20, 21], heavy baryon
ChPT calculation (green) [22], and ChPT (blue) [23]. All theo-
retical calculations were performed for αE1 = 10.65 × 10−4 fm3

and βM1 = 3.15 × 10−4 fm3.

MAMI 2001 data [12] — indicates the very significant
improvement in statistical accuracy. Moreover, the new
data allow us to extend the angular coverage to smaller
scattered photon angles. The beam asymmetry Σ3 from
the new measurement is in good agreement with the theo-
retical calculations. The systematic accuracy is improved
compared to the pilot experiment [17] due to the upgrades
made to the experimental apparatus, including a more sta-
ble linear polarization, improved efficiency of the new tag-
ging system, continuous monitoring of the photon flux,
and enhanced performance of the refurbished data acqui-
sition system.

4 Photoproduction of π0η pairs on the
proton

Within the last years, a significant progress has been made
at different experiments studying the production of π0η
pairs on the proton and [24–31] and light nuclei (deuteron
and helium) [32, 33]. At energies below 1.5 GeV, the D33
wave plays an important role. In the region of the thresh-
old the contribution of the ∆(1700)3/2− resonance dom-
inates, whereas the importance of the ∆(1940)3/2− reso-
nance increases at higher energies [24–29, 34–36]. Thus,
the production of π0η pairs is well-suited for studying
the ∆(1700)3/2− resonance at low energies without being
strongly affected by other contributions. Furthermore, an
additional selectivity in transitions between decays N∗ or
two ∆∗ resonances is introduced due to the fact that the η
meson acts as an isospin filter.

In 2018, we published a new data set for the reaction
γp → pπ0η covering photon energies from the threshold
up to Eγ = 1.45 GeV [37]. Figures 5 and 6 show the
new differential cross section for the reaction γp → pπ0η
compared with previously existing data and model calcula-
tions. Our new data agree well with results from the previ-
ous measurements with the A2 [24] and CBELSA/TAPS
experiments [29]. The new data set is described reason-
ably by the new version of the Mainz model [37] and
Bonn-Gatchina Partial Wave Analysis (BnGa PWA) [29].
Some discrepancies present at low and high energies (see
Ref. [37] for further details) indicate potential impact of
the data for model calculations. After fitting the new data
within the framework of the Mainz model, the parameters
of the dominant ∆(1700)3/2− resonance remained prac-
tically the same as in the previous version of the Mainz
model. However, some changes were obtained for other
resonances (e.g. for ∆(1940)3/2−). Further details on the
influence of the new data on the resonance parameters can
be found in Ref. [37]. In the future, the new data can be
added to partial wave analyses on an event-by-event basis
using available 4-vectors.

5 Production of π0η pairs on carbon,
aluminum and lead

Due to the selectivity in terms of contributions of baryon
resonances and their decays, photoproduction of π0η pairs
on nuclei is well suited for studying possible modifications
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Figure 5. Angular distributions WCM(θη) (normalized to unity) for the reaction γp → pπ0η: New A2 data (open circles), data from
CBELSA/TAPS [27, 29] (blue stars, combination of results from both papers), and previous A2 data [24, 35] (magenta open squares)
at energies close to the ones from the new data set. Theoretical curves: Predictions of the BnGa PWA [29] (blue dash-dotted curve),
previous version of the Mainz model [26] (red dashed curve), and the new version of the Mainz model where the new A2 data were
included (solid green curve). Figure taken from Ref. [37].
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Figure 6. The same notation as for Fig. 5, but the angular distributions for the proton are shown. Figure taken from Ref. [37].

of the contributing resonances in the nuclear medium. The
previous results obtained for the proton target [24, 25, 27–
31, 37] and recent results for the deuteron from the A2
collaboration [32, 33] confirmed the dominance of the D33
partial wave for the production π0η pairs on the proton and
neutron. Recently, we obtained new data on the photo-
production of π0η pairs for carbon, aluminum, and lead
targets and measured the beam helicity asymmetry I� for
these nuclei for the first time [38]. These measurements
allowed testing whether the contribution of the D33 partial
wave still dominates the π0η photoproduction mechanism
on heavy nuclei. As shown previously for the deuteron
target [32], the beam helicity asymmetry is very similar
for the free proton and deuteron target, although the un-
polarized cross section is significantly reduced. There-
fore, one could assume that the beam helicity asymmetry

used for studying the production of the D33 partial wave
on heavy nuclei would not be affected significantly by the
Final State Interaction (FSI) effects.

The asymmetry I�, originating due to the contribution
of the D33 wave can be expressed [25]:

I�(Φπ) = A1 sin Φπ + A2 sin 2Φπ, (2)

where the angle Φπ, is defined as the azimuthal pion angle
in the πN rest frame with respect to the plane determined
by the momenta of the incident photon and πN system in
the center-of-mass (c.m.) frame.

Due to this feature, the observable I� can be used to
study the modifications of the amplitudes in the nuclear
environment and compared to the production on a free nu-
cleon. Beyond conventional (FSI) effects, the most likely
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Figure 7. Beam-helicity asymmetry I� for the carbon, aluminum, and lead targets (open circles) and the free proton data (cyan open
squares) [37]. Curves: Previous version of the Mainz model [25] (magenta dash-dotted line), latest version of the Mainz model from
Ref. [37] for a free proton (red dashed line) and for the carbon, aluminum, or lead targets (solid green line). Fits to the experimental
data points are performed according to function from Eq. (2) for the nuclear targets (long-dashed black line) and for the hydrogen target
(cyan dotted line). The results for carbon, aluminum, and lead are shown in top, middle, and bottom rows, respectively. The data point
in the bin 0.8 < Φ/π < 1.0 and 0.95 < Eγ < 1.10 GeV for Pb is at I� = −0.65 ± 0.30. Figure taken from Ref. [38].

modifications in the nuclear medium could be the suppres-
sion or an increase of the width of the D33 states. Due to
the inelastic mechanisms, the relative contributions of con-
tributing terms can be modified, leading to modifications
of the shape of the observable I�(Φπ) described by Eq. (2).

In the new experiment, we measured the observable
I�(Φπ) for carbon, aluminum, and lead targets. The beam
helicity asymmetry is measured using circularly polarized
photons and unpolarized target and can be expressed as:

I�(Φ) =
dσ+ − dσ−

dσ+ + dσ−
=

1
Pγ

N+ − N−

N+ + N−
, (3)

where dσ± corresponds to the differential cross sections as
a function of angle Φ (denoted as Φπ in our case) for the
two helicity states of the incoming photon, Pγ is the degree
of circular polarization of the photon, and N± represents
intensities for each of the two helicity states at the angle
Φ.

The beam helicity asymmetry was extracted from
events with four or five photon candidates in the final state
(for further analysis details see Ref. [38]). The π0η events
corresponding to the production on protons and neutrons

were not separated in the analysis because it was not pos-
sible to distinguish between these channels for four-cluster
events. Also, it was assumed in the analysis that the target
particle had nucleon mass and zero momentum.

Figure 7 shows the beam helicity asymmetry I�(Φ) for
the obtained γN → 4γX events for nuclear targets in com-
parison with the previous A2 measurement on a free pro-
ton [37]. The experimental data for the nuclear targets are
generally in good agreement with the free proton data. The
data are also compared with the calculations performed
within the previous [25] and the latest [37] versions of
the Mainz model. The calculations shown for the Mainz
model for the nuclear targets are described in Ref. [38]
and include FSI effects, showing very similar behavior for
the nuclear targets and free proton. Moreover, the model
calculations are in agreement with the data obtained with
nuclear and free proton targets.

These comparisons are demonstrated in a more quan-
titative way in Fig. 8, where shown are the coefficients A1
and A2 from Eq. (2), extracted from fitting the I�(Φπ) dis-
tributions with a function from Eq. (2). These coefficients
obtained for the nuclear targets are compared to each other,
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to the values obtained for the free proton, and to the corre-
sponding predictions of the Mainz model. The coefficients
A1, corresponding to the contribution of the D33 wave only,
are in good agreement for the nuclear targets and free pro-
ton (both for the data and model calculations). The co-
efficients A2, describing the interference of the D33 wave
with other waves, are significantly smaller than A1, again
showing a reasonable agreement between nuclear targets
and for free proton data within the statistical errors.
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Figure 8. Coefficients A1 and A2 obtained from fitting I�(Φ)
distributions with a function from Eq. (2). Shown are the coeffi-
cients obtained for the nuclear targets, free proton data [37], and
results from the previous [25] and the latest Mainz model [37].
Figure taken from Ref. [38].

The good agreement for I�(Φ) measured for the nu-
clear targets and with the free proton indicates similar
mechanisms for the photoproduction of π0η pairs (dom-
inated by contribution of the D33 wave in our energy
range). Interestingly, this observation is consistent with
the measurements performed earlier by the A2 Collabo-
ration with a deuterium target [32], where the results for
I�(Φ) on a quasi-free proton and neutron were found to be
in agreement with the free-proton data. In analogy with
the deuteron results, our new data indicate that the asym-

metry I�(Φ) is not significantly affected by FSI effects for
heavier nuclear targets.

The obtained results stimulate further searches for in-
medium modifications of baryon resonances by measuring
polarization observables in general and observable I�(Φ)
in particular. Moreover, this study represents the first mea-
surement of the production of π0η pairs on heavy nuclei,
opening a route for further studies of this kind.
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