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Thanks

• Thanks to the organizers for the invitation to speak

• Thanks to all of you for still being here (perhaps to the rain for

‘encouraging’ you all to come to the last day)

• Since we’re here, let’s talk about some meson physics at MAMI
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What should we do



Should we study mesons?

• We’ve had four days of talks regarding this...

• If you are not already convinced, I’m not going to change your mind

• Preferred stance of experimentalists: “Just let me go measure things.”

• Of course it’s always nice if your work is beneficial, so what would the

theorists like to have...
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Observables

Beam Target Recoil

x y z

x′ y′ z′

Unpolarized σ T P

Linear Σ H P G Ox′ T Oz′

Circular F E Cx′ Cz′

Beam Target/Recoil

x y z

x′ y′ z′ x′ y′ z′ x′ y′ z′

Unpolarized Tx′ Tz′ Σ Lx′ Lz′

Linear Lz′ E Lx′ Cz′ σ Cx′ Tz′ F Tx′

Circular G Oz′ Ox′ H
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Observables

Beam Target Recoil Both

x y z x

x′ z′ x′ z′

Unpolarized σ T Tx′ Tz′

Linear Σ H P G Ox′ Oz′ Lz′ Lx′

Circular F E Cx′ Cz′

As L. Tiator described:

• 16 total observables

• 8 observables without recoil polarization

• 8 observables without target polarization

• Do not need all 16 to have complete picture
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What can we do



Mainz Microtron (MAMI) e− Beam

• Injector → 3.5 MeV

• RTM1 → 14.9 MeV

• RTM2 → 180 MeV

• RTM3 → 883 MeV

• HDSM → 1.6 GeV
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Polarized Photon Beam

A high energy electron can produce Bremsstrahlung (‘braking radiation’)

photons when slowed down by a material.

• Longitudinally polarized electron

beam produces circularly

polarized photon beam (helicity

transfer)

• Pe measured with a Mott

polarimeter before the RTMs.

• Circular beam helicity flipped by

alternating the e− beam

polarization (≈ 1 Hz).
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Polarized Photon Beam

A high energy electron can produce Bremsstrahlung (‘braking radiation’)

photons when slowed down by a material.

• Diamond radiator produces

linearly polarized photon beam

(coherent Bremsstrahlung)

• Polarization determined by fitting

the Bremsstrahlung distribution.

• Linear beam orientation typically

flipped every two hours.
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Photon Tagging

• e− beam with energy E0,

strikes radiator producing

Bremsstrahlung photon

beam with energy

distribution from 0 to E0.

• Residual e− paths are

bent in a spectrometer

magnet.

• With proper magnetic

field, array of detectors

determines the e− energy,

and ‘tags’ the photon

energy by energy

conservation.

Spacer
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Targets

Polarized frozen spin butanol target

• Dynamic Nuclear Polarization (DNP)

• Butanol (C4H9OH) for polarized protons

or D-Butanol (C4D9OD) for polarized

deuterons

• Pmax
T > 90%, τ > 1000 h

Unpolarized targets

• LH2/LD2

• 4He

• Solid targets (C, Al, Pb, etc.)

Spacer
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Detectors

CB

NaI

PID

MWPC

Target

TAPS

BaF2

PbWO4

Crystal Ball (CB)

• 672 NaI Crystals

• 24 Particle Identification

Detector (PID) Paddles

• 2 Multiwire Proportional

Chambers (MWPCs)

Two Arms Photon

Spectrometer (TAPS)

• 366 BaF2 and 72 PbWO4

Crystals

• 384 Veto Paddles
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What have we done



Busy Two Years

• Since Meson2016, we’ve been quite productive...

• Taken

• 3 weeks polarized target data

• 6 weeks recoil polarimeter data

• 6 weeks 4He target data

• 3 weeks LD2 data

• 16 weeks LH2 data

• 2 weeks of tests

• Total = 36 weeks (feels like more)

• 1 EPJA, 1 PRL, 1 PLB, and 5 PRCs published

• 1 PRC and 1 PRD accepted

• 1 PLB submitted
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Σ - γp → π0p [S. Gardner, EPJA 52, 333 (2016)]
Page 6 of 11 Eur. Phys. J. A (2016) 52: 333

Fig. 7. (Color online) Photon asymmetry (open blue circles) as a function of cos θcm. The W range for each plot is shown on
the top right. Predictions from PWAs (MAID [5], SAID [26], Bonn-Gatchina [7]) are shown as colored lines and results from
previous experiments (BE(97) [28], BE(06) [29], BJ(69) [30], BL(83) [31], BL(92) [32], BL(01) [33], BP(70)P [34], DR(64) [35],
GB(78) [36], GB(77)1 [37]) see legend, are taken from the SAID database [23].
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Fig. 8. (Color online) Photon asymmetry (open blue circles) as a function of cos θcm. The W range for each plot is shown on
the top right. Predictions from PWAs (MAID [5], SAID [26], Bonn-Gatchina [7]) are shown as colored lines and results from
previous experiments (AD(01) [38], BA(05)1 [39], BP(70)P [34], GB(74) [40], GB(77) [37], KE(74) [41]) see legend, are taken
from the SAID database [23].Well that’s a lot of data.
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Fig. 8. (Color online) Photon asymmetry (open blue circles) as a function of cos θcm. The W range for each plot is shown on
the top right. Predictions from PWAs (MAID [5], SAID [26], Bonn-Gatchina [7]) are shown as colored lines and results from
previous experiments (AD(01) [38], BA(05)1 [39], BP(70)P [34], GB(74) [40], GB(77) [37], KE(74) [41]) see legend, are taken
from the SAID database [23].

That’s a little bit better.
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Σ - γp → π0p [S. Gardner, EPJA 52, 333 (2016)]

Σ̌(W , θ) = σ0(W , θ)Σ(W , θ) = q
k

2lmax∑
n=2

aΣ
n (W )P2

n (cosθ)

Page 8 of 11 Eur. Phys. J. A (2016) 52: 333
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Fig. 9. (Color online) Examples of truncated Legendre polyno-
mial fits to the angular distributions of the profile function Σ̌.

Fig. 10. (Color online) χ2/ndf of Legendre polynomial fits to
each W bin for different truncation orders.

Furthermore, the composition of the aΣ
n in terms of mul-

tipoles can be written in a symbolic notation (described
in more detail in [24]) as follows:

aΣ
2 = 〈S,D〉 + 〈P, P 〉 + 〈P, F 〉 + 〈D,D〉 + 〈F, F 〉, (5)

aΣ
3 = 〈S, F 〉 + 〈P,D〉 + 〈D,F 〉, (6)

aΣ
4 = 〈P, F 〉 + 〈D,D〉 + 〈F, F 〉, (7)

aΣ
5 = 〈D,F 〉, (8)

aΣ
6 = 〈F, F 〉. (9)

In this shorthand notation, each scalar product symbol
〈−,−〉 denotes all occurring interference terms among
multipoles of definite 
 quantum numbers. For instance,
〈S,D〉 denotes a sum:

〈S,D〉 =
∑

M,M′={E,M}

∑

p,p′={±}
cM,M′

p,p′ Re
[
M∗

0pM′
2p′

]
.

(10)
To interpret the distribution plots we evaluated the Legen-
dre coefficients aΣ

(2,...,6) using multipoles from the Bonn-
Gatchina solution BnGa 2014-02 [27]. Different lines in
the plots denote the Legendre coefficients, evaluated us-
ing BnGa predictions only up to and including P -, D-
and F -waves. Hence, the predictions have also been trun-
cated, in order to study the influence of different partial
wave interferences in the model.

Firstly, we note that there is good agreement between
the Legendre coefficients with the BnGa curves. This is en-
couraging, since the data analyzed in this work have not
yet been fitted by the Bonn-Gatchina group. Furthermore,
the Legendre coefficients coming in with the F -waves, i.e.
aΣ
5 and aΣ

6 , are consistent with zero when looking at the
fits extracted from the Σ̌ data, as well as the model pre-
dictions. Therefore everything is consistent with the in-
terpretation that in the energy regime considered here,
the F -waves themselves are quite small, (observe that in
a truncation at 
max = 3, the coefficient aΣ

6 is a pure
〈F, F 〉-term). However, they are not totally unimportant.
This can be seen by looking at aΣ

3 and aΣ
4 . Both coeffi-

cients should be zero (logically) for the model curve up to

Eur. Phys. J. A (2016) 52: 333 Page 9 of 11

Fig. 11. (Color online) Legendre coefficients aΣ
2,...,6 extracted from fits to the profile function Σ̌. The coefficients shown as

filled circles are from an �max = 3 truncated fit, plotted alongside the Bonn-Gatchina predictions (curves) for different �max

truncations where the coefficient indices are limited by eq. (3).
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γp → ηp/γp → η′p [V. Kashevarov, PRL 118, 212001 (2017)]

CBELSA/TAPS, having full angular coverage, were
obtained for much wider energy bins, and their absolute
normalization is systematically higher. The latter could
possibly be explained by large uncertainties of CBELSA/
TAPS in the photon-flux determination (10% in Ref. [5]).
In Fig. 5, the combined γp → η0p differential cross sections
from Run III are compared to the previous measurements
by CLAS [4] and CBELSA/TAPS [5] at close energy bins.
As seen, the uncertainties in the previous data are much
larger.
The γp → ηp and γp → η0p total cross sections, which

were obtained by integrating the corresponding differential
cross sections, are shown in Figs. 6 and 7 for the photo-
production of η and η0, respectively. The comparison with
previously published total cross sections illustrates much
higher accuracy of the present data, especially for η0
photoproduction.
The main new feature seen in the present data for the

γp → ηp total cross sections is a much more pronounced
cusp at the position of the η0 threshold, marked by the
vertical line in Fig. 6. Such an observation became possible
due to a much finer energy binning of the present data in
connection with their statistical accuracy. Compared to the
previous measurement, the new γp → η0p data span the
threshold region with a much better accuracy in both
the statistics and energy, allowing a much more reliable
analysis of the nucleon resonances overlapping the η0
threshold region.
One of the first models dedicated to the analysis of η and

η0 photoproduction was the Mainz isobar model ηMAID
[13,19], which was used to fit to the data available by 2003
only. It is no surprise that those fits, shown in Figs. 6 and 7,

fail to reproduce more recent measurements. However,
even recent analyses by SAID-GE09 [3] and BG2014-2 [8]
are also far from agreement with the new η data, and there
were no solutions of those models for the η0 data. A model
analysis of the previous η0 data is illustrated by the
calculations from Ref. [35].
For a better interpretation of the new η and η0 data, a new

ηMAID2017 model has been developed, based on the ideas
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FIG. 4. Combined γp → ηp differential cross sections from
Run III (the magenta squares) compared to the results (a) from
Run II (the blue triangles) and (b)–(d) from previous measure-
ments by CLAS [4] (the black crosses) and by CBELSA/TAPS
[5] (the black open circles). The meaning of the displayed line
and error bars for Run II and Run III is the same as in Fig. 2. The
error bars for the previous measurement represent their statistical
uncertainties.
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FIG. 6. γp → ηp total cross sections from this Letter compared
to the previous measurements by CBELSA/TAPS [5] and to
model calculations by ηMAID-2003 [13] (the black dotted line),
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ηMAID2017 solution and the meaning of the error bars are the
same as in Fig. 4. The Regge background and its sum with the
contributions from N1=2− resonances are shown by green and
black dashed-dotted lines, respectively. The ηMAID2017 solu-
tion from the fit only to the previous η and η0 data is shown by the
black dashed line. The vertical line corresponds to the η0
threshold.
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212001-4

Present A2 data in magenta, previous in blue, CLAS [M. Williams et al., PRC

80, 045213 (2009)] in black crosses, CBELSA/TAPS [V. Crede et al., PRC 80

055202 (2009)] in open circles
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γp → ηp/γp → η′p [V. Kashevarov, PRL 118, 212001 (2017)]
CBELSA/TAPS, having full angular coverage, were
obtained for much wider energy bins, and their absolute
normalization is systematically higher. The latter could
possibly be explained by large uncertainties of CBELSA/
TAPS in the photon-flux determination (10% in Ref. [5]).
In Fig. 5, the combined γp → η0p differential cross sections
from Run III are compared to the previous measurements
by CLAS [4] and CBELSA/TAPS [5] at close energy bins.
As seen, the uncertainties in the previous data are much
larger.
The γp → ηp and γp → η0p total cross sections, which

were obtained by integrating the corresponding differential
cross sections, are shown in Figs. 6 and 7 for the photo-
production of η and η0, respectively. The comparison with
previously published total cross sections illustrates much
higher accuracy of the present data, especially for η0
photoproduction.
The main new feature seen in the present data for the

γp → ηp total cross sections is a much more pronounced
cusp at the position of the η0 threshold, marked by the
vertical line in Fig. 6. Such an observation became possible
due to a much finer energy binning of the present data in
connection with their statistical accuracy. Compared to the
previous measurement, the new γp → η0p data span the
threshold region with a much better accuracy in both
the statistics and energy, allowing a much more reliable
analysis of the nucleon resonances overlapping the η0
threshold region.
One of the first models dedicated to the analysis of η and

η0 photoproduction was the Mainz isobar model ηMAID
[13,19], which was used to fit to the data available by 2003
only. It is no surprise that those fits, shown in Figs. 6 and 7,

fail to reproduce more recent measurements. However,
even recent analyses by SAID-GE09 [3] and BG2014-2 [8]
are also far from agreement with the new η data, and there
were no solutions of those models for the η0 data. A model
analysis of the previous η0 data is illustrated by the
calculations from Ref. [35].
For a better interpretation of the new η and η0 data, a new

ηMAID2017 model has been developed, based on the ideas
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FIG. 4. Combined γp → ηp differential cross sections from
Run III (the magenta squares) compared to the results (a) from
Run II (the blue triangles) and (b)–(d) from previous measure-
ments by CLAS [4] (the black crosses) and by CBELSA/TAPS
[5] (the black open circles). The meaning of the displayed line
and error bars for Run II and Run III is the same as in Fig. 2. The
error bars for the previous measurement represent their statistical
uncertainties.

0

0.02

0.04

0.06

0.08

0

0.02

0.04

0.06

0.08

-1 -0.5 0 0.5 1

W=1925 MeVW=1925 MeV

dσ
/d

Ω
[μ

b/
sr

]

W=1938 MeVW=1938 MeV

W=1944 MeVW=1944 MeV W=1956 MeVW=1956 MeV

cosθη′

-1 -0.5 0 0.5 1

FIG. 5. Combined γp → η0p differential cross sections fromRun
III (the magenta squares) compared to the previous measurements
byCLAS [4] (the black crosses) and CBELSA/TAPS [5] (the black
open circles) at four overlapping energy bins. The meaning of the
displayed line and error bars is the same as in Fig. 4.

1

2

3

1.65 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05

W [GeV]

σ
[μ

b]

Run I
Run II
Run III
CBELSA/TAPS-09

FIG. 6. γp → ηp total cross sections from this Letter compared
to the previous measurements by CBELSA/TAPS [5] and to
model calculations by ηMAID-2003 [13] (the black dotted line),
SAID-GE09 [3] (the blue long-dashed-dotted line), BG2014-2
[8] (the magenta long-dashed line). The notation for the new
ηMAID2017 solution and the meaning of the error bars are the
same as in Fig. 4. The Regge background and its sum with the
contributions from N1=2− resonances are shown by green and
black dashed-dotted lines, respectively. The ηMAID2017 solu-
tion from the fit only to the previous η and η0 data is shown by the
black dashed line. The vertical line corresponds to the η0
threshold.
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of ηMAID [13,19]. The new model includes a nonresonant
background, which consists of the vector (ρ and ω) and
axial-vector (b1) exchange in the t channel, and s-channel
resonant excitations. Regge trajectories for the meson
exchange in the t channel were used to provide correct
asymptotic behavior at high energies. In addition to the
Regge trajectories, Regge cuts with natural and unnatural
parities were included according to the ideas developed in
Ref. [36] for pion photoproduction. Nucleon resonances in
the s channel were parametrized with Breit-Wigner shapes.
The major role for the description of η and η0 photo-
production is played by the three s-wave resonances:
Nð1535Þ1=2−, Nð1650Þ1=2−, and Nð1895Þ1=2−, the last
of which plays a key role in the features observed at the η0
threshold. Both the exact shape of the cusp in the η
photoproduction and the steepness of η0 photoproduction
at threshold are strongly correlated with the properties of
Nð1895Þ1=2− (having only a two-star status [14]), allowing
their extraction with good accuracy. The impact of the new
data from this Letter on constraining the Nð1895Þ1=2−
properties is illustrated by comparing two fits of the
ηMAID2017 model to the data available for η and η0
photoproduction on protons [1,2,4–6,16], which were made
before and after including the new data. As seen in Figs. 6
and 7, the fit only to the previous data fails to describe either
the cusp in the new η cross sections or the rise of the η0 cross
sections from its threshold, leaving large uncertainties in the
parameters determined forNð1895Þ1=2−. Including the new
high-accuracy data in the fit provides, in addition to a much
better description of the entire spectrum, a much stronger

constraining for the Nð1895Þ1=2− properties. The parame-
ters determined for all three s-wave resonances are presented
in Table I. The comparison of the fit results for the two four-
star states with their known parameters [14] confirms the
quality of the new data and the reliability of ηMAID2017
model. As the mass obtained for Nð1895Þ1=2− is below the
η0N threshold, the effective branching ratio of βη0N ¼ ð38�
20Þ% was calculated by integrating the decay spectrum
above the η0N threshold according to Ref. [37]. The con-
tribution ofNð1895Þ1=2− to the γp → η0p total cross section
is compared in Fig. 7 to the contributions of the other two
resonances, Nð1900Þ3=2þ and Nð2120Þ3=2−, important in
this energy range.
In summary, photoproduction reactions γp → ηp and

γp → η0p are measured from their thresholds up to the c.m.
energy W ¼ 1.96 GeV with the A2 tagged-photon facili-
ties at MAMI. Differential cross sections are obtained with
unprecedented statistical accuracy, providing fine energy
binning and full production-angle coverage. A strong cusp
is observed in the total cross section for η photoproduction
at the energies in the vicinity of the η0 threshold, W ¼
1896 MeV (Eγ ¼ 1447 MeV). Within the revised ηMAID
isobar model, this cusp, in connection with the steep rise of
the η0 total cross section from its threshold, can only be
explained by a strong coupling of Nð1895Þ1=2− to both
channels. Including the new high-accuracy data in the
analysis by the revised ηMAID allows the determination of
the poorly known properties of Nð1895Þ1=2− with better
precision.
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upon work supported by the Deutsche Forschungs-
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FIG. 7. γp → η0p total cross sections from this Letter compared
to the previous measurements by CBELSA/TAPS [5], SAPHIR
[32], ABBHHM [33], and AHHM [34], and to the model
calculations by the ηMAID-Regge-2003 [19] and ηMAID2017
solutions (with the same notations as in Fig. 6 and statistical
uncertainties shown for the previous measurements). The fit to
the CBELSA/TAPS data from Ref. [35] is shown by the cyan
solid line. For the final ηMAID2017 solution, the individual
contributions from Nð1895Þ1=2−, Nð1900Þ3=2þ, and
Nð2120Þ3=2− are shown by the red dashed-dotted, green long-
dashed, and blue long-dashed-dotted lines, respectively.

TABLE I. Fit results for JP ¼ 1=2− resonances. Breit-Wigner
parameters: mass MBW, width ΓBW, branching ratio to ηN
channel βηN ¼ ΓηNðMBWÞ=ΓBW, and helicity amplitude A1=2 in
units of 10−3 GeV−1=2, which was fixed during the fit. The stars
in the first column indicate the overall status of the resonance.
The first row for each resonance gives a parameter set of the new
ηMAID solution. The second row lists the corresponding param-
eters from PDG [14], the averaged values of which are not given
there for Nð1895Þ1=2−.

Resonance JP
MBW
[MeV]

ΓBW
[MeV]

βηN
[%] A1=2

Nð1535Þ1=2− 1528� 6 163� 25 41� 4 þ115
**** 1535� 10 150� 25 42� 10 þ115� 15

Nð1650Þ1=2− 1634� 5 128� 16 28� 11 þ45
**** 1655þ15

−10 140� 30 14–22 þ45� 10

Nð1895Þ1=2− 1890þ9
−23 150� 57 20� 6 −30

**
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Present A2 data in magenta, CBELSA/TAPS [V. Crede et al., PRC 80 055202

(2009)] in open circles, with ηMAID-2003 [Nucl. Phys. A700, 429 (2002)]

(black dotted), SAID-GE09 [Phys. Rev. C 82, 035208 (2010)] (blue), BG2014-

2 [EPJA 47, 153 (2011); EPJA 48, 15 (2012)] (magenta)
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π0 → e+e−γ [S. Prakov, PRC 95, 025202 (2017)]

Transition Form Factors (see talk by L. Heijkenskjoeld in Parallel Session B4)

• Pion-exchange term aπ
0

µ in HLbL scattering

• Decay width of π0 → e+e−P. ADLARSON et al. PHYSICAL REVIEW C 95, 025202 (2017)
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FIG. 7. |Fπ0γ |2 results (black filled triangles) obtained from Run I (a), Run II (b), and the combined values (c) are fitted with Eq. (2) (shown
by blue lines, with p0 being the slope parameter aπ ) and compared to the calculations with Padé approximants [25] (shown by a short-dashed
magenta line with an error band) and to the dispersive analysis (DA) from Ref. [16] (long-dashed red line). The error band for the latter analysis
is narrower by a factor of 4, compared to the other shown, and was omitted because of its smallness. The error bars on all data points represent
the total uncertainties of the results.

the same data sets [33,34] and the [QED(mee)] term from
Eq. (1) after radiative corrections according to the calculations
of Ref. [18]. The uncertainty in an individual |Fπ0γ (me+e− )|2
value from a particular fit was based on the uncertainty
in the number of decays determined by this fit (i.e, the
uncertainty in the area under the Gaussian). The systematic
uncertainties in the |Fπ0γ (me+e− )|2 values were estimated
for each individual m(e+e−) bin by repeating its fitting
procedure several times after refilling the m(e+e−γ ) spectra
with different combinations of selection criteria, which were
used to improve the signal-to-background ratio, or after slight
changes in the parametrization of the background under the
signal peak. The changes in selection criteria included cuts on
the kinematic-fit CL (such as 1% 2%, 5%, and 10%), different
cuts on PID dE/dx, and switching on and off the requirement
for both e+ and e− to be identified by different PID elements.
The requirement of making several fits for each m(e+e−) bin
provided a check on the stability of the |Fπ0γ (me+e− )|2 results.
The average of the results of all fits made for one bin was
then used to obtain final TFF values that were more reliable
than the results based on the fit with the largest number of
π0 → e+e−γ decays, corresponding to the initial selection
criteria. Because the fits for a given m(e+e−) bin with different
selection criteria or different background parametrizations
were based on the same initial data sample, the corresponding
|Fπ0γ (me+e− )|2 results were correlated and could not be
considered as independent measurements for calculating the
uncertainty in the averaged TFF value. Thus, this uncertainty
was taken from the fit with the largest number of π0 → e+e−γ
decays in the m(e+e−) bin, which was a conservative estimate
of the uncertainty in the averaged TFF value. The systematic
uncertainty in the averaged |Fπ0γ (me+e− )|2 value was taken
as the root mean square of the results from all fits made for
this bin. The total uncertainty in this |Fπ0γ (me+e− )|2 value was
calculated by adding in quadrature its fit (partially reflecting
experimental statistics in the bin) and systematic uncertainties.
In the end, the |Fπ0γ (me+e− )|2 results from Run I and Run II,

which were independent measurements, were combined as a
weighted average with weights taken as inverse values of their
total uncertainties in quadrature.

The individual |Fπ0γ (me+e− )|2 results obtained from Run I,
Run II, and their weighted average are depicted in Figs. 7(a)–
7(c), respectively. The error bars plotted on all data points
represent the total uncertainties of the results. Fits of the
data points with Eq. (2) are shown by the blue solid lines.
The fit parameter p0 corresponds to the slope parameter aπ .
Because the fits are made to the data points with their total
uncertainties, the fit errors for aπ give their total uncertainty
as well. Fits that included a normalization parameter showed
no need for such a parameter, so it was neglected in the end.
The present experimental results depicted in Fig. 7 are also
compared to the calculations with Padé approximants [25]
and to the dispersive analysis (DA) from Ref. [16], which
were discussed in the Introduction. As shown, all fits to the
data points lie slightly lower than the calculations. However,
the magnitude of the deviation is well within the experimental
uncertainties. In addition, attempts to fit the present data points
with Eq. (4) could not provide any reliable values for the
curvature parameter bπ and resulted in a strong correlation
between the parameters aπ and bπ . The comparison of the
individual results obtained from Run I and Run II illustrates
their good consistency within the error bars, even though the
uncertainties from Run I are significantly larger than those
from Run II.

Based on the fit to the data points combined from Run I and
Run II, the magnitude obtained for the slope parameter,

aπ = 0.030 ± 0.010tot, (5)

shows, within the uncertainties, good agreement with the RPP
value, aπ = 0.032 ± 0.004 [15], and with the calculations
from Ref. [25], aπ = 0.0324 ± 0.0012stat ± 0.0019syst, and
Ref. [16], aπ = 0.0307 ± 0.0006. Though the uncertainty
obtained for aπ in the present measurement is significantly
larger than in Refs. [15,16,25], the present result significantly
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η → e+e−γ [S. Prakov, PRC 95, 035208 (2017)]
MEASUREMENT OF THE ω → π 0e+e− . . . PHYSICAL REVIEW C 95, 035208 (2017)
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FIG. 16. Comparison of the |Fη(m�+�− )|2 results obtained individually from the analyses of Run I (blue filled triangles) and Run II (red
open circles) with each other and with the two solutions for the DA calculations by the Jülich group [20,21]. The solution without including
the a2-meson contribution is shown by a red dotted line with an error band, and the solution involving the a2 contribution is shown by a blue
dashed line. The pole-approximation fits (black solid lines) to the results of Run I and Run II are depicted in panels (a) and (b), respectively.
The fit parameter p0 reflects the general normalization of the data points, and p1 is the slope parameter �−2 [GeV−2]. For a better comparison
of the magnitudes of total uncertainties from the two data sets, the error bars of Run I are plotted in panel (a) on the top of the error bars of Run
II, and the other way around in panel (b).

final d�/dm values that were more reliable than the results
based on just one so-called best fit, which was made with a
combination of selection criteria, giving the optimal number
of events in the signal peak with respect to the background
level under it. Typically, such a best fit gives the largest ratio
between the corresponding d�/dm value and its uncertainty.

Because the fits for a given m(e+e−) bin with different
selection criteria or different background parametrizations
were based on the same initial data sample, the corresponding
d�/dm results were correlated and could not be considered
as independent measurements for calculating the uncertainty
in the averaged d�/dm value. Thus, this uncertainty was
taken from the best fit for the given m(e+e−) bin, which
was a conservative estimate of the uncertainty in the averaged
d�/dm value. The systematic uncertainty in this d�/dm value
was taken as the root mean square of the results from all
fits made for this bin. The total uncertainty in this d�/dm
value was calculated by adding in quadrature its fit (partially
reflecting experimental statistics in the bin) and systematic
uncertainties. The overall statistics of 5.4 × 104η → e+e−γ
decays involved in all the fits provided quite small fit uncertain-
ties, with the average magnitude of the systematic uncertainties
being ∼35% of the fit uncertainties. Because the overall
statistics for ω → π0e+e− were only 1.1 × 103 decays, the
total uncertainties were dominated by the fit uncertainties, with
average magnitude of the systematic uncertainties being ∼20%
of the fit uncertainties. In the end, the d�/dm(e+e−) results
from Run I and Run II, which were independent measurements,
were combined as a weighted average with weights taken as
inverse values of their total uncertainties in quadrature.

The results for |Fη(me+e− )|2 and |Fωπ0 (me+e− )|2 were
obtained by dividing the combined results for d�(η →
e+e−γ )/dm(e+e−) and d�(ω → π0e+e−)/dm(e+e−) by the
corresponding QED terms from Eqs. (1) and (3), and using the

η → γ γ and ω → π0γ branching ratios from the RPP [45].
To check the consistency of the individual TFF results obtained
from Run I and Run II, the corresponding d�/dm(e+e−)
results were recalculated into |Fη(me+e− )|2 and |Fωπ0 (me+e− )|2
as well.

B. Comparison of η results with other data and calculations

The individual |Fη(me+e− )|2 results from Run I and Run
II are compared in Fig. 16. For a better comparison of the
magnitudes of total uncertainties in both the measurements,
with the same m(e+e−) binning, the experimental results are
plotted twice. In Fig. 16(a), the error bars of Run I are plotted
on the top of the error bars of Run II, and the other way around
in Fig. 16(b). Correspondingly, the fit to the |Fη|2 results of Run
I with Eq. (4) is shown in Fig. 16(a), and of Run II in Fig. 16(b).
The fits are made with two free parameters, one of which, p1, is
�−2, and the other, p0, reflects the general normalization of the
data points. For example, the latter parameter could be different
from p0 = 1 because of the uncertainty in the determination
of the experimental number of η mesons produced. Another
possible reason for p0 to be slightly more than one is radiative
corrections for the QED differential decay rate at low q, the
magnitude of which is expected to be ∼1%.

The correlation between the two parameters results in a
larger fit error for �−2. However, this error then includes
the systematic uncertainty in the general normalization of
the data points. Because all |Fη|2 results are obtained with
their total uncertainties, the fit error for �−2

η gives its total
uncertainty as well. As seen in Fig. 16, the fits to both Run-I
and Run-II results give normalization parameters compatible
with the expected values, indicating the good quality of the
results. A value of the second parameter obtained for Run I,
p1 = (1.93 ± 0.15tot) GeV−2, is slightly smaller than the value
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FIG. 17. |Fη(m�+�− )|2 results (black filled triangles) combined from Run I and Run II and their pole-approximation fit (black solid line, with
p0 and p1 being the normalization and the slope parameter �−2, respectively) are compared to previous measurements and various theoretical
calculations. The former results by the A2 Collaboration from Ref. [17] (open magenta circles) and Ref. [16] (open green diamonds) are shown
in panel (a). The results of NA60 obtained in peripheral In-In data [15] and in p-A collisions [12] are shown in panel (b). The calculation from
Ref. [47] is shown in panel (a) by a blue dash-dotted line. The most recent DA calculation by the Jülich group [20] is shown in panel (b) by
a blue dashed line. The calculations by the Mainz group with Padé approximants are shown in panel (a) for their previous solution [48] (red
dashed line with an error band) and in panel (b) for their latest solution [18] (red dotted line with an error band).

from Ref. [17], �−2
η = (1.95 ± 0.15stat ± 0.10syst) = (1.95 ±

0.18tot) GeV−2, also obtained from the analysis of Run I, but
is in good agreement within the uncertainties, the magnitude
of which became somewhat smaller as well. The value, p1 =
(2.02 ± 0.17tot) GeV−2, obtained for Run II is slightly larger
than both the present and the previous results from Run I, but is
in good agreement within the uncertainties. The magnitude of
the difference in the �−2

η results obtained for Run I and Run II
is comparable to the uncertainties in the theoretical predictions
for �−2

η . As an example, the most recent calculations with the
dispersive analysis (DA) by the Jülich group are shown in
Fig. 16 for their new solution [20], obtained after including
the a2-meson contribution in the analysis, and their previous
solution without it [21]. As seen, the fit of Run II practically
overlaps with the calculation without a2, and the fit of Run I
is very close to the calculation involving the a2 contribution.

The |Fη(me+e− )|2 results combined from Run I and Run
II are compared to previous measurements and various
theoretical calculations in Fig. 17. The numerical values for
the combined |Fη(me+e− )|2 results are listed in Table I. As

seen in Fig. 17, the present |Fη(me+e− )|2 results are in good
agreement, within the error bars, with all previous measure-
ments based on η → e+e−γ and η → μ+μ−γ decays. The
pole-approximation fit to the present |Fη|2 data points yields

�−2
η = (1.97 ± 0.11tot) GeV−2, (6)

which is also in very good agreement within the uncertainties
with the results reported in Refs. [12,15–17]. The uncertainty
in the �−2

η value obtained in the present work is smaller
than those of previous measurements by the A2 collaboration
[16,17] and the NA60 collaboration in peripheral In-In data
[15], but is larger than in the latest NA60 result, �−2

η =
(1.934 ± 0.084tot) GeV−2, obtained from p-A collisions [12].

Most of the theoretical calculations shown in Fig. 17
have already been discussed in Ref. [17]. The calculation
by Terschlüsen and Leupold (TL) combines the vector-meson
Lagrangian proposed in Ref. [49] and recently extended in
Ref. [25], with the Wess–Zumino–Witten contact interaction
[47]. As seen, the TL calculation lies slightly lower than the

TABLE I. Results of this work for the η TFF, |Fη|2, as a function of the invariant mass m(e+e−).

m(e+e−) [MeV/c2] 35 ± 5 45 ± 5 55 ± 5 65 ± 5 75 ± 5 85 ± 5 95 ± 5
|Fη|2 1.006 ± 0.024 0.999 ± 0.022 1.013 ± 0.021 1.037 ± 0.024 1.032 ± 0.024 1.057 ± 0.031 1.070 ± 0.030
m(e+e−) [MeV/c2] 105 ± 5 115 ± 5 125 ± 5 135 ± 5 145 ± 5 155 ± 5 165 ± 5
|Fη|2 1.038 ± 0.029 1.052 ± 0.032 1.030 ± 0.035 1.077 ± 0.041 1.074 ± 0.042 1.101 ± 0.045 1.111 ± 0.046
m(e+e−) [MeV/c2] 175 ± 5 185 ± 5 195 ± 5 205 ± 5 215 ± 5 225 ± 5 235 ± 5
|Fη|2 1.157 ± 0.060 1.146 ± 0.057 1.179 ± 0.057 1.189 ± 0.067 1.207 ± 0.072 1.234 ± 0.067 1.288 ± 0.085
m(e+e−) [MeV/c2] 245 ± 5 255 ± 5 265 ± 5 280 ± 10 300 ± 10 320 ± 10 340 ± 10
|Fη|2 1.300 ± 0.090 1.331 ± 0.095 1.357 ± 0.107 1.443 ± 0.085 1.473 ± 0.110 1.561 ± 0.124 1.607 ± 0.166
m(e+e−) [MeV/c2] 360 ± 10 380 ± 10 400 ± 10 420 ± 10 445 ± 15 475 ± 15
|Fη|2 1.925 ± 0.232 1.916 ± 0.257 2.137 ± 0.421 2.495 ± 0.547 2.519 ± 0.685 3.17 ± 1.65
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ω → π0e+e− [S. Prakov, PRC 95, 035208 (2017)]
MEASUREMENT OF THE ω → π 0e+e− . . . PHYSICAL REVIEW C 95, 035208 (2017)
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FIG. 18. Comparison of the |Fωπ0 (m�+�− )|2 results obtained individually from the analyses of Run I (blue filled triangles) and Run II (red
open circles) with each other and with the two solutions for the DA calculations by the Bonn group [26] shown by error-band borders. The
solution using a simplified, VMD-inspired ω → 3π partial wave f1(s) = α�(s) inside the dispersion integral is shown by cyan dashed lines,
and the solution using the full rescattering of 3π by magenta dashed lines. The pole-approximation fits (black solid lines) to the results of Run
I and Run II are depicted in panels (a) and (b), respectively. The fit parameter p0 reflects the general normalization of the data points, and p1
is the slope parameter �−2. For a better comparison of the magnitudes of total uncertainties from the two data sets, the error bars of Run I are
plotted in panel (a) on the top of the error bars of Run II, and the other way around in panel (b).

pole-approximation fit to the present data points but is still in
good agreement with the data points within their error bars. The
calculations by the Jülich group, in which the radiative decay
η → π+π−γ [50] is connected to the isovector contributions
of the η → γ γ ∗ TFF in a model-independent way, by using
dispersion theory, are shown for the latest solution [20],
including the a2-meson contribution in the analysis. As seen,
this solution is very close to the present pole-approximation
fit. The calculations by the Mainz group, which are based
on a model-independent method using the Padé approximants
(initially developed for the π0 TFF [51]), are shown for both
their previous [48] and latest [18] solutions. As seen, both the
solutions are very close to the present pole-approximation fit.
However, the latest solution, also involving the previous A2
data on the η TFF [17], has a much smaller uncertainty. It is
expected that adding the |Fη(me+e− )|2 results from this work
into the corresponding calculation by the Mainz group will
allow an even smaller uncertainty in the value for the slope
parameter of the η TFF to be obtained.

C. Comparison of ω results with other data and calculations

The individual |Fωπ0 (me+e− )|2 results from Run I and Run
II are compared in Fig. 18. Similarly to the comparison
of the two individual sets of |Fη(m�+�−)|2 results and their
uncertainties, these experimental results are also plotted twice.
The two-parameter fits of the individual |Fωπ0 |2 results with
Eq. (4) are shown in Figs. 18(a) and 18(b), respectively for Run
I and Run II. As seen in Fig. 18, the experimental statistics
for ω → π0e+e− decays in Run I and Run II and the level
of background resulted in quite large total uncertainties in
those |Fωπ0 |2 results, especially at large m(e+e−) masses.
Within those uncertainties, the |Fωπ0 |2 results from both
data sets are in good agreement with each other. The same

holds for the fit results for the normalization parameter p0
and the parameter p1, corresponding to �−2

ωπ0 . Despite large
uncertainties in p1 = (1.96 ± 0.25tot) GeV−2 obtained for
Run I and in p1 = (2.01 ± 0.28tot) GeV−2 for Run II, both
results indicate a lower value for �−2

ωπ0 than those reported
previously by Lepton-G [23] and NA60 [12,15]. At the same
time, the comparison of the individual |Fωπ0 (me+e−)|2 results
and their pole-approximation fits, for example, with the two
different solutions from the dispersive analysis by the Bonn
group [26] indicates no contradiction with these calculations.

The |Fωπ0 (me+e− )|2 results combined from Run I and
Run II are compared to previous measurements and various
theoretical calculations in Fig. 19. The numerical values for
the combined |Fωπ0 (me+e− )|2 results are listed in Table II.
As seen in Fig. 19, the present |Fωπ0 (me+e− )|2 results are in
general agreement, within the error bars, with the previous
measurements based on ω → π0μ+μ− decays. The only
deviation observed is for the data points at the largest m(e+e−)
masses. The pole-approximation fit to the present |Fωπ0 |2 data
points gives

�−2
ωπ0 = (1.99 ± 0.21tot) GeV−2, (7)

which is somewhat lower than the corresponding value ob-
tained from the Lepton-G and NA60 data [12,15,23], but does
not contradict them within the uncertainties. The uncertainty
in the �−2

ωπ0 value obtained in the present work is similar to
that of Lepton-G, but is significantly larger than the accuracy
achieved by NA60. Meanwhile, the advantage in measuring
the ω → π0e+e− decay is that the control of the overall
normalization of the |Fωπ0 |2 results is much more stringent
than in the case of the ω → π0μ+μ− decay, which does not
enable measurement at low m(�+�−). The magnitude of the
parameter p0, obtained from the fit to the present |Fωπ0 |2
results, indicates small values of systematic uncertainties due
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FIG. 19. |Fωπ0 (m�+�− )|2 results (black filled triangles) combined from Run I and Run II and their pole-approximation fit (black solid line,
with p0 and p1 being the normalization and the slope parameter �−2, respectively) are compared to previous measurements and various
theoretical calculations. The results by Lepton-G [23] are shown by open red squares in panel (b). The results of NA60 obtained in peripheral
In-In data [15] are shown by open green circles in panels (a) and (c), and from p-A collisions [12] by open green triangles in panel (b). The
VMD prediction is shown by a blue dashed line in panel (a). The calculation from Refs. [24,25] is shown by a red dash-dotted line in panel (a).
The DA calculation by the Bonn group [26] for the full 3π rescattering is shown by error-band borders (magenta dashed lines) in panel (b).
Upper and lower bounds by Caprini [30] are shown by cyan dashed lines for two cases of the discontinuity calculated with the partial-wave
amplitude f1(t) based on (a) the improved N/D model [52], and (b) taken from Ref. [26]. The calculation based on a model-independent
method using Canterbury approximants [53] is shown by a magenta long-dashed line with a gray error band. The basic calculation (blue dashed
line) from JPAC [27] and the effect from including higher-order terms of the inelastic contributions in the ωπ0 TFF by fitting them to the NA60
In-In data is shown in panel (c) for the solutions with adding one (black dotted line) and two (red dash-dotted line) terms. A similar effect from
including higher-order terms by fitting them to the present |Fωπ0 (m�+�− )|2 results is shown in panel (c) for the solutions with one (magenta
long-dashed line) and with two (cyan dash-double-dotted line) terms.

to the normalization, which depends on the correctness in the
reconstruction of both the ω → π0e+e− and ω → π0γ decays
as well as on radiative corrections for the QED differential
decay rate at low q. As noted previously, the magnitude of
those corrections is expected to be ∼1%.

The basic ideas of the theoretical calculations shown in
Fig. 19 have already been discussed in the introduction. The
calculation from Refs. [24,25] is shown by a red dash-dotted
line in Fig. 19(a). The DA calculation by the Bonn group
[26] is shown in Fig. 19(b) by error-band borders (magenta
dashed lines) for the solution with the full 3π rescattering.
The calculations by Caprini [30] are shown for two cases.
Upper and lower bounds calculated with the discontinuity
using the partial-wave amplitude f1(t) from Ref. [26] are
shown in Fig. 19(b). And bounds obtained with the improved
N/D model [52] for f1(t) are shown in Fig. 19(a).

There is another ωπ0-TFF prediction translated to a simple
monopole form of Eq. (4) with the parameter � = (0.72 ±
0.05) GeV, or �−2 = (1.93 ± 0.26) GeV−2 [53], which is
depicted by a magenta long-dashed line with a gray error

band in Fig. 19(a). This calculation is based on a model-
independent method using Canterbury approximants, which
are an extension of the Padé theory for bivariate functions
[54]. The parameter � is obtained by requiring that the slope
of the ωπ0 TFF in the variable q2 should be the same as for the
π0 TFF, taking into account isospin breaking. In the approach
used, the ωπ0 TFF is considered as the π0 TFF of double
virtuality, with the virtuality of one of the photons fixed to the
ω-meson mass, and the other photon to the invariant mass of the
lepton pair. The relatively large uncertainty in this prediction
at higher m(�+�−) is determined by the uncertainty in the π0

TFF extrapolated in the region of larger q2.
Among the calculations depicted in Figs. 19(a) and 19(b),

those by the Bonn group and by Caprini with the f1(t)
amplitude from the same work [26] seem to be in reasonable
agreement with the present data points. The prediction based
on the method using Canterbury approximants is fairly close
to the curve showing the data fit, but the uncertainty in this
prediction at higher m(�+�−) is larger, compared to the other
calculations. Although the magnitude of the uncertainties in

TABLE II. Results of this work for the ωπ 0 TFF, |Fωπ0 |2, as a function of the invariant mass m(e+e−).

m(e+e−) [MeV/c2] 40 ± 10 60 ± 10 80 ± 10 105 ± 15 135 ± 15 175 ± 25 225 ± 25
|Fωπ0 |2 1.002 ± 0.162 1.011 ± 0.120 1.027 ± 0.121 1.058 ± 0.140 1.126 ± 0.239 1.146 ± 0.128 1.227 ± 0.161
m(e+e−) [MeV/c2] 275 ± 25 325 ± 25 375 ± 25 425 ± 25 480 ± 30 540 ± 30 600 ± 30
|Fωπ0 |2 1.390 ± 0.215 1.648 ± 0.279 1.946 ± 0.431 2.553 ± 0.692 3.32 ± 1.08 6.32 ± 2.90 10.63 ± 6.14
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E - γd → ηX [L. Witthauer, PRC 95 055201 (2017)]

Easier to study protons than neutrons, sometimes neutron results unexpected

• Narrow structure previously seen in γn→ ηn at W≈1685 MeV

• Seems to only appear in σ1/2 (S11/P11 partial waves)

• Large N(1675)5/2− (MAID) or BnGa with narrow P11 ruled out
L. WITTHAUER et al. PHYSICAL REVIEW C 95, 055201 (2017)
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FIG. 12. Double-polarization observable E for the proton (left) and the neutron (right) shown as a function of the reconstructed c.m. energy.
The results were averaged over both decay channels η → 2γ and η → 6γ . The results are compared to model calculations by BnGa [38]
(neutron model with interference of the N (1535) and the N (1650)) and MAID [64]. For better visibility, the points from version 2 were shifted
by +5 MeV with respect to version 1. The systematic uncertainties for analysis 1 are indicated by the gray-shaded areas.

ways discussed in Sec. III B. The results are shown in
Fig. 13. The analysis (version 1) with the smallest systematic
uncertainties uses Eq. (9) with E determined from the carbon
subtraction method and combines it with the precise values of
the unpolarized cross section σ0 from Ref. [29]. The systematic
uncertainties shown in Fig. 13 correspond to this analysis.
However, apart from the low-energy region for the proton
the results from all three analyses are in good agreement.
These results are, of course, statistically not independent and
therefore should not be averaged. For example, for analysis
1 and 2, in both cases identical values enter in the numerator
σ1/2 − σ3/2 for E and identical values are used for σ0. They
are only limiting systematic uncertainties.

Some interesting features of the data in Fig. 13 can be
discussed even without any results from reaction models. For
the whole energy range the σ3/2 part of the reaction is smaller
than σ1/2, underlining the importance of contributions from
nucleon resonances with spin J = 1/2.

A very prominent feature for the neutron target is the narrow
structure around W = 1.68 GeV, which has no counterpart in
σ3/2. The cross-section excess above the smoothly varying
background is on the order of 2 μb for σ1/2, while the σ3/2

cross section in this energy range is on an absolute scale of
only 1 μb and structureless. The structure previously observed
in the unpolarized cross section is therefore clearly related to
the helicity-1/2 part of the reaction. Nucleon resonances with
spin larger than J = 1/2 can also contribute to σ1/2, but in
most known cases they contribute stronger to σ3/2 and there
are no known examples where a spin J � 3/2 state contributes
exclusively to σ1/2 [2]. This makes it very unlikely that the
narrow structure is related to nucleon resonances with spin
J > 1/2.

Shown in Fig. 13 are also the model predictions from BnGa
[38] and MAID [64]. For the BnGa neutron model, the version

with a fine-tuned interference in the S11 sector is shown, but
the other versions are not much different. They agree quite
well with the data. The results from the MAID model have the
known problem with the contribution from the N (1675)5/2−
state.

The BnGa results do not describe the proton data well above
W = 1.65 GeV. They agree, of course, with the unpolarized
cross section from McNicoll et al. [16], because they have
been fitted to it, but not so good with the split into σ1/2 and
σ3/2 contributions suggested by the data. This disagreement
does not disappear when instead of the quasifree proton cross
section given in Refs. [27,29] the free proton cross section
from Ref. [16] is used as σ0 in Eq. (9) (results shown as open
magenta circles at the left-hand side of Fig. 13).

In the total γp → pη cross section [16], there is a small,
narrow dip exactly at the same W where the neutron cross
section shows the narrow bump. This could have been a hint
that in fact the neutron bump and proton dip could be related
due to an interference that is constructive for the neutron and
destructive for the proton. The present σ1/2 data do not show
any dip-like structure around W ≈ 1.68 MeV; they are flat in
this range. Instead, the σ3/2 data show a little bump at slightly
higher energy (W ≈ 1.72 GeV) and then the (unpolarized)
sum of these two excitation functions has an effective little
dip-like structure around 1.68 GeV.

The small bump in σ3/2 could be due to a contribution from
the N (1720)3/2+ state, but certainly more refined partial-wave
analyses are necessary to confirm this. This structure is not
visible for the neutron, but in that case simply the statistical
quality of the data may be insufficient. Independent of the
nature of this structure, the fact that it appears in σ3/2 makes
it much less probable that the bump in the neutron excitation
function and the dip in the proton excitation function are related
phenomena. This problem is also apparent in the comparison of
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E - γd → ηX [L. Witthauer, PRC 95 055201 (2017)]
HELICITY-DEPENDENT CROSS SECTIONS AND DOUBLE- . . . PHYSICAL REVIEW C 95, 055201 (2017)
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FIG. 13. Helicity-dependent cross sections σ1/2 and σ3/2 for the proton (left) and the neutron (right) as a function of the reconstructed c.m.
energy. The results were averaged over both decay channels η → 2γ and η → 6γ and are compared to model calculations by BnGa [38]
(neutron model with interference of the N (1535) and the N (1650)) and MAID [64]. For better visibility, the points from version 2 and version
3 were shifted by ±5 MeV with respect to version 1. The systematic uncertainties for analysis 1 are indicated by the gray-shaded areas. For
the proton, results are also shown (labeled “free”) when for version 1 of the analysis the unpolarized cross section σ0 is taken from free-proton
data [16].

the data to the model predictions. Both models fail to reproduce
the little peak in the σ3/2 part of the cross section but rather
shift this structure to the σ1/2 part.

The angular distributions of the helicity-dependent cross
sections are shown in Figs. 14 and 15 for the proton and
in Figs. 16 and 17 for the neutron together with the BnGa
[38] and MAID [64] model predictions. It is obvious that,
especially at higher energies, the new data will have significant
impact when they are included into the fits. Also shown, for
a phenomenological analysis, are the results of fits of the
present data with Legendre polynomials up to third order
using

dσ

d

[W,cos(θ�

η )] = q∗
η (W )

k∗
γ (W )

3∑
i=0

Ai(W )Pi[cos(θ�
η )] , (11)

where q∗
η and k∗

γ are the η and photon momenta in the center-
of-mass frame, respectively, and Ai(W ) are the Legendre
coefficients. The fit results for analysis version 1 are shown in
Figs. 14–17 as dotted (green) lines.

The Legendre coefficients extracted from these fits are
shown in Fig. 18. In order to keep the figure readable, only
the results from analysis version 1 are shown as data points

with error bars (the results from the other analyses do not
differ in any relevant aspect). Also shown are the Legendre
coefficients for the predictions of the MAID [64] and BnGa
[38] models, extracted with the same fitting procedure using
Eq. (11). For the latter, for the neutron target, all three different
solutions from Ref. [38] are shown. These are BnGa (a), for
which the bump in the neutron excitation function around
1.68 GeV is reproduced by a fine tuning of interferences
in the S11 sector, BnGa (b) where a narrow P11 resonance
with positive interference term to the leading S11 partial wave
is introduced, and BnGa (c) where such a resonance with
negative interference term contributes. The most sensitive
observable to discriminate between these different model
approaches is the A1 coefficient of the neutron σ1/2 data. This
is so because an interference between a S11 and a P11 wave
introduces a cos(θ�) term into the angular distributions, which
is reflected in the A1 coefficient, while an S11–S11 interference
results in flat angular distributions. The comparison of data
and model results in Fig. 18 clearly rules out the case
of a S11–P11 interference with negative sign (dash-dotted
black line). However, the solution of a narrow P11 state in
interference with the S11 wave with a positive sign (dotted line)
is even closer to the data than the S11–S11 interference (solid
line).
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E - γd → ηX [L. Witthauer, PRC 95 055201 (2017)]
L. WITTHAUER et al. PHYSICAL REVIEW C 95, 055201 (2017)
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FIG. 18. Legendre coefficients A0–A3 (rows) as defined in Eq. (11), which were extracted from version 1. First column: coefficients for
the helicity-1/2 state (solid circles) for the reaction on the proton. Second column: coefficients for the helicity-3/2 state (open circles) for the
reaction on the proton. Third and fourth columns: same for the reaction on the neutron. The experimental results (blue and red markers) are
compared to the coefficients extracted from model predictions by MAID [64] (dashed green line) and BnGa [38]. Three different BnGa models
predictions are shown for the neutron. BnGa (b): fit with a narrow N (1685) resonance with positive A1/2 coupling (dotted line). BnGa (c): fit
with a narrow N (1685) resonance with negative A1/2 coupling (dash-dotted line). BnGa (a): fit without a narrow resonance (solid line). The
position of the narrow structure at W = 1685 MeV in the neutron cross section is indicated by a dashed vertical line.

V. SUMMARY AND CONCLUSIONS

In summary, precise results for the helicity decomposition
of the cross sections of the reactions γp → pη and γ n → nη
measured with quasifree nucleons bound in the deuteron
have been obtained. These data confirm many previously
known aspects of η photoproduction and add key information
to the interpretation in particular of the narrow structures
seen in their excitation functions around invariant masses of
W ≈ 1.68 GeV. The most important one is that the narrow
structure previously observed in the total cross section of the
γ n → nη reaction appears only in the σ1/2 part of the cross

section and is thus almost certainly related to the S11 and/or
P11 partial waves. At the same time, the data with coincident
protons show that the small dip observed in the total cross
section of η production from free protons at a similar energy
can be assigned to structure in the σ3/2 part of the reaction
so that it is unlikely that both phenomena have the same
cause. Finally, a comparison of the angular distributions, in
particular the coefficient A1 of their Legendre expansion, to
model predictions gives some preference to an interference
between the dominating S11 wave with a narrow P11 state.
However, these results are statistically not very significant.
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σ - γd → π0X [M. Dieterle, PRC (Accepted)]
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FIG. 1. Data coverage for angular distributions and total cross sections (green stars at cos(θ⋆π) = 1.1) for the photoproduction
of pions off the nucleon as a function of invariant mass W and of pion momentum polar angle θ⋆π. Black circles: previous data,
red stars: nπ0 final state results from this work.
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FIG. 2. Pion production in the ∆-resonance region. Measured
cross sections: pπ0 final state [39, 40], nπ+ final state [41],
pπ− final state [42]. Curves: MAID-model [3], solid: full
model, dashed: only P33(1232) resonance.

and nucleon-meson final state interaction (FSI) effects.
The effects from Fermi motion can be reliably removed
(within experimental resolution) with a kinematic recon-
struction of the final state invariant mass [30]. Thus,
they are not problematic unless narrow structures in the
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FIG. 3. Single π0 photoproduction off the free proton and the
deuteron in the second resonance region (note that d(γ, π0)X
includes the npπ0 and dπ0 final states) [40]. Left hand side:
total cross sections. Curves: results from the SAID analysis
[1] (solid), and MAID-model [3] (dashed). For the deuteron
from both models, the sum of proton and neutron cross sec-
tion folded with nuclear Fermi motion is plotted. Right hand
side: angular distributions, solid curves: SAID proton, dashed
curves: Fermi smeared average of SAID proton and neutron.

cross section must be resolved. The importance of FSI
effects can vary considerably for different final states.
This can be tested with a comparison of the cross sec-
tion data for free and quasi-free protons. Results for
quasi-free photoproduction of η and η′ mesons off the
deuteron [43, 44] show no significant FSI influence at the
current level of the statistical precision of the experimen-
tal data. However, results for the quasi-free γn → pπ−

Lots of proton data, often missing neutron data

• No free neutron target (I think you’ve heard)

• Can use deuterium (or helium, or...), but FSI

• If FSI are similar for protons and neutrons in deuterium, perhaps the

former can be used to correct the latter
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FIG. 21. Differential cross sections for exclusive single π0 photoproduction off the quasi-free proton. Open blue circles:
experimental data, histograms: systematic uncertainty, solid blue lines: Legendre fit to measured cross sections, model results:
dashed cyan line: SAID, dotted orange line: MAID, dash-dotted magenta line: BnGa.
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FIG. 22. Differential cross sections for exclusive single π0 photoproduction off the quasi-free neutron. Open red triangles:
experimental data, histograms: systematic uncertainties, solid red lines: Legendre fit to measured cross sections, model results:
dashed cyan line: SAID, dotted orange line: MAID, dash-dotted magenta line: BnGa.
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FIG. 22. Differential cross sections for exclusive single π0 photoproduction off the quasi-free neutron. Open red triangles:
experimental data, histograms: systematic uncertainties, solid red lines: Legendre fit to measured cross sections, model results:
dashed cyan line: SAID, dotted orange line: MAID, dash-dotted magenta line: BnGa.
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FIG. 23. Differential cross sections for exclusive single π0 photoproduction off the free neutron (full red triangles). These are
quasi-free data corrected for FSI effects. Histograms: systematic uncertainties, Red solid lines: Legendre fit to measured data,
model results: dashed cyan lines (SAID), dotted orange lines (MAID), dash-dotted magenta lines (BnGa).
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FIG. 24. Differential cross sections as a function of the final state invariant mass for exclusive single π0 photoproduction off the
quasi-free proton (blue, open circles) and the quasi-free neutron (red, open triangles). Histograms: systematic uncertainties.
Lines: model results for the free proton with notation as in Fig. 21.

Eq. 11. The 7% overall normalization uncertainty also
does not apply. The residual uncertainty is dominated
by the detection efficiency for recoil protons and neu-
trons (estimated from the comparison of inclusive data
and the sum of exclusive cross sections), the systematic
uncertainty of the world database for the cross section
of the free γp → pπ0 reaction (which is negligible), and
the folding of this cross section with the experimental
resolution. Therefore, the systematic uncertainties for
the extreme backward angles are much smaller for the
FSI corrected results (see Fig. 25) than for the originally
measured quasi-free neutron data (see Fig. 24).
The data are compared in Figs. 21-25 to the most

recent results from some reaction models (in particular
those which provide results for the proton and neutron
target). These are the BnGa coupled channel [6, 79], the
MAID [3, 4], and the SAID [1, 2] analyses. Note that
the references refer only to the basic descriptions of the
different analyses. The analyses evolve continuously and
the most recent results are available on the respective
websites [80].

In Figs. 21-25, only the most recent results from the
three models are compared to the data. They are partly
different from the results shown in the preceding letter
[31] because in the meantime, a larger database has been
included in the fits of the BnGa and SAID analyses. This
has not yet happened for the MAID model and Figs. 23
and 25 clearly show that this model is in poorer agree-
ment with the experimental data. For the other models,
some fine adjustments are still necessary.
Total cross sections σ(W ) have been derived from the

angular distributions by fits of Legendre polynomials

dσ

dΩ
=

6
∑

i=0

BiPi(cos(Θ
⋆
π0)) , (12)

using σ(W ) = 4πB0(W ). The order of the expansion
(n = 6) was chosen such that the coefficient of this order
was still significantly different from zero within statistical
uncertainties. This analysis extrapolates the unmeasured
differential cross sections at extreme forward angles. This
effect is small below energies of W ≈1.6 GeV, but con-
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FIG. 25. Differential cross sections as a function of the final state invariant mass for exclusive single π0 photoproduction off
the free neutron (i.e. quasi-free neutron data with correction of FSI effects). Red triangles: experimental data, histograms:
systematic uncertainties. Notation for model results as indicated in Fig. 23.

tributes more to the systematic uncertainty at larger W .
The total cross section σincl for the inclusive reaction is

shown as a function of Eγ in Fig. 26. The result from the
inclusive analysis without any conditions on recoil nucle-
ons and the sum of the exclusive cross sections σp and σn

are compared. The agreement between the two data sets
is excellent and demonstrates again that systematic ef-
fects from the detection efficiency for the recoil nucleons
must be small. The insert in the figure shows the ratio
of the results from these two analyses. Deviations are
within the 10% range, but mostly smaller. The ratio is
always above unity, which is reasonable because the sum
of the exclusive cross sections excludes the contribution
from the coherent γd → dπ0 reaction. At photon energies
below 800 MeV, this effect alone can explain the devia-
tions (see [40] for the relative contribution of the coherent
reaction), at higher incident photon energies systematic
uncertainties probably dominate.
For photon energies below 800 MeV, the present data

can be compared to the previous results from [40]. They
agree within their systematic uncertainties (typical devi-

ations are of the order of 10%, the overall normalization
of both data sets is ≈7%, additional uncertainties from
analysis cuts etc. are ≈5%).
The total cross sections for the quasi-free reactions

γd → p(n)π0 and γd → n(p)π0 (spectator nucleons in
parentheses) are shown in Fig. 27. The results are com-
pared to the predictions of the BnGa, MAID, and SAID
analyses for the free proton target. These predictions
are similar, constrained by the same, large database of
the free γp → pπ0 reaction. The figure demonstrates
the substantial FSI effect on the quasi-free reaction even
when nucleons are only bound in the lightest nucleus,
the deuteron. In the maxima of the second resonance
bump, this effect is on the order of 37% and in the third
resonance bump it is still around 30%.
In addition, the figure shows that the second and, even

more so, the third resonance bumps are much less pro-
nounced for quasi-free neutrons than for protons, while,
due to the dominant reaction mechanism, these two cross
sections are quite similar in the tail of the ∆ resonance,
as expected. This result sheds some new light on the
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FIG. 27. Total cross section as a function of the final state
invariant mass for exclusive single π0 photoproduction off the
quasi-free proton (open blue circles) and the quasi-free neu-
tron (open red triangles). Dashed cyan line: SAID, dotted
orange line: MAID, dash-dotted magenta line: BnGa. The
insert shows the ratio of the quasi-free neutron to the quasi-
free proton (open black circles).

netic coupling to the proton and is responsible for a large
fraction of the third resonance bump for the proton. The
D15 is one of the few states which couple more strongly
to the neutron. Its influence on the angular distributions
seems to be well reproduced by the BnGa and MAID
model results, but significant deviations are observed for
the B3 coefficient in this energy range for SAID (see
Fig. 30).

In Fig. 30, the Legendre coefficients of the free γn →
nπ0 reaction (constructed from the FSI corrected quasi-
free neutron data) are compared to the reaction model
results. A comparison of the quasi-free (Fig. 29) and
‘free’ (Fig. 30) neutron data does not show much differ-
ence (the largest for the B3 coefficient). This is again due
to the fact that FSI seems mainly to act on the absolute
scale of the cross sections (which is removed by the renor-
malization to the B0 coefficient), but not so much on the
shape of the angular distributions. The comparison to
the model predictions does not allow a clear conclusion.
Although on average, the MAID analysis agrees less well
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FIG. 28. Full red triangles: Total cross section as a function
of the final state invariant mass for the free neutron (quasi-
free neutron data corrected for FSI effects). Dashed cyan
line: SAID, dotted orange line: MAID, dash-dotted magenta
line: BnGa. The black dashed and dash-dotted lines show the
results of the SAID and BnGa analysis previous to the results
from the present work and [38]. The insert shows the ratio of
the free neutron to the SAID proton (full black triangles).

with the total cross section than the SAID results, some
features, such as the behavior of the B3 coefficient at high
energies, are better reproduced by MAID than by SAID.
Altogether, all reaction models will need readjustment to
accommodate the new neutron measurements.

V. SUMMARY AND CONCLUSIONS

Photoproduction of π0 mesons from the deuteron has
been measured in a high statistics experiment with the
Crystal Ball/TAPS detector at the electron accelerator
MAMI in Mainz for incident photon energies between
0.45 GeV and 1.4 GeV, corresponding approximately to
cm energies in the photon-nucleon system of 1.3 GeV to
1.875 GeV. Angular distributions were obtained in bins of
cos(θ⋆π0) = 0.1 and only the extreme forward bin from 0.9
- 1.0 was not covered. Data have been analyzed for the in-
clusive reaction γd → Xπ0, where X is either a neutron-
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netic coupling to the proton and is responsible for a large
fraction of the third resonance bump for the proton. The
D15 is one of the few states which couple more strongly
to the neutron. Its influence on the angular distributions
seems to be well reproduced by the BnGa and MAID
model results, but significant deviations are observed for
the B3 coefficient in this energy range for SAID (see
Fig. 30).

In Fig. 30, the Legendre coefficients of the free γn →
nπ0 reaction (constructed from the FSI corrected quasi-
free neutron data) are compared to the reaction model
results. A comparison of the quasi-free (Fig. 29) and
‘free’ (Fig. 30) neutron data does not show much differ-
ence (the largest for the B3 coefficient). This is again due
to the fact that FSI seems mainly to act on the absolute
scale of the cross sections (which is removed by the renor-
malization to the B0 coefficient), but not so much on the
shape of the angular distributions. The comparison to
the model predictions does not allow a clear conclusion.
Although on average, the MAID analysis agrees less well
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free neutron data corrected for FSI effects). Dashed cyan
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line: BnGa. The black dashed and dash-dotted lines show the
results of the SAID and BnGa analysis previous to the results
from the present work and [38]. The insert shows the ratio of
the free neutron to the SAID proton (full black triangles).

with the total cross section than the SAID results, some
features, such as the behavior of the B3 coefficient at high
energies, are better reproduced by MAID than by SAID.
Altogether, all reaction models will need readjustment to
accommodate the new neutron measurements.

V. SUMMARY AND CONCLUSIONS

Photoproduction of π0 mesons from the deuteron has
been measured in a high statistics experiment with the
Crystal Ball/TAPS detector at the electron accelerator
MAMI in Mainz for incident photon energies between
0.45 GeV and 1.4 GeV, corresponding approximately to
cm energies in the photon-nucleon system of 1.3 GeV to
1.875 GeV. Angular distributions were obtained in bins of
cos(θ⋆π0) = 0.1 and only the extreme forward bin from 0.9
- 1.0 was not covered. Data have been analyzed for the in-
clusive reaction γd → Xπ0, where X is either a neutron-
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FIG. 29. Normalized Legendre coefficients as a function of the
final state invariant mass for exclusive single π0 photoproduc-
tion off the quasi-free proton (open blue circles) and the quasi-
free neutron (open red triangles). Hatched histograms: sys-
tematic uncertainties of the quasi-free proton. Dashed cyan
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proton pair or a deuteron. The reaction was identified by
detection of the π0 mesons and kinematic cuts excluding
production of further mesons. Also analyzed were the
exclusive reactions γd → pπ0(n) and γd → nπ0(p) in
coincidence with recoil protons or recoil neutrons where
the nucleons in parentheses are undetected spectators.
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FIG. 30. Full red triangles: normalized Legendre coefficients
as a function of the final state invariant mass for exclusive sin-
gle π0 photoproduction off the free neutron (quasi-free data
corrected for FSI effects). Solid histograms: systematic un-
certainties, dashed cyan curve: SAID, dotted orange curve:
MAID, dash-dotted magenta curve: BnGa.

A comparison of the results from the inclusive reac-
tion σincl to the sum of the exclusive reactions σp, σn,
sets stringent limits on systematic uncertainties of the
detection of recoil nucleons because σincl is completely
independent of such effects. The inclusive data are of
interest for the investigation of FSI effects because all
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proton pair or a deuteron. The reaction was identified by
detection of the π0 mesons and kinematic cuts excluding
production of further mesons. Also analyzed were the
exclusive reactions γd → pπ0(n) and γd → nπ0(p) in
coincidence with recoil protons or recoil neutrons where
the nucleons in parentheses are undetected spectators.
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FIG. 30. Full red triangles: normalized Legendre coefficients
as a function of the final state invariant mass for exclusive sin-
gle π0 photoproduction off the free neutron (quasi-free data
corrected for FSI effects). Solid histograms: systematic un-
certainties, dashed cyan curve: SAID, dotted orange curve:
MAID, dash-dotted magenta curve: BnGa.

A comparison of the results from the inclusive reac-
tion σincl to the sum of the exclusive reactions σp, σn,
sets stringent limits on systematic uncertainties of the
detection of recoil nucleons because σincl is completely
independent of such effects. The inclusive data are of
interest for the investigation of FSI effects because all
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γp → π0ηp [V. Sokhoyan, PRC 97 055212 (2018)]

Three body final states (decay modes and missing resonances)
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(red crosses), and A2 [20] (magenta open squares). The predictions from BnGa PWA [24] are shown by blue lines for the
total cross section (dash-dotted) and individual contributions from γp → ∆(1232)η (dashed), γp → N(1535)π0 (dotted), and
γp → a0(980)p (long-dash-dotted). The results from analysis with the Mainz model are shown by green lines for the total
cross section (solid) and individual contributions from the resonant (long-dashed), background (dash-double-dotted), and Born
(dash-triple-dotted) terms.
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FIG. 10: Comparison of the results from Run I (blue triangles) and Run II (open circles) for the cos(θπ0) distributions in the
helicity frame.

The corresponding distributions for π0 are not shown
as they are very similar to cos(θπ0) in the canonical or
GJ frames. As seen, the present results for η are in good
agreement with previous measurements over almost the
entire energy range, whereas the proton results contradict

the predictions of the BnGa PWA [24] near the reaction
threshold. The cos θ distributions for the recoil proton
are not shown for the earlier analysis of the A2 data [20]
as they were not extracted there.

In this work, the measurement of helicity photon asym-

A2 data (4/©), CBELSA/TAPS (?/4), GRAAL (♦), old A2 (�) data; BnGa: total (dash-dotted),

∆(1232)η (dashed), N(1535)π0 (dotted), and a0(980)p (long-dash-dotted); and Mainz: total (solid),

resonant (long-dashed), background (dash-double-dotted), and Born (dash-triple-dotted)
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γd → π0ηX [A. Kaeser, PLB (Submitted)]
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Fig. 4. Double polarization observable E. Left-hand side: quasi-free protons, right-hand side: quasi-free neutrons. Open (red) symbols: analysis
(A) (normalization to unpolarized deuterium cross sections), closed (black) symbols: analysis (B) (subtraction of carbon background).

W =
√
s = |Pπ + Pη + PN | . (6)

where Pπ, Pη, and PN , are the four momenta of the π0, the
η, and the recoil nucleon, respectively. The four momenta of
the pion and the eta were obtained from the decay photons
measured in the calorimeter, while the four momentum of
the recoil nucleon was defined by its measured azimuthal
and polar angles as well as overall momentum and energy
conservation (see e.g. [20,23,24,40]).
The systematic uncertainty of the asymmetry is domi-

nated by the uncertainty of the polarization of the photon
beam (2.7%) and the target (10%) [25]. The latter was very
conservatively estimated due to the necessary recalibration
of the first three beam times. Most other uncertainties can-
cel in the ratio of Eq. 1. Only higher-order effects from ei-
ther the normalization to data from the measurement with
a liquid deuterium target or the subtraction of the carbon
background in the denominator can contribute. This means
that only the difference between systematic effects for the
three target types matters. Consequently, photon and re-
coil nucleon detection efficiencies and kinematic cuts are
much less important than for absolute cross-section mea-
surements. Systematic effects are further reduced in the
comparison of the asymmetry for recoil protons and neu-
trons.
The σ1/2 and σ3/2 cross sections also carry the uncer-

tainty from the absolute normalization (photon flux, tar-
get density), estimated to be between 5% - 7% [19,20,26],
and uncertainties from the MC simulations of detector ac-
ceptance estimated in the range 5% - 10%. However, these
uncertainties largely cancel in the comparison of the two
helicity cross sections.

6. Results

The results for the double polarization observable E (see
Eq. 1) are shown in Fig. 4 as a function of the invariant
mass W . The results from the two different analyses using
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Fig. 5. Helicity-dependent cross sections σ1/2 (left-hand side) and
σ3/2 (right-hand side) for quasi-free protons (upper column) and
quasi-free neutrons (bottom column) for the three different analysis
methods. version (1): (red squares): E from analysis (A), σ0 from
unpolarized deuterium cross section, version (2): (black filled dots):
E from analysis (B), σ0 from unpolarized deuterium cross section,
version (3): (green triangles): E from analysis (B), σ0 also from
butanol target with carbon subtraction.

either a normalization to the unpolarized cross sectionmea-
sured with a liquid deuterium target (analysis (A)) or the
subtraction of the unpolarized carbon background in the
denominator of Eq. 1 (analysis (B)) are in good agreement,
which demonstrates that systematic effects from normal-
izations and background subtraction are well under con-
trol. The statistical fluctuations of both analyses are highly
correlated. This was expected because the fluctuations are
dominated by the almost vanishing numerator of the ratio
in Eq. 1, which was identical for both analyses.
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η, and the recoil nucleon, respectively. The four momenta of
the pion and the eta were obtained from the decay photons
measured in the calorimeter, while the four momentum of
the recoil nucleon was defined by its measured azimuthal
and polar angles as well as overall momentum and energy
conservation (see e.g. [20,23,24,40]).
The systematic uncertainty of the asymmetry is domi-

nated by the uncertainty of the polarization of the photon
beam (2.7%) and the target (10%) [25]. The latter was very
conservatively estimated due to the necessary recalibration
of the first three beam times. Most other uncertainties can-
cel in the ratio of Eq. 1. Only higher-order effects from ei-
ther the normalization to data from the measurement with
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background in the denominator can contribute. This means
that only the difference between systematic effects for the
three target types matters. Consequently, photon and re-
coil nucleon detection efficiencies and kinematic cuts are
much less important than for absolute cross-section mea-
surements. Systematic effects are further reduced in the
comparison of the asymmetry for recoil protons and neu-
trons.
The σ1/2 and σ3/2 cross sections also carry the uncer-

tainty from the absolute normalization (photon flux, tar-
get density), estimated to be between 5% - 7% [19,20,26],
and uncertainties from the MC simulations of detector ac-
ceptance estimated in the range 5% - 10%. However, these
uncertainties largely cancel in the comparison of the two
helicity cross sections.

6. Results

The results for the double polarization observable E (see
Eq. 1) are shown in Fig. 4 as a function of the invariant
mass W . The results from the two different analyses using
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Fig. 5. Helicity-dependent cross sections σ1/2 (left-hand side) and
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either a normalization to the unpolarized cross sectionmea-
sured with a liquid deuterium target (analysis (A)) or the
subtraction of the unpolarized carbon background in the
denominator of Eq. 1 (analysis (B)) are in good agreement,
which demonstrates that systematic effects from normal-
izations and background subtraction are well under con-
trol. The statistical fluctuations of both analyses are highly
correlated. This was expected because the fluctuations are
dominated by the almost vanishing numerator of the ratio
in Eq. 1, which was identical for both analyses.

7

• The two helicity components contribute identically

• True for both participant protons and neutrons

• Absolute couplings for protons and neutrons are identical

• Contributing nucleon resonances (threshold up to inv. masses of 1.9

GeV) have almost equal electromagnetic helicity couplings An,p
1/2 and An,p

3/2

• Typical for ∆ resonances, identical A1/2 and A3/2 components for any

nucleon target only possible for J ≥ 3/2 states, constrains possible
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W =
√
s = |Pπ + Pη + PN | . (6)

where Pπ, Pη, and PN , are the four momenta of the π0, the
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either a normalization to the unpolarized cross sectionmea-
sured with a liquid deuterium target (analysis (A)) or the
subtraction of the unpolarized carbon background in the
denominator of Eq. 1 (analysis (B)) are in good agreement,
which demonstrates that systematic effects from normal-
izations and background subtraction are well under con-
trol. The statistical fluctuations of both analyses are highly
correlated. This was expected because the fluctuations are
dominated by the almost vanishing numerator of the ratio
in Eq. 1, which was identical for both analyses.

7

Philippe Martel - Meson A2 - What have we done 19/26



γd → π0ηX [A. Kaeser, PLB (Submitted)]

0

1

2

3

1600 1700 1800 1900
W[MeV]

σ 1/
2,

σ 3/
2[

µb
]

γd→pπ0η(n) σ1/2

γd→pπ0η(n) σ3/2

0

1

2

3

1600 1700 1800 1900
W[MeV]

σ 1/
2,

σ 3/
2[

µb
]

γd→nπ0η(p) σ1/2

γd→nπ0η(p) σ3/2

Fig. 6. Helicity-dependent cross sections σ1/2 (filled red dots) and σ3/2 (open blue squares) as function of total cm energy W . The results
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The result for the asymmetries is different from other
reaction channels such as η production [24,25] and π0 pro-
duction [26]. The asymmetry vanishes, within statistical
uncertainties, over the full investigated energy range. This
means that contributions to ηπ0 production off protons and
off neutrons must be almost exactly balanced for the exci-
tation of nucleon resonances via the A1/2 and A3/2 electro-
magnetic reaction amplitudes.
The helicity dependent cross sections from the three dif-

ferent analyses for coincident recoil protons and neutrons
are summarized in Fig. 5. The three analyses agree within
statistical uncertainties, which indicates that there are no
serious systematic effects, either from the use of the un-
polarized cross section measured with a liquid deuterium
target, or from the carbon subtraction. The agreement of
analysis (3) with the other two results means that not only
the asymmetries but also the absolute cross section can be
extracted from the carbon-subtracted butanol data.
The results from the three analyses were averaged for the

final results of the helicity-dependent cross sections, which
are shown in Fig. 6. Since the statistical fluctuations of the
three extractions are strongly correlated due to the correla-
tion of the numerator for analysis (A) and (B) of the asym-
metry E and the use of σ0 from the liquid deuterium target
for analysis (1) and (2), the statistical uncertainties were
combined linearly, rather than quadratically. The main re-
sult is that for quasi-free protons, as well as for quasi-free
neutrons, the two helicity cross sections σ1/2 and σ3/2 agree
within statistical uncertainties. Also, as expected from the
results in [19], the results for the neutron and the proton
are almost identical in magnitude. One should, however,
note that the results for the total unpolarized cross section

for the quasi-free proton are affected by FSI as discussed
in [19,20]. Compared to reactions on the free proton, cross
sections are lower by approximately 30%.

7. Summary and Conclusions

The double-polarization observable E and the helicity-
dependent cross sections σ1/2 and σ3/2 were measured for
photoproduction of π0η pairs from quasi-free protons and
neutrons. As already reported in [19,20] the reactions off
protons and neutrons have almost exactly identical cross
sections. Compared on an absolute scale to the free-proton
cross sections they are, however, significantly reduced due
to FSI effects. The first measurement of the helicity depen-
dence shows in addition that for both target nucleons the
asymmetry E is consistent with zero. This means that con-
tributions from the two helicity states must be exactly bal-
anced over the full energy range explored. The most natu-
ral explanation for both observations is that this reaction is
dominated by the excitation of one (or few) ∆ resonances
decaying via η emission to the ∆(1232) with subsequent
pion decay to the nucleon ground state and that the elec-
tromagnetic excitation amplitudes of the primarily excited
∆ states are nearly identical for both helicity states.
The vanishing asymmetry is certainly not an instrumen-

tal effect because the same data set has already produced
substantial asymmetries for production of η mesons [24,25],
single π0 production [26], and π0 pairs (not yet published).
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G - γp → π0p (K. Spieker, Bonn, Preliminary)

Preliminary results

A2 and CBELSA/TAPS [PRL 109 (2012) 102001] data, with BnGa 2014-02 and BnGa 2014-01 [EPJA

50 (2014) 74], MAID-07 [EPJA 34 (2007) 69], and SAID-CM12 [PRC 86 (2012) 015202]
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50 (2014) 74], MAID-07 [EPJA 34 (2007) 69], and SAID-CM12 [PRC 86 (2012) 015202]
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G - γp → π+n (K. Spieker, Bonn, Preliminary)

Preliminary results

A2 data, with BnGa 2014-02 and BnGa 2014-01 [EPJA 50 (2014) 74], MAID-07 [EPJA 34 (2007) 69],

and SAID-CM12 [PRC 86 (2012) 015202]
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G - γp → π+n (K. Spieker, Bonn, Preliminary)

Preliminary results

A2 data, with BnGa 2014-02 and BnGa 2014-01 [EPJA 50 (2014) 74], MAID-07 [EPJA 34 (2007) 69],

and SAID-CM12 [PRC 86 (2012) 015202]
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E - γp → π0p (F. Afzal, Bonn, Preliminary)

Preliminary results

A2 and CBELSA/TAPS [PRL 112 (2014) 012003] data, with BnGa 2014-02 and BnGa 2014-01 [EPJA

50 (2014) 74], JuBo 2016-3.1, and SAID-CM12 [PRC 86 (2012) 015202]
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E - γp → π0p (F. Afzal, Bonn, Preliminary)

Preliminary results

A2 and CBELSA/TAPS [PRL 112 (2014) 012003] data, with BnGa 2014-02 and BnGa 2014-01 [EPJA

50 (2014) 74], JuBo 2016-3.1, and SAID-CM12 [PRC 86 (2012) 015202]
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E - γp → π0p (F. Afzal, Bonn, Preliminary)

A2 and CBELSA/TAPS [PRL 112 (2014) 012003] data, with BnGa 2014-02 and BnGa 2014-01 [EPJA

50 (2014) 74], JuBo 2016-3.1, and SAID-CM12 [PRC 86 (2012) 015202]
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E - γp → ηp (F. Afzal, Bonn, Preliminary)

Preliminary results

A2 and CBELSA/TAPS [PRL 112 (2014) 012003] data, with BnGa 2014-02 and BnGa 2014-01 [EPJA

50 (2014) 74], JuBo 2016-3.1, and SAID-GE09 [PRC 86 (2012) 015202]
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E - γd → π0X (F. Cividini, Mainz, Preliminary)
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Talks maybe you now wish you had seen

• F. Cividini (E - γd → π0X - Parallel Session A6)

• C. Collicott (Symmetry violating η decays - Parallel Session C5)

• D. Ghosal (γd → π0π+/−X - Parallel Session A6)

• L. Heijkenskjoeld (Transition Form Factors - Parallel Session B4)

Special shout-out to P. Adlarson, whose paper on η′ → π0π0η was just

accepted by PRD, and whose results I did not have time to show after

realizing that he was not presenting them here...
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Conclusions

• We’ve measured a bunch of stuff

• σ, Σ, T , F , E , G

• Looking at proton and neutron (via deuterium, studying FSI)

• Investigating multi-meson final states

• We’re still measuring stuff

• E and G on proton and neutron

• Recoil observables

• We’ll continuing measuring stuff

• Transition Form Factors

• Future end-point-tagger runs for η′

• Active targets to improve threshold region

• Thank you for your attention!
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σ - γd → π0X [M. Dieterle, PRC (Accepted)]
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FIG. 18. Selected differential cross sections as function of the incident photon energy for quasi-free inclusive single π0 pho-
toproduction compared to former results [40]. Full black circles: Present results, open green circles: results from [40]. Cross
sections normalized by A=2, the number of nucleons (i.e. average nucleon cross section). Shaded bands: systematic uncertainty
excluding 7% overall normalization uncertainty.

present experiment which can be compared to previous
data. In Fig. 18, the present results for some typical en-
ergy bins are shown and compared to previous results
from [40]. For the energy ranges where previous mea-
surements are available, agreement of the shape of the
angular distributions is excellent. The two results differ
on an absolute scale by up to 10%. The overall nor-
malization uncertainty for the two experiments is almost
equal (7% for the present and 6% for the previous data
[40]) so that no scale can be preferred. The agreement is
not trivial because the instrumental detection efficiency
(solid angle coverage) was very different for the two ex-
periments (≈ 25% of the full solid angle for [40] and
≈ 93% of 4π for the present results). This corresponds
to more than an order of magnitude in the detection ef-
ficiency for photon pairs. Also, the determination of the
detection efficiency was done in different ways for the
two experiments. For the results in [40], the detection
efficiency was simulated in bins of laboratory polar angle
and laboratory kinetic energy of the pions, while an event
generator taking into account the roughly known angular
distributions and effects of Fermi motion was used for the
present results. Systematic uncertainties for these two
approaches come from different sources. Results from
earlier measurements with untagged photon beams and
without discrimination against production of pion pairs
are not shown; references can be found in [40].

Furthermore, a comparison of the results for the inclu-
sive reaction and the exclusive reactions, in coincidence
with recoil protons and recoil neutrons, provides strin-
gent boundaries on systematic uncertainties for the de-
tection of recoil protons and recoil neutrons. The results
for the inclusive reaction and the sum of the exclusive
reactions are compared in Fig. 19 (angular distributions)
and in Fig. 20 (excitation functions in bins of cm-polar

angle). Apart from the extreme forward and backward
angles (discussed below), the agreement between the two
data sets is excellent. The inclusive cross section σincl

depends only on the detection efficiency of the π0-decay
photons. The exclusive cross sections σp, σn also depend
on the very different detection efficiencies of recoil pro-
tons (> 90%) and recoil neutrons (≈ 20− 30%). There-
fore, the good agreement between the two analyses means
that the recoil nucleon detection efficiencies are well un-
der control. Similar results have previously been found
for other reactions analyzed from the same data sample
(η production [57], photoproduction of π0 pairs [37], and
of ηπ pairs [58]). This is evidence that the detection of
recoil nucleons is understood.

The deviations at extreme pion backward angles are
within the quoted systematic uncertainties, which are
mostly due to the sum-threshold trigger. However, this
effect should be similar for the inclusive cross section and
the sum of the exclusive cross sections because in both
cases, only photons were accepted in the software trig-
ger. Therefore, the quoted systematic uncertainty cer-
tainly overestimates the relative systematic uncertainty
between the two results, but it should be considered when
either result is compared to other data or model results.
For the exclusive measurements, events with pions at ex-
treme backward angles also require detection of recoil nu-
cleons at extreme forward angles and at kinetic energies
mostly in the punch-through regime. Such events have
complicated detection efficiencies so that for this angu-
lar range, the inclusive analysis is more reliable than the
result from the sum of the exclusive cross sections.

The situation for extreme pion forward angles is dif-
ferent. Systematic effects due to the sum trigger and
the detection of the low-energy recoil nucleons are also
important. However, there is also a physical reason for
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σ - γd → π0X [M. Dieterle, PRC (Accepted)]
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FIG. 19. Differential cross sections as a function of the cm polar angle for different bins of incident photon energy Eγ (central
values of the bins are labeled in the figures). Black, filled dots correspond to the inclusive cross section dσincl/dΩ, including
all single π0 production reactions with a (np) or d final nucleon state. Magenta circles show the sum dσp/dΩ+dσn/dΩ of
the exclusive cross sections in coincidence with recoil protons and neutrons. The black histograms indicate the systematic
uncertainty of the inclusive cross section (without the 7% overall normalization uncertainty).
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FIG. 20. Differential cross sections for the inclusive reaction γd → π0X (black dots) and sum of exclusive cross sections (open
magenta circles) as a function of the incident photon energy for different cm polar angle bins. Notation as in Fig. 19.

deviations because at extreme forward angles, coherent
photoproduction of pions off the deuteron, the γd → dπ0

reaction, may contribute. Such events are included in
the inclusive cross section, but not in the exclusive cross
sections where identification of recoil protons or neutrons
is required. Therefore, as observed, the cross section for
the inclusive reaction can be larger. This is also related
to the FSI effects. Nucleon-nucleon FSI, which, when it
leads to a binding of the two nucleons in the final state,
will shift strength from the exclusive quasi-free channels
to the coherent reaction and thus deplete the exclusive
reactions at forward angles. This makes the inclusive re-
sults interesting for testing models that investigate FSI
effects.

The results for the exclusive, quasi-free cross sections
with detection of coincident recoil nucleons are summa-
rized as angular distributions in Figs. 21 and 22, and as
excitation functions for each angle bin in Fig. 24. The
deviation of the quasi-free proton data from the model
results (see Figs. 21 and 24), which are only valid for free
protons, is due to important FSI effects. The results from
the SAID [1, 2], MAID [3, 4], and BnGa [6] models for

the free γp → pπ0 reaction are almost identical because
all models have been fitted to the same large database
for the production of π0 mesons off free protons.

The comparison of the present quasi-free proton data
to the consistent model results for the free proton cross
section (see Fig. 21) demonstrates that the FSI effects
vary in non-trivial ways. For example, they are much
more important in theW range between 1500 - 1550 MeV
(i.e. in the second resonance region) than in the tail of
the ∆ resonance between 1450 - 1480 MeV. The different
behavior of the data for the pπ0 and nπ0 final state, which
is best seen in Fig. 24, carries the physics information
about the substantial isospin dependence of neutral pion
production off protons and off neutrons.

Figs. 23 and 25 show the results for the neutron target
corrected for FSI under the assumption that FSI is equal
for quasi-free neutrons and protons (see Eq. 11). Note
that systematic uncertainties (in particular visible when
comparing Fig. 24 and Fig. 25) are very different from
the quasi-free data for neutrons because several system-
atic effects (related to trigger thresholds, empty target,
photon detection, invariant mass analysis, etc.) cancel in

Philippe Martel - Meson A2



σ - γd → π0X [M. Dieterle, PRC (Accepted)]
26

 [MeV]γE
600 800 1000 1200

b]µ [σ

0

20

40

60

80

100

120

140

 [MeV]γE
500 1000

p+
n

σ/
npσ

1

1.05

1.1

1.15
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ton energy for quasi-free inclusive single π0 photoproduction.
Full (black) circles: quasi-free inclusive data, open (magenta)
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cross section, open (green) diamonds: MAMI 99 quasi-free
inclusive data [40], hatched histograms: systematic errors.
Insert: ratio of the inclusive cross section and sum of the two
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suppression of the second and third resonance bump in
the total photoabsorption on the deuteron compared to
the free proton target [30]. Obviously, both mechanisms
mentioned in the introduction play a role: The quasi-free
reaction on protons is damped compared to the free pro-
ton due to FSI effects, in particular in the maxima of the
resonance peaks. Furthermore, both resonance peaks are
much less pronounced for the quasi-free neutron than for
the proton. This is due to the isospin structure of the
excitation of the nucleon resonances involved. The insert
in the figure shows the ratio of the total neutron and pro-
ton cross sections compared to model predictions. The
SAID and BnGa analyses are in fair agreement with the
measurements, but the MAID analysis overestimates the
contribution of the N(1525)3/2− resonance for the neu-
tron.

The results for the total cross section for γn → nπ0

(i.e. the quasi-free γd → π0n(p) data after removing ef-
fects from Fermi motion and with FSI corrections) are

compared to model predictions in Fig. 28. The experi-
mental data are slightly changed with respect to the re-
sults shown in [31] due to an improved treatment of the
experimental resolution in the FSI correction.
The results from the SAID and BnGa analyses, prior

to the present experimental results and prior to the data
from Ref. [38] for the helicity dependence of the reac-
tion, are also shown. They highlight the impact of the
new quasi-free neutron data. Closest to the experimental
results is the most recent fit of the BnGa model (note the
large change of the results from this model compared to
the previous fit). Agreement is slightly worse with the
SAID results which did not much change by the inclu-
sion of the recent quasi-free data. The MAID analysis
clearly needs to be updated with inclusion of the recent
quasi-free data.
The experimental results for the σn/σp ratio given in

Figs. 27 and 28 are quite similar. The values in Fig. 27
were directly obtained as a ratio of the measured total
quasi-free cross sections σqf

n /σqf
p . The results in Fig. 28

represent the ratio σf
n/σ

f
p . Since dσf

n/dΩ was calculated

from dσqf
n /dΩ by application of the FSI correction factors

< dσf
p > /dσqf

p (see Sec. III H), the correction cancels as
long as it is independent on the polar angle θ⋆π (which it
almost is).
The behavior of the angular distributions is reflected in

the coefficients of the Legendre polynomials (Eq. 12) fit-
ted to the experimental data. They are shown in Fig. 29
for the quasi-free data and in Fig. 30 for the extracted
free neutron data. All coefficients are normalized to the
leading B0, which is proportional to the total cross sec-
tion. Model results from BnGa, MAID, and SAID for
the free proton are compared to the data in Fig. 29, and
those for the free neutron from the same analyses are
shown in Fig. 30. All model results were obtained by fits
of the angular distributions with Eq. 12 exactly as in the
treatment of the experimental data. Fig. 29 highlights
the differences between the γp → pπ0 and γn → nπ0

reactions for higher partial waves, which usually don’t
leave large signals in the total cross section. In partic-
ular, around invariant masses of 1.7 GeV - in the third
resonance region - large signals are seen in the B3 and
B5 coefficients for the neutron target.
When such proton/neutron differences are due to res-

onance excitations, only N⋆ states can be responsible
since electromagnetic ∆ excitations are not isospin de-
pendent. It was already emphasized in the preceding
letter [31] that, for example in the BnGa model, a refit
to the previously existing database and the new neutron
data mainly modified the resonant isospin I = 1/2 par-
tial waves and non-resonant backgrounds. The I = 3/2
partial waves were much more stable because they are
better constrained by the data for the free γp → pπ0

reaction.
In the energy region around W=1.7 GeV, two N⋆ res-

onances with spin J = 5/2 contribute, the N(1675)5/2−

(D15 partial wave) and the N(1680)5/2+ (F15). Accord-
ing to RPP [73], the F15 has a much larger electromag-
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FIG. 11: Same as Fig. 10, but for φπ0 .
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FIG. 12: Comparison of the present helicity-frame cos(θπ0) distributions, combined from Run I and Run II (open circles), to
previous data by CBELSA/TAPS [22, 24] (blue stars, data points combined from both the references) and by A2 [20] (magenta
open squares) at similar energies, and to predictions by BnGa PWA [24] (blue dash-dotted line) and by the earlier Mainz
model [19] (red dashed line), and to the fit of the revised Mainz model to the present data (solid green line).

metry I⊙ was made for 10 energy bins (the same as for
the other observables), compared to four energy bins in
Ref. [21], the analysis of which was based on Run II only.
In Fig. 18, the present I⊙ results are compared to the
previous data from Ref. [21], to predictions by BnGa
PWA [24], to the earlier Mainz model [19], and to the
fit with the revised model. As seen, the present results
for I⊙ are in good agreement with the previous data [21]
within the error bars, whereas the fit with the revised
Mainz model deviates from the earlier version. The dis-
crepancy with the BnGa PWA [24] is larger, and increases
with energy.

In summary, the present γp → π0ηp data demonstrate
better statistical accuracy, with finer energy binning,
compared to previous measurements. The consistency

of the present results with the earlier data and analyses
is partial for some observables and energy ranges. For the
most part, the observed discrepancies could be explained
by the sensitivity of results to the five-dimensional ac-
ceptance correction and by poorer statistics and wider
energy binning of the previous measurements. The dis-
crepancies with the BnGa PWA [24] are expected to be
reduced by adding the present data into their new fit
on the event-by-event basis. Such an analysis is now
in progress and will be published by the BnGa group
separately. Compared to the earlier Mainz model [19],
its revised version includes more observables in the fit
and, as demonstrated in the figures, is able to describe
their shape and energy dependences over the entire en-
ergy range.
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FIG. 13: Same as Fig. 12, but for φπ0 .
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FIG. 14: Same as Fig. 12, but for the canonical frame. The combined data from CBELSA/TAPS [22, 24] are shown for the
GJ frame.

As discussed above, the earlier Mainz model [19] in-
cluded only the first two terms of the amplitude (1),
used in the revised version. The main reason for intro-
ducing the purely phenomenological term tBc was the
fact that refitting the parameters of the earlier model to
the entire set of the new results was not sufficient for
a good description. After introducing the background
amplitudes, it was found that the set of the four princi-
pal isobars (∆(1700)3/2−, ∆(1905)5/2+, ∆(1920)3/2+,
and ∆(1940)3/2−) is sufficient for the resonance term
tR to describe the data, and the ∆(1600)3/2+ and
∆(1750)1/2+ states, the contributions of which were less
important in the analysis of Ref. [19], were found to be
unnecessary now. Also, similarly to the previous anal-
ysis [19], there was no clear need to include resonances
in the 1/2− and 5/2− waves to improve the data de-
scription. Though the contribution from the background

term tBc is considerably smaller than the resonant term
tR (see Fig. 9), its introduction improves the fit’s χ2/ndf
from 7.3 to 3.7, using the statistical uncertainties only.
Another observation made from the fit to the present
data is that the background amplitudes tend to cancel
the Born amplitudes at higher energies, especially in the
dominant 3/2− wave.

The resonance parameters obtained in the fit to the
present data are listed in Table I, along with the corre-
sponding resonances and parameters obtained for them in
Ref. [19]. As seen, the parameters of the dominant res-
onance ∆(1700)3/2− are practically the same, whereas
those of the other resonances changed. Similarly to
Ref. [19], the systematic uncertainties were not used in
the fit with the revised Mainz model.
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FIG. 17: Same as Fig. 12, but for the recoil proton cos(θp) spectra in the c.m. frame.
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FIG. 18: Comparison of the present results for helicity photon asymmetry I⊙ (open circles) to the previous analysis from
Ref. [21] (magenta open squares) at similar energies, to predictions by BnGa PWA [24] (blue dash-dotted line) and by the
earlier Mainz model [19] (red dashed line), and to the fit with its revised version to the present data (solid green line).

VI. SUMMARY AND CONCLUSIONS

The data available from the A2 Collaboration at
MAMI were analyzed to select the γp → π0ηp reaction
on an event-by-event basis, which allows for partial-wave
analyses of three-body final states to obtain more reli-
able results, compared to fits to measured distributions.
These data provide the world’s best statistical accuracy
in the energy range from threshold to Eγ = 1.45 GeV,
allowing a finer energy binning in the measurement of all
observables needed for understanding the reaction dy-
namics. In this work, the γp → π0ηp data are com-
pared to the existing BnGA PWA and to the earlier
Mainz model. The potential impact of the present data
on future analyses was demonstrated by fitting these re-
sults with the revised Mainz model, which was able to

describe all the differential cross sections and their en-
ergy dependences over the entire energy range. The
invariant-mass distributions and Dalitz plots measured
in this work for energies Eγ < 1.45 GeV do not show any
clear indication for a narrow structure in the region of
m(ηp) = 1.685 GeV reported in Ref. [32].
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Frozen Spin Target

How are the protons actually polarized? Through Dynamic Nuclear

Polarization (DNP):

• Cool target to 0.2 Kelvin.

• Use 2.5 Tesla magnet to align electron spins.

• Pump ≈ 70 GHz microwaves (just above, or below, the Electron Spin

Resonance frequency), causing spin-flips between the electrons and

protons.

• Cool target to 0.025 Kelvin, ‘freezing’ proton spins in place.

• Remove polarizing magnet.

• Energize 0.6 Tesla ‘holding’ coil in the cryostat to maintain the

polarization.

• Relaxation times > 1000 hours.

• Polarizations up to 90%.
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Crystal Ball - Charged Particle Detection

Particle Identification Detector (PID)

• Barrel of 24 plastic paddles

• Each covers 15 < θ < 159◦, and

15◦ in φ

• Plot ∆E in PID vs E in NaI

Multiwire Proportional Chamber

(MWPC)

• Two chambers: anode wires

sandwiched by two layers of

cathode strips

• Voltage between wires and strips

increases when gas is ionized
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TAPS - Charged Particle Detection

Veto scintillators

• 5mm plastic scintillators in front

of each crystal

• Same method as PID (plot ∆E vs

E)

Time of Flight

• Given its increased distance from

the target, massive particles take

noticeably longer to reach TAPS

• Plot time vs E, identify nucleons
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Active Target
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Mainz Active Polarized Proton Target M. Biroth

1. Introduction

At the MAMI electron accelerator in Mainz, Germany, the A2 Collaboration investigates the
spin-polarizabilities of the proton by scattering experiments with spin-polarized energy-tagged
photons. Due to the excellent temperature stability of the Mainz Frozen Spin Target a large de-
gree of proton polarization with high relaxation times can be achieved.

At the core of the frozen spin target for the Crystal Ball detector at MAMI is a roughly 2 m
long, horizontal 3He/4He dilution refrigerator that was built in cooperation with the Joint Institute
for Nuclear Research (JINR) Dubna. The cryostat has a separator working at 3 K and an evaporator
working at 1.2 K in the pre-cooling stages. At the target position the cryostat provides a very low
operation temperature of 25 mK.

The forming of highly polarized target nuclei is a two step process: in the initial step a high de-
gree of nucleon polarization is achieved through a microwave pumping process, known as Dynamic
Nucleon Polarization (DNP). This requires placing the target material in a highly uniform magnetic
field of typically 2.5 Tesla and passing microwave radiation at a frequency near 70 GHz through it.
The use of the microwaves leads to a moderate increase of the base temperature of the cryostat
from 0.02 K to around 0.2 K. In a second step, the microwaves are switched off. Consequently,
the temperature of the target material drops and the relaxation time of the nucleons increases to
somewhere in the order of several thousand hours, although the field is reduced to a holding field
of only 0.68 T for the longitudinal polarization and 0.5 T for the transverse polarization. Then a
measurement period of up to approximately one week in the frozen spin mode is possible.

The dynamically polarized, frozen spin target at MAMI was constructed for use inside the
Crystal Ball detector with beams of tagged photons. When being polarized the cryostat is moved
outside of the Crystal Ball. Thin superconducting holding coils were installed on the thermal radia-
tion protection shields of the refrigerator to maintain the target polarization during the experiments.
Details of the frozen spin target at MAMI can be found, e.g. in Ref. [1].

T = 4 K T = 25 mK

Outer Vacuum Seal Inner Vacuum Seal

Light Guide Tube, Vacuum Inside

3He-4He-Mixture

Target Head
SiPM Detector Board

Cryostat

Figure 1: Schematics of the active polarized proton target. The target is immersed in a liquid 3He/4He
mixture with a temperature of T ∼ 25 mK at the target head. This design includes wavelength-shifting
material to transport light from the scintillators in the target head to the glass tube which is read out at the
warm side by SiPMs.

An active polarized proton target is being developed to identify the reactions below the pion
threshold by detecting recoil protons inside the Mainz-Dubna dilution cryostat [2]. Polarizable
plastic scintillator disks are stacked in a target head made of wavelength-shifting material or

2

Requirements

• Polarizable Scintillator

• High light output

• High rate capability

• Low thermal energy input

• Detectors working at 4K

Targets from UMass Amherst

Tested at MAMI - Pol > 50%
Neutral Pion Phi (deg)
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